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Executive Summary

The National AcademiesO National Research Council apfocuses exclusively on hydrogen, although it notes that al-
pointed the Committee on Alternatives and Strategies forternative or complementary strategies might also serve these
Future Hydrogen Production and Use in the fall of 2002 to same goals well.
address the complex subject of the Ohydrogen economy.O In The Executive Summary presents the basic conclusions
particular, the committee carried out these tasks: of the report and the major recommendations of the commit-

tee. The reportOs chapters present additional findings and rec-
¥ Assessed the current state of technology for producingpmmendations related to specific technologies and issues
hydrogen from a variety of energy sources; that the committee considered.

¥ Made estimates on a consistent basis of current and fu-
ture prOJegtgd c.osts, carbon dioxide (p;@mls?lons, and BASIC CONCLUSIONS
energy efficiencies for hydrogen technologies;

¥ Considered scenarios for the potential penetration of As described below, the committeeOs basic conclusions
hydrogen into the economy and associated impacts on oiladdress four topics: implications for national goals, priori-
imports and CQgas emissions; ties for research and development (R&D), the challenge of

¥ Addressed the problem of how hydrogen might be dis-transition, and the impacts of hydrogen-fueled light-duty ve-
tributed, stored, and dispensed to end usesNtogether withhicles on energy security and Cémissions.
associated infrastructure issuesNwith particular emphasis on
light-duty vehicles in the transportation sector;

¥ Reviewed the U.S. Department of EnergyOs (DOEO
research, development, and demonstration (RD&D) plan for A transition to hydrogen as a major fuel in the next

ésnplications for National Goals

hydrogen; and 50 years could fundamentally transform the U.S. energy
¥ Made recommendations to the DOE on RD&D, includ- system, creating opportunities to increase energy security
ing directions, priorities, and strategies. through the use of a variety of domestic energy sources for

hydrogen production while reducing environmental impacts,
The vision of the hydrogen economy is based on two including atmospheric COemissions and criteria pollut-

expectations: (1) that hydrogen can be produced from do-ants! In his State of the Union address of January 28, 2003,
mestic energy sources in a manner that is affordable andPresident Bush moved energy, and especially hydrogen for
environmentally benign, and (2) that applications using hy- vehicles, to the forefront of the U.S. political and technical
drogenNfuel cell vehicles, for exampleNcan gain market debate. The President noted: OA simple chemical reaction
share in competition with the alternatives. To the extent thatbetween hydrogen and oxygen generates energy, which can
these expectations can be met, the United States, and indedzk used to power a car producing only water, not exhaust
the world, would benefit from reduced vulnerability to en- fumes. With a new national commitment, our scientists and
ergy disruptions and improved environmental quality, espe-engineers will overcome obstacles to taking these cars from
cially through lower carbon emissions. However, before this
vision can become a reality, many technical, social, and —_ ) o
policy challenges must be overcome. This report focuses on rltgrla pollutants are air ppllutants (g.g., lead, sul_fur dioxide, and so

on) emitted from numerous or diverse stationary or mobile sources for which
the steps that should be taken to move toward the hydmgerﬂlational Ambient Air Quality Standards have been set to protect human
vision and to achieve the sought-after benefits. The reportheaith and public welfare.

