
Prepublication Copy—Subject to Further Editorial Revision 
 

 
 
 
 
 
 
 
 

TRANSITIONS TO ALTERNATIVE  
TRANSPORTATION TECHNOLOGIES— 

A FOCUS ON HYDROGEN 
 
 
 
 

Committee on Assessment of Resource Needs for Fuel Cell and Hydrogen Technologies 
 
 

Board on Energy and Environmental Systems 
Division on Engineering and Physical Sciences 

 
 
 

 
 
 
 
 
 

THE NATIONAL ACADEMIES PRESS 
Washington, D.C. 

www.nap.edu 
 



Prepublication Copy—Subject to Further Editorial Revision 
 

 
THE NATIONAL ACADEMIES PRESS  500 Fifth Street, N.W. Washington, DC 20001 
 
NOTICE:  The project that is the subject of this report was approved by the Governing Board of the 
National Research Council, whose members are drawn from the councils of the National Academy of 
Sciences, the National Academy of Engineering, and the Institute of Medicine.  The members of the 
committee responsible for the report were chosen for their special competences and with regard for 
appropriate balance. 
 
This study was supported by Contract DE-AT01-06EE11206, TO#18, Subtask 3 between the National 
Academy of Sciences and the U.S. Department of Energy.  Any opinions, findings, conclusions, or 
recommendations expressed in this publication are those of the author(s) and do not necessarily reflect 
the views of the organizations or agencies that provided support for the project. 
 
International Standard Book Number 10: 0-309-0XXXX-X 
International Standard Book Number 13: 978-0-309-0XXXX-X  
 
Cover:   
 
Available in limited supply from: Additional copies available for sale from: 
 
Board on Energy and Environmental The National Academies Press 

Systems 500 Fifth Street, N.W. 
National Research Council Lockbox 285 
500 Fifth Street, N.W. Washington, DC 20055 
Keck W934 (800) 624-6242 or (202) 334-3313 
Washington, DC 20001 (in the Washington metropolitan area) 
202-334-3344 http://www.nap.edu 
 
Copyright 2008 by the National Academy of Sciences.  All rights reserved. 
 
Printed in the United States of America 
 
 

 



Prepublication Copy—Subject to Further Editorial Revision 
 

 

The National Academy of Sciences is a private, nonprofit, self-
perpetuating society of distinguished scholars engaged in scientific and engineering research, dedicated to the furtherance of 
science and technology and to their use for the general welfare.  Upon the authority of the charter granted to it by the Congress in 
1863, the Academy has a mandate that requires it to advise the federal government on scientific and technical matters.  Dr. Ralph 
J. Cicerone is president of the National Academy of Sciences. 

The National Academy of Engineering was established in 1964, under the charter of the National Academy of Sciences, as a 
parallel organization of outstanding engineers.  It is autonomous in its administration and in the selection of its members, sharing 
with the National Academy of Sciences the responsibility for advising the federal government.  The National Academy of 
Engineering also sponsors engineering programs aimed at meeting national needs, encourages education and research, and 
recognizes the superior achievements of engineers.  Dr. Charles M. Vest is president of the National Academy of Engineering. 

The Institute of Medicine was established in 1970 by the National Academy of Sciences to secure the services of eminent 
members of appropriate professions in the examination of policy matters pertaining to the health of the public.  The Institute acts 
under the responsibility given to the National Academy of Sciences by its congressional charter to be an adviser to the federal 
government and, upon its own initiative, to identify issues of medical care, research, and education.  Dr. Harvey V. Fineberg is 
president of the Institute of Medicine. 

The National Research Council was organized by the National Academy of Sciences in 1916 to associate the broad community 
of science and technology with the Academy’s purposes of furthering knowledge and advising the federal government.  
Functioning in accordance with general policies determined by the Academy, the Council has become the principal operating 
agency of both the National Academy of Sciences and the National Academy of Engineering in providing services to the 
government, the public, and the scientific and engineering communities.  The Council is administered jointly by both Academies 
and the Institute of Medicine.  Dr. Ralph J. Cicerone and Dr. Charles M. Vest are chair and vice chair, respectively, of the 
National Research Council 
 

www.national-academies.org 



Prepublication Copy—Subject to Further Editorial Revision 
 

 



Prepublication Copy—Subject to Further Editorial Revision 
 

COMMITTEE ON ASSESSMENT OF RESOURCE NEEDS FOR FUEL CELL AND 
HYDROGEN TECHNOLOGIES 

 
MICHAEL P. RAMAGE, NAE,1 ExxonMobil Research and Engineering Company (retired), 

Chair 
RAKESH AGRAWAL, NAE, Purdue University 
DAVID L. BODDE, Clemson University 
DAVID FRIEDMAN, Union of Concerned Scientists 
SUSAN FUHS, Conundrum Consulting 
JUDI GREENWALD, Pew Center on Global Climate Change 
ROBERT L. HIRSCH, Management Information Services, Inc. 
JAMES R. KATZER, NAE, Massachusetts Institute of Technology 
GENE NEMANICH, ChevronTexaco Technology Ventures (retired) 
JOAN OGDEN, University of California, Davis 
LAWRENCE T. PAPAY, NAE, Science Applications International Corporation (retired) 
IAN W.H. PARRY, Resources for the Future 
WILLIAM F. POWERS, NAE, Ford Motor Company (retired) 
EDWARD S. RUBIN, Carnegie Mellon University 
ROBERT W. SHAW, JR. Aretê Corporation 
ARNOLD F. STANCELL, NAE, Georgia Institute of Technology 
TONY WU, Southern Company 
 
 
 
Project Staff 
 
Board on Energy and Environmental Systems 
 
ALAN CRANE, Study Director 
MATT BOWEN, Senior Program Associate 
DUNCAN BROWN, Senior Program Officer 
JAMES ZUCCHETTO, Director, BEES 
 
National Academy of Engineering Program Office 
 
PENELOPE GIBBS, Senior Program Associate 
 

                                                 
1 NAE, National Academy of Engineering. 

 v



Prepublication Copy—Subject to Further Editorial Revision 
 

 vi



Prepublication Copy—Subject to Further Editorial Revision 
 

BOARD ON ENERGY AND ENVIRONMENTAL SYSTEMS 
 
DOUGLAS M. CHAPIN, Chair, NAE,1 MPR Associates, Inc., Alexandria, Virginia 
ROBERT W. FRI, Vice Chair, Resources for the Future (senior fellow emeritus), Washington, 

D.C. 
RAKESH AGRAWAL, NAE, Purdue University, West Lafayette, Indiana 
ALLEN J. BARD, NAS,2 University of Texas, Austin 
ANDREW BROWN, JR., NAE, Delphi Corporation, Troy, Michigan 
MARILYN BROWN, Georgia Institute of Technology, Atlanta 
PHILIP R. CLARK, NAE, GPU Nuclear Corporation (retired), Boonton, New Jersey (term 

ended July 31, 2007) 
MICHAEL L. CORRADINI, NAE, University of Wisconsin, Madison 
PAUL DECOTIS, New York State Energy Research and Development Authority, Albany 
E. LINN DRAPER, JR., NAE, American Electric Power, Inc. (emeritus), Austin, Texas 
CHARLES H. GOODMAN, Southern Company (retired), Birmingham, Alabama 
DAVID G. HAWKINS, Natural Resources Defense Council, Washington, D.C. 
NARAIN G. HINGORANI, NAE, Consultant, Los Altos Hills, California 
JAMES J. MARKOWSKY, NAE, Consultant, North Falmouth, Massachusetts 
DAVID K. OWENS, Edison Electric Institute, Washington, D.C. 
WILLIAM F. POWERS, NAE, Ford Motor Company (retired), Ann Arbor, Michigan 
TONY PROPHET, Carrier Corporation, Farmington, Connecticut (term ended July 31, 2007) 
MICHAEL P. RAMAGE, NAE, ExxonMobil Research & Engineering Company (retired), 

Moorestown, New Jersey 
DAN REICHER, Google.org, San Francisco, California 
MAXINE SAVITZ, NAE, Honeywell, Inc. (retired), Los Angeles, California 
PHILIP R. SHARP, Resources for the Future, Washington, D.C. (term ended July 31, 2007) 
SCOTT W. TINKER, University of Texas, Austin 
 
 

                                                 
1NAE, National Academy of Engineering. 
2NAS, National Academy of Sciences. 
 

 vii



Prepublication Copy—Subject to Further Editorial Revision 
 

Staff 
 
JAMES ZUCCHETTO, Director 
KATHERINE BITTNER, Senior Project Assistant 
MATT BOWEN, Senior Program Associate (until November 2007) 
DUNCAN BROWN, Senior Program Officer 
JENNIFER BUTLER, Financial Assistant (until December 2007) 
DANA CAINES, Financial Associate 
SARAH CASE, Associate Program Officer 
ALAN CRANE, Senior Program Officer 
PANOLA GOLSON, Program Associate (until May 2007) 
JOHN HOLMES, Senior Program Officer 
LANITA JONES, Program Associate 
MARTIN OFFUTT, Senior Program Officer (until April 2007) 
MADELINE WOODRUFF, Senior Program Officer 
JONATHAN YANGER, Senior Project Assistant 

 viii



Prepublication Copy—Subject to Further Editorial Revision 
 

Preface 

Hydrogen is a potential replacement fuel for gasoline in light-duty vehicles. 
Hydrogen fuel cell vehicles could alleviate the nation’s dependence on oil and 
reduce U.S. emissions of carbon dioxide, the major greenhouse gas. 