1
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laboratory to showroom so that the first car driven by a child in large quantities at reasonable costs for industrial purposes.
born today could be powered by hydrogen, and pollution- The committe@ analysis indicates that at a future, mature
free@ This committee believes that investigating and con- stage of development, hydrogen.ldan be produced and
ducting RD&D activities to determine whether a hydrogen used in fuel cell vehicles at reasonable cost. The challenge,
economy might be realized are important to the nation. with today® industrial hydrogen as well as tomorf@viny-
There is a potential for replacing essentially all gasoline with drogen, is the high cost of distributing té dispersed loca-
hydrogen over the next half century using only domestic re-tions. This challenge is especially severe during the early
sources. And there is a potential for eliminating almost all years of a transition, when demand is even more dispersed.
CO, and criteria pollutants from vehicular emissions. How- The costs of a mature hydrogen pipeline system would be
ever, there are currently many barriers to be overcome bespread over many users, as the cost of the natural gas system
fore that potential can be realized. is today. But the transition is difficult to imagine in detalil. It
Of course there are other strategies for reducing oil im-requires many technological innovations related to the de-
ports and CQemissions, and thus the DOE should keep a velopment of small-scale production units. Also, nontechni-
balanced portfolio of R&D efforts and continue to explore cal factors such as financing, siting, security, environmental
supply-and-demand alternatives that do not depend upon hyimpact, and the perceived safety of hydrogen pipelines and
drogen. If battery technology improved dramatically, for dispensing systems will play a significant role. All of these
example, all-electric vehicles might become the preferredhurdles must be overcome before there can be widespread
alternative. Furthermore, hybrid electric vehicle technology use. An initial stage during which hydrogen is produced at
is commercially available today, and benefits from this tech- small scale near the small user seems likely. In this case,
nology can therefore be realized immediately. Fossil-fuel- production costs for small production units must be sharply
based or biomass-based synthetic fuels could also be used ireduced, which may be possible with expanded research.
place of gasoline. 3.To reduce sharply the costs of hydrogen production
from renewable energy sources, over a time frame of de-
cades.Tremendous progress has been made in reducing the
cost of making electricity from renewable energy sources.
There are major hurdles on the path to achieving the vi-But making hydrogen from renewable energy through the
sion of the hydrogen economy; the path will not be simple or intermediate step of making electricity, a premium energy
straightforward. Many of the commiti@sobservations gen-  source, requires further breakthroughs in order to be com-
eralize across the entire hydrogen economy: the hydrogemetitive. Basically, these technology pathways for hydrogen
system must be cost-competitive, it must be safe and appealproduction make electricity, which is converted to hydrogen,
ing to the consumer, and it would preferably offer advan- which is later converted by a fuel cell back to electricity.
tages from the perspectives of energy security ange@@s- These steps add costs and energy losses that are particularly
sions. Specifically for the transportation sector, dramatic significant when the hydrogen competes as a commodity
progress in the development of fuel cells, storage devicestransportation fudl leading the committee to believe that
and distribution systems is especially critical. Widespread most current approach@sexcept possibly that of wind en-
success is not certain. ergyN need to be redirected. The committee believes that
The committee believes that for hydrogen-fueled trans-the required cost reductions can be achieved only by tar-
portation, the four most fundamental technological and eco-geted fundamental and exploratory research on hydrogen
nomic challenges are these: production by photobiological, photochemical, and thin-film
solar processes.
1.To develop and introduce cost-effective, durable, safe, 4.To capture and store (OsequesterQ) the carbon dioxide
and environmentally desirable fuel cell systems and hydro-by-product of hydrogen production from co@bal is a mas-
gen storage systenBurrent fuel cell lifetimes are much too  sive domestic U.S. energy resource that has the potential for
short and fuel cell costs are at least an order of magnitudgproducing cost-competitive hydrogen. However, coal pro-
too high. An on-board vehicular hydrogen storage systemcessing generates large amounts of,@@order to reduce
that has an energy density approaching that of gasoline sys€O, emissions from coal processing in a carbon-constrained
tems has not been developed. Thus, the resulting range diuture, massive amounts of G@ould have to be captured
vehicles with existing hydrogen storage systems is much toocand safely and reliably sequestered for hundreds of years.
short. Key to the commercialization of a large-scale, coal-based
2.To develop the infrastructure to provide hydrogen for hydrogen production option (and also for natural-gas-based
the light-duty-vehicle useHydrogen is currently produced options) is achieving broad public acceptance, along with
additional technical development, for C&&questration.

Research and Development Priorities

2Weekly Compilation of Presidential Documentmnday, February 3, . .
2003. Vol. 39, No. 5, p. 111. Washington, D.C.: Government Printing For a viable hydrogen transportation system to emerge,
Office. all four of these challenges must be addressed.
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The Challenge of Transition hicles fueled entirely by hydrogen would reduce total energy
imports by the amount of oil consumption displaced. How-
ever, if natural gas is used to produce hydrogen, and if, on
the margin, natural gas is imported, there would be little if
any reduction in total energy imports, because natural gas
for hydrogen would displace petroleum for gasoline.

¥ CO, emissions from vehicles can be cut significantly if

There will likely be a lengthy transition period during
which fuel cell vehicles and hydrogen are not competitive
with internal combustion engine vehicles, including conven-
tional gasoline and diesel fuel vehicles, and hybrid gasoline
electric vehicles. The committee believes that the transition

to a hydrogen fuel system will best be accomplished initially the hydrogen is produced entirely from renewables or nuclear
through distributed production of hydrogen, because distrib- ydrog produ el :
energy, or from fossil fuels with sequestration of,Cthe

uted generation avoids many of the substantial infrastructure oo : .
. . ; use of a combination of natural gas without sequestration
barriers faced by centralized generation. Small hydrogen-

production units located at dispensing stations can produceand renewable energy can also significantly reducg CO

. . emissions. However, emissions of Cf3sociated with light-
hydrogen through natural gas reforming or electrolysis. ; . . .
o - . ... duty vehicles contribute only a portion of projected,CO
Natural gas pipelines and electricity transmission and distri-

. o o : emissions; thus, sharply reducing overall G€leases will
bution systems already exist; for distributed generation of . . )
require carbon reductions in other parts of the economy, par-
hydrogen, these systems would need to be expanded onl

. o . . ¥|cularly in electricity production.
moderately in the early years of the transition. During this o
" . o . ¥ QOverall, although a transition to hydrogen could greatly
transition period, distributed renewable energy (e.g., wind

X . . ; transform the U.S. energy system in the long run, the im-
or solar energy) might provide electricity to onsite hydrogen O . : .
: . ; pacts on oil imports and C@missions are likely to be mi-
production systems, particularly in areas of the country . .
7 ) nor during the next 25 years. However, thereafter, if R&D
where electricity costs from wind or solar energy are par- . . .
) " o L is successful and large investments are made in hydrogen
ticularly low. A transition emphasizing distributed produc- .
. . . and fuel cells, the impact on the U.S. energy system could be
tion allows time for the development of new technologies

and concepts capable of potentially overcoming the chal—great'

lenges facing the widespread use of hydrogen. The distrib-

uted transition approach allows time for the market to de- MAJOR RECOMMENDATIONS

velop before too much fixed investment is set in place. While

this approach allows time for the ultimate hydrogen infra- Systems Analysis of U.S. Energy Options
structure to emerge, the committee believes that it cannot yet

be fully identified and defined. The U.S. energy system will change in many ways over

the next 50 years. Some of the drivers for such change are
already recognized, including at present the geology and geo-
Impacts of Hydrogen-Fueled Light-Duty Vehicles politics of fossil fuels and, perhaps eventually, the rising CO
Several findings from the commit@eanalysis (see concentration in the atmosphere. Other drivers will emerge
from options made available by new technologies. The U.S.