Industry- and government-sponsored research programs have made very 
impressive technical progress over the past several years, and several companies 
are currently introducing pre-commercial vehicles and hydrogen fueling stations in 
limited markets.  The introduction of fuel cell vehicles into the light-duty vehicle 
fleet is much closer to reality than when the National Research Council (NRC) last 
examined the technology in 2004. 

However, to achieve wide hydrogen vehicle penetration, further 
technological advances are required for commercial viability, and vehicle 
manufacturer and hydrogen supplier activities must be coordinated. In particular, 
costs must be reduced, new automotive manufacturing technologies 
commercialized, and adequate supplies of hydrogen produced and made available 
to motorists. These efforts will require considerable resources, especially federal 
and private sector funding.  

This report estimates the resources that will be needed to bring hydrogen 
fuel cell vehicles to the point of competitive self-sustainability in the marketplace. 
It also estimates the impact on oil consumption and carbon dioxide emissions as 
fuel cell vehicles become a large fraction of the light-duty vehicle fleet. The study 
was requested by the U.S. Congress in the Energy Policy Act of 2005 and 
contracted for by the U.S. Department of Energy. 

I greatly appreciate the efforts made by the many highly qualified experts on 
the committee. The committee operated under the auspices of the NRC Board on 
Energy and Environmental Systems and is grateful for the able assistance of James 
Zucchetto, Alan Crane, and Duncan Brown of the NRC staff, and of Penelope 
Gibbs of the National Academy of Engineering Program Office staff. 
 

Michael P. Ramage, Chair 
Committee on Assessment of Resource Needs  

for Fuel Cell and Hydrogen Technologies 

 ix



Prepublication Copy—Subject to Further Editorial Revision 
 

 x



Prepublication Copy—Subject to Further Editorial Revision 
 

Acknowledgments 

The Committee on Assessment of Resource Needs for Fuel Cell and Hydrogen 
Technologies is grateful to the many individuals who contributed their time and efforts to this 
National Academies’ National Research Council (NRC) study.  The presentations at committee 
meetings provided valuable information and insights that enhanced the committee’s 
understanding of the technologies and barriers involved. The committee thanks the following 
individuals who provided briefings: 
 
Phillip Baxley, Shell Hydrogen LLC 
Jon Bereisa, General Motors Corporation  
K.G. Duleep, ICF 
Catherine Dunwoody, California Fuel Cell Partnership 
Kelly Fletcher, GE Research 
David Greene, Oak Ridge National Laboratory 
Sig Gronich, U.S. Department of Energy (DOE) 
Knut Harg, Norsk-Hydro 
Richard Hess, Idaho National Laboratory 
Brian James, Directed Technologies, Inc. 
Bryan Jenkins, University of California, Davis 
Timothy Johnson, Environmental Protection Agency 
Fred Joseck, U.S. DOE 
Arthur Katsaros, Air Products 
Taiyo Kawai, Toyota Motor Company 
Ben Knight, Honda Motor Corporation 
Johanna Levene, National Renewable Energy Laboratory 
Margaret Mann, National Renewable Energy Laboratory 
Fred Maples, Energy Information Administration 
Lowell Miller, U.S. DOE 
JoAnn Milliken, U.S. DOE 
Joan Ogden, University of California, Davis 
Mark Paster, U.S. DOE 
Steve Plotkin, Argonne National Laboratory 
Dan Rastler, Electric Power Research Institute 
Bill Reinert, Toyota Motor Sales, USA, Inc. 
Robert Rose, U.S. Fuel Cell Council 
Robert W. Shaw, Aretê Corporation 
Frances Wood, On Location, Inc. 
 

This report was reviewed in draft form by individuals chosen for their diverse perspectives 
and technical expertise, in accordance with procedures approved by the NRC’s Report Review 
Committee. The purpose of the independent review is to provide candid and critical comments 
that will assist the institution in making its published report as sound as possible and to ensure 

 xi



Prepublication Copy—Subject to Further Editorial Revision 
 

that the report meets institutional standards for objectivity, evidence, and responsiveness to the 
study charge. The review comments and draft manuscript remain confidential to protect the 
integrity of the deliberative process. We wish to thank the following individuals for their review 
of this report: 
 
Allen J. Bard (NAS), University of Texas 
Phillip Baxley, Shell Hydrogen LLC 
Deborah Bleviss, Consultant 
Andrew Brown, Jr. (NAE), Delphi Corporation 
Douglas Chapin (NAE), MPR Associates, Inc. 
Robert Epperly, Consultant 
Paul Gilbert (NAE), Parsons Brinckerhoff, Inc. (retired) 
Trevor Jones (NAE), ElectroSonics Medical, Inc. 
Vernon P. Roan, University of Florida (emeritus)  
James Sweeney, Stanford University 
G. David Tilman (NAS), University of Minnesota. 
 

Although the reviewers listed above have provided many constructive comments and 
suggestions, they were not asked to endorse the conclusions or recommendations, nor did they 
see the final draft of the report before its release. The review of this report was overseen by 
Elisabeth M. Drake, National Academy of Engineering (NAE), and Maxine L. Savitz, NAE. 
Appointed by the National Research Council, they were responsible for making certain that an 
independent examination of this report was carried out in accordance with institutional 
procedures and that all review comments were carefully considered. Responsibility for the final 
content of this report rests entirely with the authoring committee and the institution. 

 xii



Prepublication Copy—Subject to Further Editorial Revision 
 

Contents 

 ABSTRACT 
 
 SUMMARY 
 
1 INTRODUCTION 
 
2 TOWARD A SUBSTANTIAL AND DURABLE COMMITMENT:  

THE CONTEXT OF THE STUDY 
Energy Security 
Climate Change 
Motivating the Private Sector to Make the Energy Transition  
Principles for Effective Transition Policy 
Entrepreneurship as a Force for Change 
Conclusion 
References 

 
3 HYDROGEN TECHNOLOGY 

Hydrogen Production and Delivery 
Hydrogen Feedstocks and Technologies 
Hydrogen Fuel Cell Vehicle Technologies 
Conclusions 
References 

 
4 ALTERNATIVE TECHNOLOGIES FOR LIGHT-DUTY VEHICLES 

Evolutionary Vehicle Technologies 
Impact of Biofuels 
Overall Conclusion 
References 

 
5 ROLE OF THE STATIONARY ELECTRIC POWER SECTOR IN A HYDROGEN FUEL 

CELL VEHICLE SCENARIO 
Technological Readiness 
Incentives for the Electric Power System 
Conclusions  
References 

 
6 HYDROGEN AND ALTERNATIVE TECHNOLOGIES FOR REDUCTION OF 

U.S. OIL USE AND CO2 EMISSIONS  
Scenarios and Analysis 
Hydrogen Scenario Analysis  
Results: Comparison of Greenhouse Gas Emissions and Oil Displacement for Scenarios 

 xiii



Prepublication Copy—Subject to Further Editorial Revision 
 

Combined Approaches to Reducing Greenhouse Gas Emissions and Oil Use 
Conclusions 
References 

 
7 A BUDGET ROADMAP 

Research, Development, and Demonstration Costs  
Infrastructure and Vehicle Costs 
Overall Budget Roadmap 
Skills Availability 
Conclusions 
References 

 
8 ACTIONS TO PROMOTE HYDROGEN VEHICLES 

General Policy Approaches 
Policies Specific to Hydrogen Fuel Cell Vehicles 
Pros and Cons of Subsidies and Quotas 
Broad Policies to Reduce Oil Use and Greenhouse Gas Emissions 
Conclusions 

 
9 ADVANTAGES AND DISADVANTAGES OF A TRANSITION TO  

HYDROGEN VEHICLES IN ACCORDANCE WITH THE TIME LINES ESTABLISHED 
BY THE BUDGET ROADMAP 
Anticipated Benefits and Costs of the Transition 
Other Potential Benefits 
Other Potential Risks 
Conclusions 
References 

 
 

APPENDIXES 

A Committee Biographical Information 
B Presentations at Committee Meetings 
C Modeling a Hydrogen Transition 
D Acronyms and Abbreviations 

 xiv



Prepublication Copy—Subject to Further Editorial Revision 
 

Tables, Figures, and Boxes 

TABLES 

Table S.1  Summary of Cumulative Budget Roadmap Costs for Transition to Hydrogen Fuel Cell 
Vehicles 

 
Table 2.1  Legislation of Production Tax Credits for Wind Energy in the United States 
Table 2.2  Capital Invested in Selected Small Public Hydrogen and Fuel Cell Companies Listed 

on the NASDAQ 
Table 2.3  Capital Invested in Selected Small Hydrogen and Fuel Cell Companies Listed on the 

AIM Market in the United Kingdom 
Table 2.4  Capital Raised by Private Sector Entrepreneurial Companies for Hydrogen 

Technologies 
 
Table 3.1  Dispensed Hydrogen Costs for Distributed Generation 
Table 3.2  Centralized Plant Gate Hydrogen Production Costs 
 
Table 4.1  Potential Reductions in Fuel Consumption for Spark-ignition Vehicles Expected from 

Advances in Conventional Vehicle Technology by Category, Projected to 2025 
Table 4.2  Projected Improvements in Vehicle Fuel Consumption from Advances in 

Conventional Vehicle Technology 
Table 4.3  Estimated Primary Solid Biomass Components Available in the United States in the 

Near Term at Less Than About $65 per Ton 
Table 4.4 CO2 Emissions from Today’s Conventional Light-Duty Gasoline and Diesel Engines 

in a Typical Family Sedan and from Fuels from Less Conventional Sources 
Table 4.5  Key Assumptions and Parameters Used in Biomass-to-Biofuels Scenarios 
 
Table 6.1  Assumed Cost and Performance of Hydrogen Fuel Cell Vehicles and Gasoline 

Reference Vehicles 
Table 6.2  Hydrogen Supply Pathways Considered in This Analysis 
Table 6.3  Assumptions in Reference Case 
Table 6.4  Assumed Capital Costs for Hydrogen Production Systems 
Table 6.5  Type of Hydrogen Supply over Time  
Table 6.6  Transition Costs and Timing for Hydrogen Cases 
Table 6.7  Assumed Greenhouse Gas Emissions per Unit of Fuel Consumed 
Table 6.8  Assumed Biofuel Use in Case 3 
Table 6.9  Gasoline Displacement for Cases 1-4 Compared to Reference Case 
Table 6.10  Greenhouse Gas Emission Reductions for Cases 1-4 Compared to Reference Case 
Table 6.1.1  Range Over Which Parameter Values Can Vary for Case 1 
 
Table 7.1  Recent R&D Funding by the U.S. Department of Energy for Fuel Cells and Hydrogen 

Production 

 xv



Prepublication Copy—Subject to Further Editorial Revision 
 

Table 7.2  Estimated Future Government Funding for RD&D 
Table 7.3  Major Cost Elements in a Budget Roadmap 
Table 7.4  Projected Cumulative Infrastructure Requirements in 2020, 2035, and 2050 for the 

Hydrogen Success (Case 1) Scenario 
Table 7.5  Quantities Related to Infrastructure Estimates for the Hydrogen Success (Case 1) 

Scenario 
Table 7.6  Summary of Cumulative Budget Roadmap Costs for Transition to Hydrogen Fuel Cell 

Vehicles 

FIGURES 

Figure S.1  (Top) Hydrogen fuel cell vehicles in the U.S. light-duty fleet, and (bottom) fraction 
of new hydrogen vehicles sold each year for the Hydrogen Success case 

Figure S.2  (Top) Annual gasoline consumption, and (bottom) annual well-to-wheels greenhouse 
gas (GHG) emissions 

Figure S.3  Total annual expenditures for vehicles and hydrogen supply for transition to the 
breakeven year for the Hydrogen Success case 

Figure S.4  Annual government expenditures through the transition 
Figure S.5  Comparison of (top) annual gasoline use and (bottom) annual greenhouse gas (GHG) 

emissions 
Figure S.6  Impact of combined cases: (top) annual gasoline use and (bottom) annual greenhouse 

gas (GHG) emissions 
 
Figure 2.1  U.S. wind power capacity additions, 1999-2006 
 
Figure 3.1  BMW assessment of on-board liquid hydrogen storage 
Figure 3.2  ZEV panel vehicle market penetration estimates 
 
Figure 4.1  U.S. light-duty vehicle fuel efficiency and performance trends from 1975 to 2005 
Figure 4.2  U.S. hybrid electric vehicle sales through 2006 
Figure 4.3  Fuel consumption of light-duty vehicles with different power trains using projected 

2030 technology compared to a typical 2005 gasoline-powered vehicle 
Figure 4.4  Projected technically available, sustainable biomass in the United States by 2050, 

with aggressive energy crops 
Figure 4.5  Transesterification of vegetable oils 
Figure 4.6  Published estimates of net greenhouse gas (GHG) and oil inputs for grain-based 

ethanol 
Figure 4.7  Primary energy inputs and net greenhouse gas (GHG) emissions for gasoline and 

ethanol 
Figure 4.8  Growth in production of corn-based ethanol in the United States 
 
Figure 5.1  Stationary power and the transportation system 
Figure 5.2  Energy source consumption for electricity generation 
Figure 5.3  Nationwide NOx and SO2 emissions from the power sector 
Figure 5.4  FutureGen concept for co-production of power and hydrogen 
Figure 5.5  Schematic of high-temperature fuel cell hybrid system 

 xvi



Prepublication Copy—Subject to Further Editorial Revision 
 

Figure 5.6  Fueling capacity for plug-in hybrid electric vehicles (PHEVs) in the U.S. power 
sector 

Figure 5.7  Advanced vehicle market penetration  
 
Figure 6.1  Hydrogen cases: Number of gasoline and hydrogen fuel cell vehicles in the fleet over 

time for three hydrogen cases 
Figure 6.2  Hydrogen cases:  Fraction of new gasoline and hydrogen vehicles sold each year 
Figure 6.3  Reference case: Number of light-duty vehicles in the fleet 
Figure 6.4  Reference case: Assumed fuel economies for gasoline ICEVs and gasoline hybrid 

vehicles (HEVs) 
Figure 6.5  Assumed biofuel use in the reference case 
Figure 6.6  Assumed retail prices for hydrogen and gasoline vehicles over time for Cases 1 

and 1a (top) and Case 1b (bottom)  
Figure 6.7  DOE plan for introduction of light-duty hydrogen vehicles into 27 “lighthouse” cities 
Figure 6.8  Fraction of gasoline stations offering hydrogen, 2000-2050 
Figure 6.9  Capacity of new hydrogen stations by year, 2000-2050 
Figure 6.10  Early infrastructure capital costs for Case 1 
Figure 6.11  Capital costs for hydrogen infrastructure 
Figure 6.12  Estimated average delivered hydrogen cost in the United States and the assumed 

gasoline price 
Figure 6.13  Cash flows for Case 1 
Figure 6.14  Greenhouse gas emissions from hydrogen supply over time 
Figure 6.15  Case 1 gasoline consumption relative to the reference case 
Figure 6.16  Case 1 greenhouse gas emissions relative to the reference case 
Figure 6.17  Case 2 assumed market penetration for gasoline ICEVs and advanced gasoline 

HEVs 
Figure 6.18  Case 2 assumed on-road fuel economy for new gasoline ICEVs and gasoline hybrid 

ICEVs over time 
Figure 6.19  Gasoline consumption for the reference case and for Case 2 
Figure 6.20  Greenhouse gas emissions for Case 2 
Figure 6.21  Annual production of biofuels assumed for Case 3 
Figure 6.22  Case 3: Added biofuel production relative to the reference case 
Figure 6.23  Case 3: Oil displacement relative to the reference case 
Figure 6.24  Case 3: Greenhouse gas reductions relative to the reference case 
Figure 6.25  Oil consumption for Cases 1-3 compared 
Figure 6.26  Greenhouse gas emissions for Cases 1-3 compared 
Figure 6.27  Oil use for Cases 1 and 2 combined 
Figure 6.28  Greenhouse gas emissions with HFCVs for Cases 1 and 2 combined 
Figure 6.29  Oil use for Cases 2 and 3 combined 
Figure 6.30  Greenhouse gas emissions reductions for Cases 2 and 3 combined 
Figure 6.31  Assumed number of vehicles in the fleet for Case 4 
Figure 6.32  Oil use in million gallons per year for Case 4 
Figure 6.33  Greenhouse gas emissions for Case 4 
Figure 6.34  Cumulative reduction of greenhouse gas emissions for Case 2, Case 3 plus Case 2, 

and Case 4 

 xvii



Prepublication Copy—Subject to Further Editorial Revision 
 

 xviii

Figure 6.1.1  Sensitivity of breakeven year to changes in HCFV fuel economy, HFCV price, H2 
cost, gasoline price. 

Figure 6.1.2  Sensitivity of buydown cost (billion dollars) to changes in HFCV fuel economy, 
HFCV price, H2 cost, and gasoline price. 

Figure 6.1.3  Sensitivity of capital investment to breakeven year (incremental price of HFCVs + 
H2 infrastructure capital, billion dollars. 

 
Figure 7.1  Total annual expenditures for vehicles and hydrogen supply for transition to the 

breakeven year for the Hydrogen Success scenario (excluding RD&D costs) 
Figure 7.2  Total annual expenditures for transition based only on the incremental costs of fuel 

cell vehicles over conventional vehicles plus the capital cost for hydrogen infrastructure 
prior to the breakeven year for the Hydrogen Success scenario (excluding RD&D costs) 

Figure 7.3  Total annual costs of transition to the breakeven year for the Case 1 scenario, 
including RD&D costs plus total vehicle and hydrogen supply costs 

Figure 7.4  Total annual costs of RD&D plus incremental costs of HFCVs over conventional 
vehicles up to the breakeven year for the Case 1 scenario 

Figure 7.5  Diagram of the early structure of the hydrogen and fuel cell industries, identifying 
areas where skilled people will be needed 

 
Figure 8.1  Illustrative example of a price-based policy approach, indicating the per-vehicle 

subsidy from government for each fuel cell vehicle sold in a particular year for the 
Hydrogen Success (case 1) scenario 

Figure 8.2  Illustrative example of a quantity-based policy approach, indicating the required 
fraction (quota) of all new vehicles sold in a particular year that must be fuel cell vehicles 
for the Hydrogen Success (case 1) scenario 

 
Figure C.1(a)  Flow diagram of simple transition model (STM) (part 1) 
Figure C.1(b)  Flow diagram of simple transition model (STM) (part 2) 
Figure C.2  Delivered hydrogen costs in selected cities 
Figure C.3  Oil saved per year with different scenarios compared to the reference case 
Figure C.4  Greenhouse gas emissions avoided compared to the reference case 

BOXES 

Box 3.1  The Hydrogen-powered ICEV 
Box 3.2  Auto Dealers Selling HFCV and Hydrogen 
Box 6.1  Sensitivity of Breakeven Analysis Results to Changes in Assumptions 
 



Prepublication Copy—Subject to Further Editorial Revision 
 

Abstract 

In response to a congressional request in the Energy Policy Act of 2005, this National 
Research Council (NRC) study estimated the maximum practicable number of hydrogen fuel cell 
vehicles (HFCVs) that could be deployed in the United States by 2020 and beyond, together with 
the investments, time, and government actions needed to carry out this transition.  The study 
determined the consequent reductions in U.S. oil consumption and emissions of carbon dioxide 
(CO2)—the main greenhouse gas linked to global climate change—that could be expected. It 
then compared those reductions with the potential impact that the use of alternative vehicle 
technologies and biofuels might have on oil consumption and CO2 emissions. 