Chapter 6) show the impact on the U.S. energy system if :
) ; energy system can be expected to continue to have substan-
successful market penetration of hydrogen fuel cell vehicles; |~ =~ o .
tial diversity; one should expect the emergence of neither

is achieved. In order to analyze these impacts, the committe%1 sinale primary eneray source nor a sinale enerav carrier
posited that fuel cell vehicle technology would be developed ge p y gy sou 9 gy '

. Moreover, more-energy-efficient technologies for the house-
successfully and that hydrogen would be available to fuel

i . . L hold, office, factory, and vehicle will continue to be devel-
gg;]gt;iﬂtoylk\)/\(/evgcles (cars and light trucks). These findings oped and introduced into the energy system. The role of the

DOE hydrogen prografrin the restructuring of the overall

¥ The committe® upper-bound market penetration case national energy system will evolve with time.

for fuel cell vehicles, premised on hybrid vehicle experi- To help shape the DOE hydrogen program, the commit

' . . tee sees a critical role for systems analysis. Systems analysis
ence, assumes that fuel cell vehicles enter the U.S. I|ght—dut)(NiII be needed both to coordinate the multiple parallel ef-
vehicle market in 2015 in competition with conventional and forts within the hydrogen program and to integrate the pro
hybrid electric vehicles, reaching 25 percent of light-duty gram within a balanced, overall DOE national energy R&D
vehicle sales around 2027. The demand for hydrogen in '

about 2027 would be about equal to the current productioneffort' Internal co.ord|nat|on must address the many primary
- ; sources from which hydrogen can be produced, the various
of 9 million short tons (tons) per year, which would be only

a small fraction of the 110 million tons required for full re-
placement of gaSOlme Ilght_du’[y vehicles with hydrern ve- cerned with hydrogen production, distribution, and use within GQIE-

hicles, pOSIted to take place in 2050. . fice of Energy Efficiency and Renewable Energy, Office of Fossil Energy,
¥ If coal, renewable energy, or nuclear energy is used t0osffice of Science, and Office of Nuclear Energy, Science, and Technology.
produce hydrogen, a transition to a light-duty fleet of ve- There is no single program with this title.

3The wordsthydrogen prografrefer collectively to the programs con-
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scales of production, the options for hydrogen distribution, of developing PEM fuel cells for automotive applications
the crosscutting challenges of storage and safety, and thare large, and the solutions to overcoming these challenges
hydrogen-using devices. Integration within the overall DOE are uncertain.
effort must address the place of hydrogen relative to other The committee estimates that the fuel cell system, includ-
secondary energy sourééselping, in particular, to clarify  ing on-board storage of hydrogen, will have to decrease in
the competition between electricity-based, liquid-fuel-based cost to less than $100 per kilowatt (KWhefore fuel cell
(e.g., cellulosic ethanol), and hydrogen-based transportationvehicles (FCVs) become a plausible commercial option, and
This is particularly important as clean alternative fuel inter- that it will take at least a decade for this to happen. In par-
nal combustion engines, fuel cells, and batteries evolve. In-ticular, if the cost of the fuel cell system for light-duty ve-
tegration within the overall DOE effort must also address hicles does not eventually decrease to the $50/kW range,
interactions with end-use energy efficiency, as representedfuel cells will not propel the hydrogen economy without
for example, by high-fuel-economy options such as hybrid some regulatory mandate or incentive.
vehicles. Implications of safety, security, and environmental  Automakers have demonstrated FCVs in which hydrogen
concerns will need to be better understood. So will issues ofis stored on board in different ways, primarily as high-pres-
timing and sequencing: depending on the details of systensure compressed gas or as a cryogenic liquid. At the current
design, a hydrogen transportation system initially based onstate of development, both of these options have serious
distributed hydrogen production, for example, might or shortcomings that are likely to preclude their long-term com-
might not easily evolve into a centralized system as densitymercial viability. New solutions are needed in order to lead
of use increases. to vehicles that have at least a 300 mile driving range; that
are compact, lightweight, and inexpensive; and that meet

Recommendation ES-1.The Department of Energy should future safety standards.
continue to develop its hydrogen initiative as a potential  Given the current state of knowledge with respect to fuel
long-term contributor to improving U.S. energy security and cell durability, on-board storage systems, and existing com-
environmental protection. The program plan should be re-ponent costs, the committee believes that the near-term DOE
viewed and updated regularly to reflect progress, potentialmilestones for FCVs are unrealistically aggressive.
synergisms within the program, and interactions with other
energy programs and partnerships (e.g., the California FueRecommendation ES-2Given that large improvements are
Cell Partnership). In order to achieve this objective, the com-still needed in fuel cell technology and given that industry is
mittee recommends that the DOE develop and employ a sysinvesting considerable funding in technology development,
tems analysis approach to understanding full costs, definingincreased government funding on research and development
options, evaluating research results, and helping balance itshould be dedicated to the research on breakthroughs in on-
hydrogen program for the short, medium, and long term. board storage systems, in fuel cell costs, and in materials for
Such an approach should be implemented for all U.S. energydurability in order to attack known inhibitors of the high-
options, not only for hydrogen. volume production of fuel cell vehicles.

As part of its systems analysis, the DOE should map out
and evaluate a transition plan consistent with developing the
. Ipfrastructure
infrastructure and hydrogen resources necessary to suppor{1
the committe® hydrogen vehicle penetration scenario or A nationwide, high-quality, safe, and efficient hydrogen
another similar demand scenario. The DOE should estimatanfrastructure will be required in order for hydrogen to be
what levels of investment over time are requiethd in used widely in the consumer sector. While it will be many
which program and project aréa# order to achieve a sig-  years before hydrogen use is significant enough to justify an
nificant reduction in carbon dioxide emissions from passen-integrated national infrastructiMeas much as two decades
ger vehicles by midcentury. in the scenario posited by the commilleegional infra-
structures could evolve sooner. The relationship between
hydrogen production, delivery, and dispensing is very com-
plex, even for regional infrastructures, as it depends on many

The committee observes that the federal government hawariables associated with logistics systems and on many
been active in fuel cell research for roughly 40 years, while public and private entities. Codes and standards for infra-
proton exchange membrane (PEM) fuel cells applied to hy-structure development could be a significant deterrent to hy-
drogen vehicle systems are a relatively recent developmentirogen advancement if not established well ahead of the
(as of the late 1980s). In spite of substantial R&D spendinghydrogen market. Similarly, since resilience to terrorist at-
by the DOE and industry, costs are still a factor of 10 to 20
times .'[.00 expensn_/e, these fuetl ,Ce”S ?re S.hOI’t of reql'“r(_:‘dmjdes the fuel cell module, precious metals, the fuel proces-
durability, and their energy efficiency is still too low for

’ - TS . sor, compressed hydrogen storage, balance of plant, and assembly, labor,
light-duty-vehicle applications. Accordingly, the challenges and depreciation.

Fuel Cell Vehicle Technology
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tack has become a major performance criterion for any infra-help bring about a transition to a hydrogen economy needs
structure system, the design of future hydrogen infrastruc-to be better understood.
ture systems may need to consider protection against such
risks. The committee believes that a hydrogen economy will
In the area of infrastructure and delivery there seem to benot result from a straightforward replacement of the present
significant opportunities for making major improvements. fossil-fuel-based economy. There are great uncertainties sur-
The DOE does not yet have a strong program on hydrogerrounding a transition period, because many innovations and
infrastructures. DOE leadership is critical, because the curtechnological breakthroughs will be required to address the
rent incentives for companies to make early investments incosts and energy-efficiency, distribution, and nontechnical
hydrogen infrastructure are relatively weak. issues. The hydrogen fuel for the very early transitional pe-
riod, before distributed generation takes hold, would prob-
Recommendation ES-3aThe Department of Energy pro- ably be supplied in the form of pressurized or liquefied
gram in infrastructure requires greater emphasis and supmolecular hydrogen, trucked from existing, centralized pro-
port. The Department of Energy should strive to create bet-duction facilities. But, as volume grows, such an approach
ter linkages between its seemingly disconnected programsmay be judged too expensive and/or too hazardous. It seems
in large-scale and small-scale hydrogen production. The hy-likely that, in the next 10 to 30 years, hydrogen produced in
drogen infrastructure program should address issues such adistributed rather than centralized facilities will dominate.
storage requirements, hydrogen purity, pipeline materials,Distributed production of hydrogen seems most likely to be
compressors, leak detection, and permitting, with the objec-done with small-scale natural gas reformers or by electroly-
tive of clarifying the conditions under which large-scale and sis of water; however, new concepts in distributed produc-
small-scale hydrogen production will become competitive, tion could be developed over this time period.
complementary, or independent. The logistics of intercon-
necting hydrogen production and end use are daunting, andRecommendation ES-5.Distributed hydrogen production
all current methods of hydrogen delivery have poor energy-systems deserve increased research and development invest-
efficiency characteristics and difficult logistics. Accordingly, ments by the Department of Energy. Increased R&D efforts
the committee believes that exploratory research focusedand accelerated program timing could decrease the cost and
on new concepts for hydrogen delivery requires additional increase the energy efficiency of small-scale natural gas re-
funding. The committee recognizes that there is little under-formers and water electrolysis systems. In addition, a pro-
standing of future logistics systems and new concepts forgram should be initiated to develop new concepts in distrib-
hydrogen deliverid thus making a systems approach very uted hydrogen production systems that have the potential to
important. competd in cost, energy efficiency, and safistyvith cen-
tralized systems. As this program develops new concepts
Recommendation ES-3b.The Department of Energy bearing on the safety of local hydrogen storage and delivery
should accelerate work on codes and standards and on pesystems, it may be possible to apply these concepts in large-
mitting, addressing head-on the difficulties of working scale hydrogen generation systems as well.
across existing and emerging hydrogen standards in cities,

counties, states, and the nation.
Safety

Transition Safety will be a major issue from the standpoint of com-

The transition to a hydrogen economy involves challengesmercialization of hydrogen-powered vehicles. Much evi-
that cannot be overcome by research and development andence suggests that hydrogen can be manufactured and used
demonstrations alone. Unresolved issues of policy develop-in professionally managed systems with acceptable safety,
ment, infrastructure development, and safety will slow the but experts differ markedly in their views of the safety of
penetration of hydrogen into the market even if the technicalhydrogen in a consumer-centered transportation system. A
hurdles of production cost and energy efficiency are over- particularly salient and underexplored issue is that of leak-
come. Significant industry investments in advance of marketage in enclosed structures, such as garages in homes and
forces will not be made unless government creates a busicommercial establishments. Hydrogen safety, from both a
ness environment that reflects societal priorities with respecttechnological and a societal perspective, will be one of the
to greenhouse gas emissions and oil imports. major hurdles that must be overcome in order to achieve the