The NRC’s Committee on Assessment of Resource Needs for Fuel Cell and Hydrogen 
Technologies concluded that the maximum practical number of HFCVs that could be operating 
in 2020 would be approximately 2 million in a fleet of 280 million light-duty vehicles. The 
number of HFCVs could grow rapidly thereafter to about 25 million by 2030. Rather than a 
prediction of the future by the committee, this is a scenario based on the committee’s estimate of 
the maximum penetration rate, assuming that technical goals are met, that consumers readily 
accept HFCVs, and that policy instruments are in place to drive the introduction of hydrogen fuel 
and fuel cell vehicles through the market transition period. 

The use of HFCVs can achieve large and sustained reductions in U.S. oil consumption 
and CO2 emissions, but several decades will be needed to realize these potential long-term 
benefits. Considerable progress is still required toward improving fuel cell costs and durability, 
as well as on-board hydrogen storage.  The substantial financial commitments and technical 
progress made in recent years by the automotive industry, private entrepreneurs, and the U.S. 
Department of Energy (DOE) suggest that HFCVs and hydrogen production technologies could 
be ready for commercialization in the 2015-2020 time frame.  Such vehicles are not likely to be 
cost-competitive until after 2020, but by 2050 HFCVs could account for more than 80 percent of 
new vehicles entering the fleet. 

An accelerated transition to HFCVs would require that automobile manufacturers ramp 
up production of fuel cell vehicles even while they cost much more than conventional vehicles, 
and that investments be made to build and operate hydrogen fueling stations even while the 
market for hydrogen is very limited. Substantial government actions and assistance would 
therefore be needed to support such a transition to HFCVs in the 2020 time frame, even with 
good technical progress on fuel cell and hydrogen production technologies.  Substantial and 
sustained research and development (R&D) programs also are required to further reduce the 
costs of fuel cell vehicles and hydrogen after 2020. 

The committee estimated the government cost to support a transition to hydrogen fuel 
cell vehicles as being roughly $55 billion from 2008 to 2023 (when fuel cell vehicles would 
become competitive with gasoline-powered vehicles). This funding includes a substantial 
research and development program ($5 billion), support for the demonstration and deployment of 
the vehicles while they are more expensive than conventional vehicles ($40 billion), and support 
for the production of hydrogen ($10 billion). Private industry would be investing far more, about 
$145 billion for R&D, vehicle manufacturing, and hydrogen infrastructure over the same period. 
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Current U.S. government expenditures, largely for R&D, are about $300 million per year 
primarily by the U.S. Department of Energy. If 2 million HFCVs are to be on the road by 2020, 
R&D funding may have to be increased by as much as 20 percent over the next several years. 
Annual government expenditures will have to be much higher to support the commercial 
introduction of HFCVs, about $3 billion in 2015 and increasing to $8 billion in 2023. 

Potential synergies between the transportation sector and the electric power sector may 
help reduce the cost of hydrogen. In the near term, electrolysis of water can provide hydrogen in 
areas where natural gas or other sources are unavailable. In the longer term (after 2025), co-
generation of low-carbon hydrogen and electricity in gasification-based energy plants may be an 
option. 

The main advantage of a transition to HFCVs is the potential for reducing the use of oil 
and emissions of CO2. Although hydrogen could not replace much gasoline before 2025, the 25 
years after that would see a dramatic decline in the use of gasoline in the light-duty vehicle fleet 
to about one-third of current projections, if the assumptions of the maximum practical case are 
met. CO2 emissions will decline almost as much if hydrogen is produced with carbon capture and 
sequestration or from nonfossil sources.  

The committee also found that alternatives such as improved fuel economy for 
conventional vehicles, increased penetration of hybrid vehicles, and biomass-derived fuels could 
deliver significantly greater reductions in U.S. oil use and CO2 emissions than could use of 
HFCVs over the next two decades, but that the longer-term benefits of such approaches were 
likely to grow at a smaller rate thereafter, even with continued technological improvements, 
whereas hydrogen offers greater longer-term potential.  Thus, as estimated by the committee, the 
greatest benefits will come from a portfolio of R&D technologies that would allow the United 
States to achieve deep reductions in oil use, nearly 100 percent by 2050 for the light-duty vehicle 
fleet. Achieving this goal, however, will require significant new energy security and 
environmental policy actions in addition to technological developments. Although broad policies 
aimed at reducing oil use and CO2 emissions will be useful, they are unlikely to be adequate to 
facilitate the rapid introduction of HFCVs. A competitive and self-sustaining HFCV fleet is 
possible in the long term but will require hydrogen-specific policies in the nearer term. These 
policies must be substantial and durable in order to assure industry that the necessary long-term 
investments can be made safely. 
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Summary 

BACKGROUND AND SCOPE OF STUDY 

In 2005, drawn by the potential for hydrogen-fueled vehicles to achieve large reductions 
in U.S. oil imports and emissions of carbon dioxide (CO2)—the main greenhouse gas linked to 
global climate change—Congress requested that the National Research Council (NRC) assess 
what resources would be required for a transition in the U.S. light-duty vehicle fleet to hydrogen 
fuel cell vehicles (HFCVs) by 2020. Specifically, Section 1825 of the Energy Policy Act of 2005 
stated: “The National Academy of Sciences’ National Research Council will appoint a 
committee to carry out a study of fuel cell technologies that provides a budget roadmap (e.g., 
what investments in R&D, demonstrations, skilled people, [and] infrastructure will be required) 
for the development of fuel cell technologies and the transition from petroleum to hydrogen in a 
significant percentage of the vehicles sold by 2020.” 

In 2007, the NRC formed the Committee on Assessment of Resource Needs for Fuel Cell 
and Hydrogen Technologies.  The statement of task for this study requested that the committee: 
 

• Establish as a goal the maximum practicable number of vehicles that can be fueled by 
hydrogen by 2020; 

• Determine the funding, public and private, to reach that goal; 
• Determine the government actions required to achieve the goal; 
• Consider the role that hydrogen’s use in stationary electric power applications will 

play in stimulating the transition to hydrogen-fueled hybrid electric vehicles; 
• Consider whether other technologies could achieve significant CO2 and oil reductions 

by 2020; and 
• Establish a budget roadmap to achieve the goal. 

 
Early in its deliberations, the committee noted that the congressional focus on impact by 

2020 implied an urgency for actions to reduce U.S. oil imports and CO2 emissions. But on the 
basis of recent studies, including the NRC’s 2004 report The Hydrogen Economy (NRC, 2004), 
the committee concluded that it would not be feasible to have enough hydrogen vehicles on the 
road by 2020 to significantly affect CO2 emissions and oil use, although hydrogen could have a 
substantial impact in the longer run. Thus, the committee extended the time period of its study to 
2050 and estimated the technical readiness and potential impacts of HFCVs at 2020, 2035, and 
2050. 

The emphasis throughout the study, as set forth in the statement of task, is on the 
maximum practicable number of HFCVs, or, as used in this study, the maximum practicable 
penetration rate (MPR) of HFCVs achievable in the 2008 to 2050 time frame. Rather than a 
prediction of the future, the committee developed a scenario based on its estimate of the 
maximum practicable penetration rate, assuming that technical goals are met, that consumers 
readily accept HFCVs, and that policy instruments are in place to drive the introduction of 
hydrogen fuel and fuel cell vehicles through the market transition period.   
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In keeping with its statement of task, the committee also considered whether other 
technologies might achieve significantly greater reductions in oil imports and CO2 emissions 
than HFCVs over the next several decades. After considering a range of alternative technologies 
and the budget constraints of the study, the committee chose to quantitatively evaluate, using the 
MPR approach, one alternative fuel and one alternative vehicle option, namely, (1) fuels derived 
from biomass (in light of the increased emphasis on this option in the United States) and (2) 
evolutionary improvements in internal combustion engines (ICEs) and hybrid electric vehicles 
(HEVs) (in light of the potential of these technologies to increase vehicle efficiency in the short 
term).  These alternative fuel and vehicle technologies also will be needed through 2020 to meet 
the significantly higher fuel economy standards required by the Energy Independence and 
Security Act (EISA) of 2007.  

Two other alternative technologies that are likely to contribute to improved U.S. fuel 
economy are electric vehicles, including plug-in hybrid electric vehicles (PHEVs), and diesel 
engines in light-duty vehicles.  However, these options were not explicitly evaluated by the 
committee, both because of resource limitations and because uncertainties in the future costs and 
consumer acceptance of these technologies were judged to be too great for the committee to have 
confidence in any assumed penetration rates.  For all technologies, the study was restricted to 
light-duty vehicles (automobiles and light trucks), which represent the bulk of the U.S. vehicle 
market.   