hydrogen economy.
Recommendation ES-4.The policy analysis capability of
the Department of Energy with respect to the hydrogen Recommendation ES-6. The committee believes that the
economy should be strengthened, and the role of governDepartment of Energy program in safety is well planned and
ment in supporting and facilitating industry investments to should be a priority. However, the committee emphasizes
the following:
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¥ Safety policy goals should be proposed and discussecenergy services, the probability of achieving substantial re-
by the Department of Energy with stakeholder groups early ductions in net CQemissions through sequestration will be
in the hydrogen technology development process. greatly enhanced through close program integration. Inte-

¥ The Department of Energy should continue its work gration will enable the DOE to identify critical technologies
with standards development organizations and ensure in-and research areas that can enable hydrogen production from
creased emphasis on distributed production of hydrogen. fossil fuels with CQ capture and storage. Close integration

¥ Department of Energy systems analysis should specifi-will promote the analysis of overlapping issues such as the
cally include safety, and it should be understood to be anco-capture and co-storage with COf pollutants such as

overriding criterion. sulfur produced during hydrogen production.
¥ The goal of the physical testing program should be to  Many early carbon capture and storage projects will not
resolve safety issues in advance of commercial use. involve hydrogen, but rather will involve the capture of the

¥ The Department of Ener@ypublic education program CO, impurity in natural gas, the capture of O@oduced at
should continue to focus on hydrogen safety, particularly theelectric plants, or the capture of C&t ammonia and synfu-
safe use of hydrogen in distributed production and in con-els plants. All of these routes to capture, however, share car-
sumer environments. bon storage as a common component, and carbon storage is
the area in which the most difficult institutional issues and
Carbon Dioxide-Free Hydrogen the challenges related to public acceptance arise.

The long timescale associated with the development of vi-Recommendation ES-8The Department of Energy should
able hydrogen fuel cells and hydrogen storage provides a timaighten the coupling of its efforts on hydrogen and fuel cell
window for a more intensive DOE program to develop hydro- technology with the DOE Office of Fossil Enegypro-
gen from electrolysis, which, if economic, has the potential to grams on carbon capture and storage (sequestration). Be-
lead to major reductions in G@missions and enhanced en- cause of the hydrogen progr@arge stake in the success-
ergy security. The committee believes that if the cost of fuel ful launching of carbon capture and storage activity, the
cells can be reduced to $50 per kilowatt, with focused researcthydrogen program should participate in all of the early car-
a corresponding dramatic drop in the cost of electrolytic cellsbon capture and storage projects, even those that do not di-
to electrolyze water can be expected (to ~$125/kW). If such arectly involve carbon capture during hydrogen production.
low electrolyzer cost is achieved, the cost of hydrogen pro-These projects will address the most difficult institutional
duced by electrolysis will be dominated by the cost of the issues and the challenges related to issues of public accep-
electricity, not by the cost of the electrolyzer. Thus, in con- tance, which have the potential of delaying the introduction
junction with research to lower the cost of electrolyzers, re- of hydrogen in the marketplace.
search focused on reducing electricity costs from renewable
energy and nuclear energy has the potential to reduce overa

hydrogen production costs substantially. q’he Department of EnergyOs Hydrogen Research,

Development, and Demonstration Plan

Recommendation ES-7.The Department of Energy should As part of its effort, the committee reviewed the BB®E
increase emphasis on electrolyzer development, with a tardraft (Hydrogen, Fuel Cells & Infrastructure Technologies
get of $125 per kilowatt and a significant increase in effi- Program: Multi-Year Research, Development and Demon-
ciency toward a goal of over 70 percent (lower heating valuestration PlarQdated June 3, 2003 (DOE, 2003b). The com-
basis). In such a program, care must be taken to properlymittee® deliberations focused only on the hydrogen produc-
account for the inherent intermittency of wind and solar en- tion and demand portion of the overall DOE plan. For
ergy, which can be a major limitation to their wide-scale use. example, while the committee makes recommendations on
In parallel, more aggressive electricity cost targets should bethe use of renewable energy for hydrogen production, it did
set for unsubsidized nuclear and renewable energy that mighhot review the entire DOE renewables program in depth.
be used directly to generate electricity. Success in these arThe committee is impressed by how well the hydrogen pro-
eas would greatly increase the potential for carbon dioxide-gram has progressed. From its analysis, the committee makes
free hydrogen production. two overall observations about the program:

¥ First, the plan is focused primarily on the activities in
the Office of Hydrogen, Fuel Cells, and Infrastructure Tech-

The DOHE3 various efforts with respect to hydrogen and nologies Program within the Office of Energy Efficiency and
fuel cell technology will benefit from close integration with  Renewable Energy, and on some activities in the Office of
carbon capture and storage (sequestration) activities and praFossil Energy. The activities related to hydrogen in the Of-
grams in the Office of Fossil Energy. If there is an expandedfice of Nuclear Energy, Science, and Technology, and in the
role for hydrogen produced from fossil fuels in providing Office of Science, as well as activities related to carbon cap-

Carbon Capture and Storage
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ture and storage in the Office of Fossil Energy, are impor- age and photoelectrochemical hydrogen production. However,
tant, but they are mentioned only casually in the plan. Thethe committee believes that much more exploratory research
development of an overall DOE program will require better is needed. Other areas likely to benefit from an increased
integration across all DOE programs. emphasis on exploratory research include delivery systems,
¥ Second, the pl&a priorities are unclear, as they are lost pipeline materials, electrolysis, and materials science for many
within the myriad of activities that are proposed. The generalapplications. The execution of such changes in emphasis
budget for DOB hydrogen program is contained in the ap- would be facilitated by the establishment of DOE-sponsored
pendix of the plan, but the plan provides no dollar numbers atacademic energy research centers. These centers should focus
the project level, even for existing projects and programs. Theon interdisciplinary areas of new science and engind®ring
committee found it difficult to judge the priorities and the go/ such as materials research into nanostructures, and modeling
no-go decision points for each of the R&D areas. for materials desigh in which there are opportunities for
breakthrough solutions to energy issues.
Recommendation ES-9.The Department of Energy should
continue to develop its hydrogen research, development, angkecommendation ES-11As a framework for recommend-

balance of activities within the Office of Energy Efficiency committee considered the following:

and Renewable Energy; the Office of Fossil Energy (includ-

ing programs related to carbon sequestration); the Office of y Technologies that could significantly impact U.S. en-
Nuclear Energy, Science, and Technology; and the Office ofgrgy security and carbon dioxide emissions,

Science. The committee believes that, overall, the production, 'y The timescale for the evolution of the hydrogen
distribution, and dispensing portion of the program is prob- economy,

ably underfunded, particularly because a significant fraction  y Technology developments needed for both the transi-
of appropriated funds is already earmarked. The committegjgp, period and the steady state,

understands that of the $78 million appropriated for hydrogen  y Externalities that would decelerate technology imple-
technology for FY 2004 in the Energy and Water appropria- mentation, and

tions bill (Public Law 108-137), $37 million is earmarked for  y The comparative advantage of the DOE in research and
activities that will not particularly advance the hydrogen ini- geyelopment of technologies at the pre-competitive stage.
tiative. The committee also believes that the hydrogen pro-

gram, in an attempt to meet the extreme challenges set by The committee recommends that the following areas re-
senior government and DOE leaders, has tried to establishgjye increased emphasis:

RD&D activities in too many areas, creating a very diverse,

somewhat unfocused program. Thus, prioritizing the efforts  y Fye| cell vehicle developmeritcrease research and
both within and across program areas, establishing milestonegevelopment (R&D) to facilitate breakthroughs in fuel cell
and go/no-go decisions, and adjusting the program on the bagosts and in durability of fuel cell materials, as well as break-
sis of results are all extremely important in a program with so throughs in on-board hydrogen storage systems;

many challenges. This approach will also help determine when  y pjstriputed hydrogen generationincrease R&D in

itis appropriate to take a program to the demonstration stagésmall-scale natural gas reforming, electrolysis, and new con-
And finally, the committee believes that the probability of cents for distributed hydrogen production systems:
success in bringing the United States to a hydrogen economy 'y |nfrastructure analysisAccelerate and increase efforts
will be greatly increased by partnering with a broader range ofj systems modeling and analysis for hydrogen delivery, with
academic and industrial organizatibhgossibly includingan  the gbjective of developing options and helping guide R&D
international focu®\ and by establishing an independent pro- large-scale infrastructure development;

gram review process and board. ¥ Carbon sequestration and FutureGekccelerate de-
velopment and early evaluation of the viability of carbon

Recommendation ES-10.There should be a shift in the hy- .
capture and storage (sequestration) on a large scale because
drogen program away from some development areas and to-

ward exoloratory world as has been done in the area of hv- of its implications for the long-term use of coal for hydro-
P y . : y gen production. Continue the FutureGen Project as a high-

drogen storage. A hydrogen economy will require a number rority task: and

of technological and conceptual breakthroughs. The Depar’[—p Y '

ment of Energy program calls for increased funding in some ¥ Carbon dioxide-free energy technologigwrease em-

: rphasis on the development of wind-energy-to-hydrogen as
important exploratory research areas such as hydrogen stor= " I )
an important technology for the hydrogen transition period

o o _and potentially for the longer term. Increase exploratory and
5Secretary of Energy Spencer Abraham, joined by ministers representlngfundamental research on hydrogen production by phO'[ObiO—
14 nations and the European Commission, signed an agreement on Noverr|- . . ot

ber 20, 2003, to formally establish the International Partnership for the oglcal, phOtoeleCtrOChem'Cal’ thin-film solar, and nuclear
Hydrogen Economy. heat processes.
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Introduction