As a benchmark for evaluating the ability of HFCVs and other technologies to reduce oil 
imports and CO2 emissions, the committee developed a reference case scenario based on the 
high-price case of the Energy Information Administration’s (EIA’s) Annual Energy Outlook 
2008 (DOE-EIA). This scenario included a significant increase in fuel economy standards as 
required by the Energy Independence and Security Act of 2007.  The committee used the EIA 
report to estimate factors such as the future number of vehicles of different types on the road, as 
well as reference case fuel economies and gasoline prices. The committee recognizes, of course, 
that the projections presented in this study—like any other—contain significant uncertainties and 
unknowns because of changes that are likely to occur over the next several decades.  

SYNOPSIS OF STUDY RESULTS 

The substantial financial commitments and technical progress made by the automotive 
industry, private entrepreneurs, and the U.S. Department of Energy (DOE) in hydrogen fuel cell 
and hydrogen production technologies suggest the potential for progress to the point that 
commercial HFCVs could be introduced in the United States in 2015-2020.  However, these 
vehicles are unlikely to be cost-competitive until several years after 2020 even if the maximum 
practicable number is reached. It will thus require substantial government action (e.g., subsidies 
and enactment of regulations), plus continued support for research, development, and 
demonstration (RD&D), to move HFCVs into the market in sufficient numbers to reduce costs 
and make the technology self-supporting in the marketplace.  Nevertheless, the committee’s 
analysis also showed that the long-term promise of HFCVs in reducing oil consumption and CO2 
emissions is significant, and potentially greater than that of other nearer-term alternatives. 
Although it was not asked to make a formal analysis of the value of policies to support hydrogen, 
the committee believes that, in view of the potential risks posed by oil supply disruptions and 
increasing CO2 emissions from oil use, the magnitude of the potential benefits justifies sustained 
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government support of hydrogen vehicle development as part of a portfolio of options to address 
these serious national problems. 

The committee’s analysis indicated that over the next two decades, a combination of 
improved conventional and hybrid vehicle fuel economy, together with increased use of 
biomass-derived fuels (known generically as biofuels)—and with sufficient market conditions 
and/or policies in place—could deliver substantial reductions in U.S. oil use and CO2 emissions. 
While HFCVs are unlikely to deliver significant benefits in this period, eventually they can do 
much better. Thus HFCVs are not direct competitors with other options that are able to deliver 
more immediate environmental and fuel use benefits.  Instead, if employed with these options, 
collectively they can achieve dramatic, long-term reductions in oil use and CO2 emissions—
benefits that could continue to grow beyond the 2030-2050 time frame. Achieving significant 
benefits of this kind, however, will require additional policy measures to promote the early 
introduction of fuel cell vehicles and to ensure that hydrogen is produced in ways that do not add 
to the CO2 burden.  
 
CONCLUSION 1:  A portfolio of technologies including hydrogen fuel cell vehicles, 
improved efficiency of conventional vehicles, hybrids, and use of biofuels—in conjunction 
with required new policy drivers—has the potential to nearly eliminate gasoline use in 
light-duty vehicles by the middle of this century, while reducing fleet greenhouse gas 
emissions to less than 20 percent of current levels.  This portfolio approach provides a 
hedge against potential shortfalls in any one technological approach and improves the 
probability that the United States can meet its energy and environmental goals. Other 
technologies also may hold promise as part of a portfolio, but further study is required to 
assess their potential impacts. See Chapter 9. 
  
CONCLUSION 2:  Sustained, substantial, and aggressive energy security and 
environmental policy interventions will be needed to ensure marketplace success for oil-
saving and greenhouse-gas-reducing technologies, including hydrogen fuel cell vehicles.   
See Chapter 8. 

TECHNOLOGY ASSESSMENT 

To develop the maximum practicable number scenario and associated budget roadmap, 
the committee assessed the technical progress and future challenges for (1) hydrogen fuel cell 
vehicles and (2) hydrogen production and delivery systems.  

Hydrogen Fuel Cell Vehicles 

Concentrated efforts by private companies, together with the U.S. FreedomCAR Fuel 
Partnership (FCFP) and other government-supported programs around the world, have resulted 
in significant progress toward a commercially viable hydrogen fuel cell vehicle since the 
publication in 2004 of the NRC report The Hydrogen Economy.  Fuel cell costs have been 
reduced significantly over the past 4-5 years. Costs projected for high-volume (500,000 units per 
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year) automotive fuel cell production are approximately $100/kW1 for relatively proven 
technologies and $67/kW for newer laboratory-based technologies, compared to the DOE-FCFP 
commercialization goal for 2015 of $30/kW.  The cost of platinum is approximately 57 percent 
of the fuel cell stack costs and represents the greatest challenge to further cost reductions.  Fuel 
cell stack life has increased to approximately 2,000 hours compared to the DOE-FCFP 2015 goal 
of 5,000 hours. Recently, new failure modes have been identified, particularly platinum 
dissolution into the carbon electrodes. However, focused research to ameliorate these failure 
modes, together with recent advances in electrode and membrane technology, should further 
reduce costs and increase stack life.  Onboard hydrogen storage to achieve a 300-mile driving 
range has been the most difficult technical challenge. Identification of solid storage materials to 
achieve the DOE-FCFP 2015 goals, including the cost goal of $2/kWh, is in the research stage.  
It is not clear at this time whether a suitable material will be identified that can meet these goals 
and timing targets.  However, in order to achieve the desired driving range between refueling 
stops, the industry is prepared to use more expensive high-pressure hydrogen storage tanks that 
consume more space and add to vehicle weight while research progresses toward a more 
commercially viable hydrogen storage material.  HFCV fuel economy is currently about 50-55 
miles per gallon of gasoline equivalent (mpgge) for a midsize vehicle with an 80 kW fuel cell. 
The DOE target of 60 percent efficiency for 2015 corresponds to 80 mpgge for the typical 
vehicle considered in this report.    

In summary, paths forward have been identified for further reducing hydrogen fuel cell 
costs while increasing durability and fuel economy. Based on its technical assessment, the 
committee concluded that under the maximum practicable number of vehicles scenario, a 
significant market transition to HFCVs could start around 2015 if supported by strong 
government policies to drive early growth, even if DOE technology targets are not fully realized. 
The analysis of potential reductions in oil use and CO2 emissions, discussed below, is based on 
the committee’s understanding of the current technical status of fuel cell vehicles and the 
potential for improvements over the next several decades. 
 
CONCLUSION 3: Lower-cost, durable fuel cell systems for light-duty vehicles are likely to 
be increasingly available over the next 5-10 years, and, if supported by strong government 
policies, commercialization and growth of HFCVs could get underway by 2015, even 
though all DOE targets for HFCVs may not be fully realized. See Chapter 3. 

Hydrogen Production Systems 

To develop a budget roadmap for the maximum practicable number scenario, the 
committee also evaluated the status of hydrogen production technologies.  In the committee’s 
judgment, the three hydrogen production technologies that have the highest likelihood of 
commercial viability in the 2015-2035 time frame are (1) distributed steam methane reformation 
(DSMR) using natural gas as a feedstock for on-site production at a refueling station; (2) 
centralized hydrogen production from coal gasification with carbon capture and sequestration 
(CCS); and (3) centralized production from biomass gasification.  Carbon-free hydrogen 
produced using advanced high-temperature nuclear reactors for electrolysis or thermochemical 

                                                 
1 One kilowatt (kW) is equal to 1.34 horsepower. A kilowatt-hour (kWh) is the work done by 1 kW operating for an 
hour. 
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splitting of water might also be possible in this time frame, but the timetable and costs for 
development and commercialization of advanced (Generation IV) nuclear technology are 
difficult to estimate. Electrolysis using electricity from the grid may be useful in certain 
circumstances but is likely to be more expensive than DSMR in most cases.  Hydrogen produced 
from renewable energy sources, such as electricity generated by solar and wind energy, could be 
viable if these technologies become more extensively deployed and their costs decline 
significantly (especially solar energy systems). Direct energy conversion systems using 
photoelectrochemical or photobiological technologies also can be significant long-term 
contributors to a hydrogen economy if associated technical hurdles can be overcome.  

Based on its assessment of hydrogen supply options, the committee concluded that in a 
maximum practicable scenario: 
 

• DSMR technology can be commercially available in sufficient quantities to fuel HFCVs at 
the DOE-FCFP cost goal of $3.00/kg hydrogen in 2015, when a transition to fuel cell 
vehicles might begin. Because a kilogram of hydrogen has about the same energy as a gallon 
of gasoline but is used twice as efficiently in a fuel cell, $3.00/kg is equivalent to 
$1.50/gallon.  DSMR is likely to be more economical than alternative on-site technologies 
(such as electrolysis) and will be sufficient to fuel HFCVs through about 2025. Even though 
DSMR generates CO2 that is not captured, the 2004 NRC report The Hydrogen Economy 
showed that well-to-wheels CO2 from DSMR-HFCV could be less than half that from 
conventional gasoline-powered vehicles. The quantity of natural gas used through 2025 
(approximately a 2 percent increase in projected demand, based on EIA data) should not be 
large enough to dramatically affect natural gas prices.  Delivered hydrogen costs at the outset 
of the transition will be high because of the underutilization of production equipment with a 
small number of HFCVs on the road.  However, by 2016 the cost of hydrogen is projected to 
equal that of gasoline on a dollars-per-mile-of-travel basis. The future price of natural gas is 
the largest determinant of the viability of this option. 