The January 2003 announcement by President Bush ofiiewed DOEOs hydrogen research, development, and dem-
the Hydrogen Fuel Initiative stimulated the interest of both onstration (RD&D) strategy.
the technical community and the broader public in the Ohy- In April 2003, the committee submitted an interim letter
drogen economy.O As it is frequently envisioned, the hydro-report to the Department of Energy. The letter report was
gen economy comprises the production of molecular hy- prepared to provide early feedback and recommendations
drogen using coal, natural gas, nuclear energy, or renewabléor assisting the DOE in preparations for its Fiscal Year (FY)
energy (e.g., biomass, wind, solathe transport and stor- 2005 hydrogen R&D programs. (The complete text of the
age of hydrogen in some fashion; and the end use of hydroietter report is presented in Appendix B.) In the present re-
gen in fuel cells, which combine oxygen with the hydrogen port, the committee expands on the four recommendations in
to produce electricity (and some hekBuel cells are under  the letter report and further develops its views.
development for powering vehicles or to produce electricity
gnd heat for residential, commermal, gr)d industrial bw!d— DEPARTMENT OF ENERGY OFFICES INVOLVED IN
ings. Many of the technologies for realizing such extensive WORK ON HYDROGEN
use of hydrogen in the economy face significant barriers to
development and successful commercialization. The chal- Within the DOE, and reporting to the Undersecretary for
lenges range from fundamental research and developmenEnergy, Science, and Environment, are three applied energy
(R&D) needs to overcoming infrastructure barriers and offices: the Office of Energy Efficiency and Renewable En-

achieving social acceptance. ergy (EERE), the Office of Fossil Energy (FE), and the Of-
fice of Nuclear Energy, Science, and Technology (NE). The
ORIGIN OF THE STUDY Office of Science (SC) also has a role to play in that its sup-

port of basic science, especially in areas such as fundamen-
In response to a request from the U.S. Department oftal materials science, could lead to key breakthroughs needed

Energy (DOE), the National Research Council (NRC) for widespread use of hydrogen in the U.S. economy. All
formed the Committee on Alternatives and Strategies for four of these offices are involved to one degree or another
Future Hydrogen Production and Use (see Appendix A forin hydrogen-related work, although their respective overall
biographical information). Formed by the NRCOs Board onmissions are much broader and total budgets larger than the
Energy and Environmental Systems and the National Acad-segments focused on hydrogen-related work. Summed across
emy of Engineering Program Office, the committee evalu- all four offices (EERE, FE, NE, SC), the PresidentOs budget
ated the cost and status of technologies for the productionrequest for FY 2004 for the hydrogen progfamas $181
transportation, storage, and end use of hydrogen and remillion for direct programs and $301 million for associated

programs (DOE, 2003a; see Appendix C regarding the hy-

IHydrogen in the lithosphere is, with few exceptions, bound to other
elements (e.g., as in water) and must be separated by using other sourcesof . ]
energy to produce molecular hydrogen. Properly considered, hydrogen fuel ¥ The words Ohydrogen programO refer collectively to the programs con-
is not a primary energy source in the context of a hydrogen economy. cerned with hydrogen production, distribution, and use within DOEOs Of-
2Hydrogen can also be burned in internal combustion engines or in tur-fice of Energy Efficiency and Renewable Energy, Office of Fossil Energy,
bines, but fuel cells have the advantage of high efficiencies and virtually Office of Science, and Office of Nuclear Energy, Science, and Technology.
zero emissions except for water. There is no single program with this title.
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INTRODUCTION

drogen program budget)The funding level for direct pro-
grams would represent a near doubling of budget authority
(appropriated funds) over funding for FY 2003, during which
direct programs received $96.6 million.

SCOPE, ORGANIZATION, AND FOCUS OF THIS
REPORT

Statement of Task

gen, for transmitting and storing hydrogen, and for using
hydrogen to provide energy services especially in the trans-
portation, but also the utility, residential, industrial and com-
mercial sectors of the economy.

2. Assess the feasibility of operating each of these con-
version technologies both at a small scale appropriate for a
building or vehicle and at a large scale typical of current
centralized energy conversion systems such as refineries or
power plants. This question is important because it is not
currently known whether it will be better to produce hydro-
gen at a central facility for distribution or to produce it locally

The committee assessed the current state of technology near the points of end-use. This assessment will include fac-

for producing hydrogen from a variety of energy sources;

tors such as societal acceptability (the NIMBY problem),

made estimates on a consistent basis of current and future operating difficulties, environmental issues including,CO
projected costs for hydrogen; considered potential scenarios €mission, security concerns, and the possible advantages of

for the penetration of hydrogen technologies into the
economy and the associated impacts on oil imports and car
bon dioxide (CQ) gas emissions; addressed the problems

and associated infrastructure issues of how hydrogen might

each technology in special markets such as remote locations
or particularly hot or cold climates.

3. Estimate current costs of the identified technologies
and the cost reductions that the committee judges would be
required to make the technologies competitive in the market

be distributed, stored, and dispensed to end uses, such as yjace. As part of this assessment, the committee will con-

cars; reviewed the DAE RD&D plan for hydrogen; and
made recommendations to the DOE on RD&D, including
directions, priorities, and strategies.