• Hydrogen production via coal gasification plus carbon capture and storage (CCS), with 
pipeline delivery of hydrogen to refueling stations, could be commercially viable and 
available by 2025. If coal is used, CCS is necessary to achieve low-carbon hydrogen 
production.  Coal gasification and associated carbon capture technologies are already used 
commercially to produce hydrogen (albeit on a much smaller scale than natural gas 
reforming), but they have not yet been integrated with carbon sequestration.  Nor has deep 
geological sequestration of CO2 yet been demonstrated in the United States at the scale 
envisioned for a commercial hydrogen plant.  Thus, the greatest challenge to coal-based 
hydrogen production is demonstrating the capacity and long-term storage capabilities for 
geological sequestration of CO2 in deep saline aquifers. However, as part of the DOE Carbon 
Sequestration Program, there are several industrial-scale, well-monitored demonstration 
projects currently planned to address issues of commercial viability over the next several 
years, and three large-scale geological sequestration projects (1 million tons of CO2 per year 
each) have been operating successfully in other parts of the world for the past 4-12 years.    

• Hydrogen from biomass gasification technology also is advancing and could be competitive 
by the mid to late 2020s for centralized production with potentially low carbon impacts. 
Several scale-up projects are now under way.  Carbon dioxide from biomass gasification also 
potentially can be captured and stored to yield “negative emissions” of CO2.  While this 

 S - 5



Prepublication Copy—Subject to Further Editorial Revision 
 

hydrogen technology currently is not as well developed as the two outlined above, the 
committee included it as a renewable hydrogen source.  Recent advances indicate that the 
cost could approach $3.00/kg hydrogen with continued technology progress.  

 
The main challenges to deploying these technologies are (1) developing the technical 

capacity and regulatory framework to permit and safely sequester CO2; (2) developing the 
technical, economic, and environmental knowledge needed to support large-volume biomass 
production and transportation to central gasification facilities; and (3) establishing public 
confidence in procedures for efficient permitting and installation of hydrogen production, 
distribution, and refueling systems.  Safety issues, both real and perceived, along with the 
creation of appropriate codes and standards, are significant barriers to the introduction of HFCVs 
and the development of a hydrogen refueling infrastructure and pose a significant risk to 
achieving the maximum practicable penetration rate for hydrogen vehicles. Under the maximum 
percentage practicable scenario, the committee assumes that these hurdles will be overcome. 

 
CONCLUSION 4:  If appropriate policies are adopted to accelerate the introduction of 
hydrogen and HFCVs, hydrogen from distributed technologies can be provided at 
reasonable cost to initiate the maximum practicable case.  If technical targets for central 
production technologies are met, lower-cost hydrogen should be available to fuel HFCVs in 
the latter part of the time frame considered in this study.  Additional policy measures are 
required to achieve low-carbon hydrogen production in order to significantly reduce CO2 
emissions from central coal-based plants.  See Chapter 3. 

MAXIMUM PRACTICABLE DEPLOYMENT OF FUEL CELL VEHICLES 

A key task of this study was to “establish . . . the maximum practicable number of 
vehicles that can be fueled by hydrogen by 2020.”  Based on that number of vehicles, the 
committee was to assess the impact on oil use and reduction of CO2 emissions; then determine 
the costs and budgets needed to implement a program of this magnitude; and outline government 
actions that might be necessary to achieve it. The committee concluded that a goal for the 
maximum practicable number of vehicles would depend strongly on a host of factors related to 
future rates of technical progress in both fuel cell vehicles and hydrogen production, as well as 
future policy actions and consumer preferences.  Given the many uncertainties, the committee 
developed three scenarios to reflect a range of possible HFCV penetration rates, to help guide its 
judgment in this task:   
 

1. Hydrogen Success (Case 1). This scenario assumes that hydrogen and fuel cell 
developments meet slightly reduced performance and cost goals compared with those 
established by DOE and the FreedomCar Fuel Partnership Program (as explained in 
Chapter 3). This rapid-growth case corresponds to a scenario recently developed by 
DOE to 2025 (Gronich, 2007), and extended by the committee to 2050. By 2050, 80 
percent of new vehicles sold are assumed to be HFCVs (see Figure 6.5 in Chapter 6). 
This is consistent with other recent modeling studies (Greene et al., 2007). 

2. Accelerated Success (Case 1a). This variant assumes a far more aggressive program 
that doubles the rate of introduction of HFCVs compared with Case 1, while meeting 
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the same performance and cost goals. Very aggressive national policy measures 
would be needed to drive this accelerated case—for example, much more stringent 
CAFE standards in response to severe curtailments in oil supplies, or stringent limits 
on CO2 emissions in response to major new concerns about climate change.  

3. Partial Success (Case 1b). The third case assumes shortfalls and delays in reaching 
the performance and cost goals of Case 1, penetration rates remaining at historical 
rates for hybrids, supported by government subsidies.   

 
 

Details of all scenario assumptions are elaborated in Chapter 6 of this report.  The 
committee used these scenarios to establish its estimate of the maximum practicable number of 
vehicles.  Analyses were conducted using a model developed by committee members and based 
on other recent modeling studies and analyses (Chapter 6 provides all details). Results of the 
analysis include the timing and magnitude of costs for HFCVs and associated infrastructure 
deployment, as well as the resulting impacts on oil use and CO2 emissions relative to a base case 
scenario also defined by the committee.  

In the committee’s view, the Hydrogen Success case (Case 1) best represents the 
maximum practicable number of vehicles that could be fueled by hydrogen by 2020. The 
Accelerated Success case (Case 1a), while achieving greater reductions in oil consumption and 
CO2 emissions, had substantially higher costs and greater technical risks.  The Partial Success 
case (Case 1b), which was more pessimistic about achievable rates of technical progress, was 
higher in total cost than Case 1 because it took longer to achieve significant HFCV penetration 
and commercial viability, and Case 1b did not have a significant impact on oil and CO2 
reductions over the next few decades.  

Achieving the Hydrogen Success case, however, would be challenging—requiring 
significant continued technical progress, consumer acceptance, and policies to achieve market 
penetration of HFCVs during the early transition period.  Thus, it is by no means a “sure thing.” 

For these reasons, it should be understood throughout this report that the maximum 
practicable number of vehicles estimated by the committee in response to the statement of task 
does not represent the committee’s view of the “probable” or “most likely” number of HFCVs 
on the road by 2020 and beyond.  Rather, the estimate of maximum practicable number reflects a 
judgment about the ability to achieve the performance and cost goals required for market 
competitiveness, grounded in historically observed rates of market penetration for other new 
vehicle concepts and technologies, which have not faced the difficulties associated with major 
new fuel infrastructure.  Although more aggressive scenarios can be envisioned under certain 
circumstances, in general, the Hydrogen Success case should be viewed as an optimistic estimate 
of what might be possible—not a forecast of what is likely or probable.  

Figure S.1 shows the number of hydrogen fuel cell vehicles in the U.S. fleet and the 
percentage of new vehicles sold over time for the Hydrogen Success case.  Trends for HFCVs 
are compared with those for conventional gasoline-powered vehicles based on a high-oil-price 
reference case scenario developed by the EIA and extended to 2050 by the committee.  After 
starting at a few thousand HFCVs per year in 2012, the maximum practicable number of HFCVs 
on the road increases to almost 2 million in 2020, 60 million in 2035, and more than 200 million 
in 2050 for the Hydrogen Success case. As a percentage of all light-duty vehicles in service, this 
corresponds to approximately 0.7 percent, 18 percent, and 60 percent HCFVs in the U.S. fleet in 
these 3 years.  The number of HFCVs grows rapidly after the market transition period, during 
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which HFCVs are assumed to be supported by government subsidies and growing consumer 
acceptance.  In the Hydrogen Success scenario, HFCVs compete only with improving 
conventional gasoline-powered vehicles and become cost-competitive by 2023, as discussed 
below in this summary.   
 
CONCLUSION 5: In the judgment of the committee, the maximum practicable number of 
HFCVs that could be on the road by 2020 is around 2 million.  Subsequently, this number 
could grow rapidly to as many as 60 million by 2035 and more than 200 million by 
midcentury, but such rapid and widespread deployment will require continued technical 
success, cost reductions from volume production, and government policies to sustain the 
introduction of HFCVs into the market during the transition period needed for technical 
progress.  See Chapter 6. 

Impact of Fuel Cell Vehicle Deployment on Reductions in Oil Use and CO2 Emissions 

Another objective of this study was to assess the potential of HFCVs to achieve 
significant reductions in oil imports and CO2 emissions.  Estimating such impacts is difficult 
because of the complexities and unknowns inherent in any analysis of future transportation 
systems and fuel options.  For example, in recent years, energy prices and equipment costs have 
escalated dramatically; how these will vary in the future is unknown.  The committee used its 
scenarios to inform its judgments about the potential magnitude and timing of reduced oil use 
and CO2 emissions associated with adoption of HFCVs.  

Figure S.2 shows results for the Hydrogen Success case relative to the reference case 
without fuel cell vehicles.  As noted before, the reference case is based on an 2008 EIA high-oil-
price scenario extended to 2050 by the committee.  Gasoline use—taken as a measure of oil 
consumption and imports—is reduced by only about 1 percent by 2020; however, by 2035 the 
reduction in gasoline use grows to about 24 percent and by 2050 to nearly 70 percent.  Similar 
trends are shown in Figure S.2 for potential reductions in well-to-wheels CO2-equivalent 
emissions that account for all greenhouse gas emissions in the fuel supply chain (see Chapter 6). 
In the Hydrogen Success case, net annual greenhouse gas emissions are reduced by less than 
1 percent in 2020, but subsequent reductions are much greater (i.e., a 20 percent reduction in 
2035 and a reduction of more than 60 percent in 2050 compared to the reference case).  These 
numerical estimates, especially for the longer term, are highly uncertain and sensitive to 
assumptions about the reference case as well as the Hydrogen Success scenario.  Unlike savings 
in oil use, however, net reductions in CO2 emissions do not automatically accrue from the use of 
hydrogen-fueled vehicles.  Rather, the Hydrogen Success scenario assumes that policy measures 
are enacted prior to 2020 to incentivize or require the control of CO2 emissions from the central 
stations used to produce hydrogen and that production from such plants begins around 2025, 
with hydrogen delivered by pipeline to refueling stations. Prior to that time, the production of 
hydrogen from distributed natural gas reformers results in CO2 emissions, although at half the 
level of today’s gasoline vehicles on a well-to-wheels basis.  
 
CONCLUSION 6: While it will take several decades for HFCVs to have major impact, 
under the maximum practicable scenario fuel cell vehicles would lead to significant 
reductions in oil consumption and also significant reductions in CO2 emissions if national 
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policies are enacted to restrict CO2 emissions from both mobile and stationary sources 
(such as central hydrogen production plants).  See Chapter 6. 

Timetable for Market Transition 

The potential benefits of reduced oil consumption and CO2 emissions described above 
assume that HFCVs are deployed in increasing numbers according to the committee’s Hydrogen 
Success scenario.  Since HFCVs initially are far more expensive than conventional vehicles, the 
financial subsidy required to deploy them (and thus achieve future benefits) depends strongly on 
how long it takes HFCVs to compete economically in the marketplace with conventional 
gasoline vehicles. To estimate that transition period, the committee first estimated the total 
annual expenditures needed to purchase and operate increasing numbers of HFCVs as shown in 
Figure S.1.  The unit cost of fuel cell vehicles was assumed to decline along a learning curve 
with increasing production.  Hydrogen supply costs also declined with increasing production.  
These costs included the cost of energy feedstocks and other operating costs, plus the capital cost 
of infrastructure for refueling stations and hydrogen production facilities (including pipelines 
from central production plants in later years).  Infrastructure cost estimates assumed the initial 
introduction of HFCVs in selected large cities and then in other locations over time, according to 
scenarios developed by DOE (see Chapter 6).   

The committee then compared the year-by-year costs of purchasing and fueling the 
number of HFCVs dictated by the Hydrogen Success scenario to the annual cost of purchasing 
and fueling the same-size fleet of gasoline-powered vehicles.  This analysis assumed that 
consumers would value fuel on a cost-per-mile-traveled basis rather than cost-per-gallon-
equivalent.  When the sum of vehicle costs plus fuel costs for the HFCVs became less than that 
for gasoline vehicles, the hydrogen vehicles were projected to be economically competitive on a 
life-cycle basis.  That crossover was taken as the end of the transition period.  For the Hydrogen 
Success scenario, that year was 2023.  By that time a total of about 5.5 million fuel cell vehicles 
are produced, according to this scenario.  

The breakeven year for competitiveness is sensitive to a number of assumptions, 
including HFCV costs and the costs of hydrogen and gasoline over time.  However, the results 
described above are not significantly affected by recent changes in fuel economy standards for 
new vehicles.2  Chapter 6 presents further details of the transition period analysis. 
 
CONCLUSION 7:  The unit costs of fuel cell vehicles and hydrogen in the Hydrogen 
Success scenario—the maximum practicable case—decline rapidly with increasing vehicle 
production, and by 2023 the cost premium for HFCVs relative to conventional gasoline 
vehicles is projected to be fully offset by the savings in fuel cost over the life of the vehicle 
relative to a reference case based on the EIA high-oil-price scenario.  At that point, 
according to the committee’s analysis, HFCVs become economically competitive in the 
marketplace. See Chapter 6. 

                                                 
2 The CAFE standards enacted in December 2007 phase in a 35 mpg requirement for new cars from 2011 to 2020.  
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A Budget Roadmap for the Market Transition  

Producing and deploying the number of HFCVs shown in Figure S.1 will not happen by 
itself—significant government support will be needed to achieve this result.  Even with such 
support there is no guarantee that the technical and economic performance improvements 
assumed in the Hydrogen Success case can be achieved in the given time frame.  There are risks 
as well as potential rewards with these new technologies.  Nonetheless, if the substantial 
potential benefits of hydrogen vehicles suggested in Figure S.2 are to be realized, substantial 
financial investments also will be required from both industry and government.  As requested in 
its statement of task, the committee estimated a budget roadmap of total annual costs to 
government and industry for (1) conducting the research, development, and demonstration 
required for the transition to hydrogen and (2) deploying the maximum practicable number of 
fuel cell vehicles required for the transition.  The estimated costs for these activities are 
summarized below. 

Research, Development, and Demonstration Costs for the Transition 

Because most future spending plans for RD&D are proprietary and there is very little 
information on which to base such estimates, those provided here are rough at best.  The 
committee’s estimates for government spending were based on budgets for DOE, the main 
government agency supporting RD&D on hydrogen. The DOE 2007 (budgeted) R&D funding 
and 2008 (requested) RD&D funding for the hydrogen program are each approximately $300 
million—a level the committee judged to be adequate. Estimates of future budgets assumed that 
funding for individual programs was discontinued once a program was completed (such as the 
current program for distributed natural gas reforming), and that funds were added for projects 
that appeared appropriate for increases (such as biomass gasification). Funding for some areas 
was held constant (in constant dollars) when it was judged that considerable work was still 
needed (such as for fuel cells).  These rough estimates of annual government RD&D funding 
were projected to 2023, the breakeven year for HFCVs in the Hydrogen Success case (see 
Chapter 7). The total RD&D funding requirement for 2008-2023 was estimated to be roughly $5 
billion in constant 2005 dollars. This number could be adjusted up or down, depending on the 
need for new programs and demonstrations. 

For the U.S. private sector, a current RD&D funding level of about $700 million per year 
was estimated based on a study commissioned in 2005 by a collaboration of several world fuel 
cell councils, adjusted for the United States (as discussed in Chapter 7) and supplemented by 
additional public information from a number of small private U.S. companies.  Much of the 
estimated spending needed in 2008 to 2012 would be for demonstration vehicles prior to 
commercial-scale manufacturing.  Subsequently, private RD&D in conjunction with government 
programs would likely address remaining technical issues and opportunities for improvements to 
vehicle and hydrogen production technologies.  Thus, total U.S. private spending on RD&D for 
the hydrogen transition from 2008 to 2023 was estimated to continue at an average of $700 
million per year, totaling roughly $11 billion in constant 2005 dollars.   

Although no RD&D funding estimates were projected beyond 2023, the committee fully 
anticipates the need for continued RD&D funding by both government and the private sector in 
the Hydrogen Success scenario.  In particular, increased emphasis on hydrogen production with 
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low or zero carbon emissions—such as from renewable energy sources—is expected to be an 
area of growing importance, both during and after a transition to HFCVs.   
 
CONCLUSION 8:  The committee estimates that total government-industry spending on 
RD&D needed to facilitate the transition to HFCVs is roughly $16 billion over the 16-year 
period from 2008 through 2023, of which about 30 percent (roughly $5 billion) would come 
from U.S. government sources. Government and private spending beyond 2023 also will 
likely be required to support longer-term needs, but such estimates were beyond the scope 
of this study. See Chapter 7. 

Vehicle Deployment Costs for the Transition 

The committee’s estimate of private plus government expenditures required to deploy the 
maximum practicable number of fuel cell vehicles by 2020 and beyond (as reflected by the 
Hydrogen Success scenario) is shown in Figure S.3, which indicates total annual costs for the 
two main components of commercial deployment: vehicle costs and hydrogen fuel costs.  Capital 
investments for infrastructure to produce and deliver hydrogen account for approximately half of 
the annual hydrogen costs, with the remaining half being operating costs, mainly the cost of 
natural gas for hydrogen production.  

Total annual costs grow rapidly as increasing numbers of vehicles are deployed.  The 
cumulative cost of fuel cell vehicles purchased during the transition period 2012-2023 is about 
$170 billion, or an average of $30,000 per vehicle (see Table S.1).  Of this, $40 billion (an 
average of $7,000 per vehicle) represents the additional investment for HFCVs over the roughly 
$130 billion “base vehicle” cost of an equivalent number of conventional vehicles.   The 
additional cost of supplying hydrogen over this period is $16 billion.  Thus, the cumulative 
expenditure for the transition totals $184 billion, most of which (91 percent) is for the production 
of vehicles, with the remaining 9 percent for hydrogen supply (roughly half for infrastructure and 
half for operating costs).   

If the RD&D costs discussed above are added to the vehicle and hydrogen production 
costs, the budget roadmap shown in Figure S.3 would increase by approximately $1 billion per 
year ($16 billion total). This would bring the cumulative total to $200 billion for the period 
2008-2023. Table S.1 summarizes the cumulative costs of the budget roadmap. Beyond 2023 the 
hydrogen vehicle and infrastructure system pays for itself. 

Government Share of Transition Costs 

The question of how the vehicle production and hydrogen supply costs shown in Figure 
S.3 should be shared between the federal government and private industry has no simple or 
single answer.  In the committee’s judgment, a realistic estimate of the government share of total 
costs to facilitate the maximum practicable transition to HFCVs (based on the Hydrogen Success 
scenario) would be the incremental cost of purchasing HFCVs, plus about half the total cost of 
building and operating the infrastructure needed to supply hydrogen during the transition period.  
Those incremental costs are shown in Figure S.4.  In this case, the added cost for vehicles totals 
$40 billion over the transition period (as noted above), while hydrogen infrastructure costs add 
another $8 billion. Various factors could either reduce or raise these costs to some degree (see 
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Chapter 7).  The committee estimated the total government cost for this scenario to be 
approximately $50 billion (an average of $8,500 per vehicle during the transition period).   

Adding government RD&D costs to the figures above would increase the budget 
roadmap by approximately $300 million per year, or a total of $5 billion. This would bring the 
cumulative government investment to $5 billion (an average of $9,500 per vehicle) from 2008 
through 2023, as summarized in Table S.1. This translates to an average of roughly $3 billion per 
year over 16 years (2008-2023).  To put these amounts in perspective, the U.S. government 
subsidy for ethanol fuel in 2006 was approximately $2.5 billion and, if extended at the current 
rate, could grow to $15 billion per year in 2020 due to the recently enacted (December 2007) 
energy bill.3 

Other Cost Considerations 

While the committee’s budget roadmap considered only the funding required to launch 
the maximum practicable scenario for fuel cell vehicles, it is unlikely that federal funding would 
terminate after the breakeven year for transition, as assumed here. Rather, continued 
expenditures at some level would be expected, although the committee did not attempt to 
estimate such requirements. 

Note, too, that the budget roadmaps presented here do not reflect the savings to 
consumers from reduced expenditures for gasoline during 2012-2023 (estimated at roughly $17 
billion) or the loss of government tax revenues from gasoline sales displaced by hydrogen 
(roughly $5 billion).  Also, the budget estimates do not include any costs for technical 
educational or training programs to support the transition, because the committee estimated no 
shortage of workers with the needed skills during this period (see Chapter 7). Other types of 
training programs, e.g., safety training, are likely to be needed. 

There is considerable uncertainty in predicting the costs of deploying HFCVs, in 
particular technical success, oil prices, and carbon policy. To the extent that HFCVs exceed the 
technical and cost targets assumed in the maximum practicable analysis, the government’s share 
of costs could be reduced. Similarly, to the extent that HFCV imports from non-U.S. automakers 
contribute to the hydrogen transition, the magnitude of U.S. government-supported vehicle costs 
also would be reduced.  But progress may be slower than assumed here, and pushing HFCVs into 
the market would then be more expensive than shown in Figure S.3. Before companies and the 
government start ramping up the funding for the transition in about 2015, it will be important to 
fully assess the state of the technology and expectations for the market. Insofar as progress is 
either faster or slower than expected, it will be important to adjust policies in response, while 
avoiding the perception that promotional policies are not durable.  

Finally, the committee notes that the budget roadmaps developed in this study apply only 
to the transition period through 2023.  However, the successful introduction of HFCVs also 
would involve substantial longer-term expenditures—primarily by the private sector—for 
infrastructure, energy resources, and other requirements of a full-scale HFCV-based 
                                                 
3 The Volumetric Ethanol Excise Tax Credit (VEETC) of 51 cents per gallon benefits all ethanol blended with 
gasoline, which was about 5 billion gallons in 2006, according to DOE data. Although the VEETC is set to expire 
after 2010, Congress is debating various ways of extending it, as it has since the credit was first created in 1978. The 
Energy Independence and Security Act of 2007 established a renewable fuel standard that would reach 30 billion 
gallons by 2020, most of which is likely to be ethanol. A credit of 51 cents per gallon applied to that amount would 
represent a subsidy in excess of $15 billion per year. 
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transportation system.   Estimates of longer-term capital requirements and other resource needs 
for the Hydrogen Success scenario can be found in Chapters 6 and 7 of this report, along with a 
discussion of issues such as long-term labor force requirements that remain for future study. 
 
CONCLUSION 9:  The estimated government cost to support a transition to hydrogen fuel 
cell vehicles is roughly $55 billion over the 16-year period from 2008 to 2023, primarily for 
the production of fuel cell vehicles ($40 billion of incremental cost) and, to a lesser extent, 
for the initial deployment of hydrogen supply infrastructure (about $10 billion) and R&D 
(about $5 billion).  No shortages are foreseen in the critical workforce skills needed to 
accomplish the transition.  However, further study is necessary to assess the longer-term 
costs, institutional issues, workforce issues, and impacts of undertaking the major 
hydrogen infrastructure development required to support widespread use of HFCVs.  See 
Chapter 7. 

Actions Required by Government to Implement the Transition  

Six types of actions and policies are needed to exploit the potential of hydrogen to reduce 
oil use and CO2 emissions from the transportation sector, consistent with the Hydrogen Success 
case described in this report: 
 

1. Actions to ensure continued development of HFCVs technologies, 
2. Actions to deal with the high initial cost of HFCVs, 
3. Actions to develop the initial infrastructure needed to support HFCVs, 
4. Actions to reduce the cost of the initial distributed infrastructure for hydrogen, 
5. Policies that promote energy security by improving the end use efficiency of  

transportation fuels, and 
6. Policies that limit greenhouse gas emissions to ensure that hydrogen produced using 

domestic energy resources results in little or no emission of CO2 to the atmosphere. 
 

More specifically, to stimulate RD&D to overcome remaining technical hurdles and 
encourage long-run penetration of hydrogen vehicles, a technology-push approach (i.e., not 
relying simply on market forces) is required.  Such an approach would have to employ policies 
and incentives that are carefully targeted, substantial, durable, and gradually phased out over 
time with continued technology progress.  However, the design and the choice of such policies 
are neither simple nor straightforward.  

Targeted policies to kick-start a market for hydrogen vehicles could include such 
measures as federal tax credits, subsidies for hydrogen vehicle purchases, or minimum sales 
share quotas imposed on vehicle manufacturers.  If financial incentives are used, they would 
have to be substantial, given that life-cycle costs for hydrogen vehicles are currently much higher 
than for comparable gasoline vehicles. Without large incentives, consumers also may be 
reluctant to switch in significant numbers to a new and unfamiliar type of vehicle and fuel.  As 
noted above, policy measures that significantly limit CO2 emissions also will be required to 
ensure that hydrogen is produced in ways that do not add to the burden of greenhouse gas 
emissions.   
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FIGURE C.1(b)   Flow diagram of simple transition model (part 2). 
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FIGURE C.2   Delivered hydrogen costs in selected cities. 
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FIGURE C.3   Oil saved per year with different scenarios compared to the reference case. 
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FIGURE C.4   Greenhouse gas emissions avoided compared to the reference case. 
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Appendix D 

Acronyms and Abbreviations 

ABE acetone-butanol-ethanol 
AEO Annual Energy Outlook 
AER all-electric range 
 
Cd coefficient of drag 
CAFE corporate average fuel economy 
CCS carbon capture and sequestration 
CO carbon monoxide 
CO2 carbon dioxide 
CRP Conservation Reserve Program 
CVA camless valve actuation 
CVT continuously variable transmission 
 
DME dimethyl ether 
DNGR distributed natural gas reforming 
DOE U.S. Department of Energy 
DSMR distributed steam methane reforming 
DWE distributed water electrolysis 
 
EEG Renewable Energy Resources Act (Germany) 
EIA Energy Information Administration 
EISA Energy Independence and Security Act of 2007 
EPA U.S. Environmental Protection Agency 
EPACT Energy Policy Act of 2005 
EV electric vehicle  
 
FC fuel cell 
FCFP FreedomCAR and Fuel Partnership 
FCV fuel cell vehicle 
 
GDI gasoline direct injection 
GHG greenhouse gas 
GIS geographic information system 
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GW gigawatt 
 
HCCI homogeneous-charge compression ignition 
HEV hybrid electric vehicle 
HFC hydrofluorocarbon 
HFCV hydrogen fuel cell vehicle 
HICEV hydrogen-powered ICEV 
 
ICE internal combustion engine 
ICEV internal combustion engine vehicle 
IEA International Energy Agency 
IGCC integrated gasification-combined cycle 
IPCC Intergovernmental Panel on Climate Change 
ISO International Organization for Standardization 
 
kWh kilowatt-hour 
 
LCC life-cycle cost 
LDV light-duty vehicle 
LNG liquefied natural gas 
 
MCFC molten carbonate fuel cell 
MEA membrane electrode assembly 
mpg miles per gallon 
mpgge miles per gallon of gasoline equivalent 
MPR maximum practicable rate of penetration  
MTG methanol to gasoline 
 
NEMS National Energy Modeling System 
NOx nitrogen oxides 
NRC National Research Council 
 
OEM original equipment manufacturer 
 
PEM proton exchange membrane 
PFC perfluorocarbon 
PHEV plug-in hybrid electric vehicle 
ppm parts per million 
PTC production tax credit 
PUC public utility commission 
PV photovoltaic 
 
R&D research and development 
RD&D research, development, and demonstration 
RPS renewable portfolio standard 
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SAE Society of Automotive Engineers (now SAE International) 
SMR steam methane reformer 
SO2 sulfur dioxide 
SOFC solid oxide fuel cell 
SUV sport utility vehicle 
 
USDA U.S. Department of Agriculture 
 
VEETC Volumetric Ethanol Excise Tax Credit 
VMT vehicle-miles traveled 
VVT variable valve timing 
 
WTW well to wheel 
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