The current study is modeled after an NRC study that
resulted in the 1990 repdttiels to Drive Our FuturéNRC,
1990), which analyzed the status of technologies for produc-
ing liquid transportation fuels from domestic resources, such

as biomass, coal, natural gas, oil shale, and tar sands. That

study evaluated the cost of producing various liquid trans-

portation fuels from these resources on a consistent basis,

estimated opportunities for reducing costs, and identified

R&D needs to improve technologies and reduce cbatls

to Drive Our Futuredid not include the production and use

of hydrogen, which is the subject of this commi@eeport.
The statement of task for the committee was as follows:

This study is similar in intent to a 1990 report by the Na-
tional Research Council (NRGjuels to Drive Our Future
which evaluated the options for producing liquid fuels for
transportation use. The use of that comprehensive study was
proposed by DOE as the model for this one on hydrogen.
With revisions to account for the different end use applica-
tions, process technologies, and current concerns about cli-
mate change and energy security, it will be used as a general
guide for the report to be produced in this work. In particu-
lar, the NRC will appoint a committee that will address the
following tasks:

1. Identify and evaluate the current status of the major
alternative technologies and sources for producing hydro-

4irect fundingis defined by the DOE as funding that would not be
requested if there were no hydrogen-related activilssociate®efforts
are those necessary for a hydrogen pathway, such as hybrid electric comp
nents in the DO budget within the FreedomCAR Partnership, a coopera-
tive research effort between the DOE and the United States Council for
Automotive Research (USCAR).

sider the future prospects for hydrogen production and end-
use technologies (e.g., in the 2010 to 2020, £2@80, and
beyond 2050 time frames). This assessment may include
scenarios for the introduction and subsequent commercial
development of a hydrogen economy based on the use of
predominantly domestic resources (e.g., natural gas, coal,
biomass, renewables [e.g., solar, geothermal, wind], nuclear,
municipal and industrial wastes, petroleum coke, and other
potential resources), and consider constraints to their use.

4. Based on the technical and cost assessments, and con-
sidering potential problems with making tBehicken and
eggOtransition to a widespread hydrogen economy using
each technology, review D@E current RD&D programs
and plans, and suggest an RD&D strategy with recommen-
dations to DOE on the R&D priority needs within each tech-
nology area and on the priority for work in each area.

5. Provide a letter report on the commi@eimterim find-
ings no later than February 2003 so this information can be
used in DOB budget and program planning for Fiscal Year
2005.

6. Publish a written final report on its work, approxi-
mately 13 months from contract initiation.

The committe& interim letter report and final report will
be reviewed in accordance with National Research Council
(NRC) report review procedures before release to the spon-
sor and the public.

Structure of This Report

Chapter 2 describes the U.S. energy system as it exists
today and explains how energy infrastructure is built up and
how production technologies mature. The chapter also de-
scribes key, overarching issues that will be treated in later
chapters. Chapter 3 discusses the demandl sidscribing

%he categories of technologies, such as automotive and sta-

tionary fuel cells, that use hydrogen and postulating the fu-
ture demand for these units should hydrogen become a com-
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mercial fuel. Chapter 4 explains the barriers to be overcomecommercialization decision in 2015. Most of the focus of the
in establishing an economic and reliable infrastructure for MYPP is on replacing gasoline use in light-duty vehicles
the transmission and storage of hydrogen, including on-(automobiles and light trucks) with hydrogen; some atten-
board vehicle storage in the discussion. tion is directed to stationary applications of hydrogen.
Chapter 5 presents the commitBeanalysis of the total The committee also reviewed the Office of Fossil
supply chain costs of hydrogen involved in the methods for Energy®@ Hydrogen Program PlarHydrogen from Natural
producing hydrogen using various feedstocks at differentGas and Coal: The Road to a Sustainable Energy Future
scales. From a baseline of the cost to produce hydrogen ustDOE, 2003c), which concentrates on stationary applications
ing currently available technology, the analysis postulatesof hydrogen (e.g., distributed power, industry, buildings).
future cases for the various technologies on the basis of théThe Office of Fossil Energy does not necessarily address
committedd judgment about possible cost reduction. Chap- the use of fuel cells for industry or building applications.
ter 6 builds on the results presented in the previous chapteifhese applications are mostly addressed in EERE.)
to consider potential scenarios for the penetration of hydro- Other documents reviewed by the committee include the
gen technologies into the economy and associated impactslydrogen Posture Plan: An Integrated Research, Develop-
on oil imports and CQOgas emissions. Chapter 7 addresses ment, and Demonstration PI§BOE, 2003a). This plan in-
the issue of capture and storage of,G@m fossil-fuel- tegrates program activities across EERE, FE, NE, and SC
based hydrogen production processes. that relate to hydrogen, in accordance withNlational Hy-
Chapter 8 discusses the supply Bideeating in greater  drogen Energy RoadmdPOE, 2002a), also reviewed.
detail the hydrogen feedstock technologies that were ana- Two strategic goals common to the DOE plans referred to
lyzed in Chapters 5 and 6. (Appendix G presents extensiveabove are energy security and environmental quidaling
additional discussion of these technologies.) Chapter 9 disdatter including reduction of COfrom the combustion of
cusses several crosscutting issues, such as systems analysigssil fuels with the implications of such reductions for cli-
hydrogen safety, and environmental issues. Lastly, Chaptemate change. This report includes discussion and analysis of
10 includes the committ&major findings and recommen- these two strategic goals, in particular in Chapters 5 and 6, in
dations on the programs of the DOE applied energy officeswhich the results of the commit@®eanalysis of current and
(EERE, FE, NE) on hydrogen. future hydrogen technologies are presented.

Sources of Information Focus of This Report

The committee held four meetings with sessions that were  This report does not offer a prediction of whether the tran-
open to the public, hearing presentations from more thansition to a hydrogen-fueled transportation system will be at-
30 outside speakéd¥sincluding persons from industry (in- tempted or whether the hydrogen economy will be realized.
volved with both hydrogen production and use), nongovern- Instead, the committee offers an assessment of the current
mental organizations, and academia. Appendix D provides astatus of technologies for the production, storage, distribu-
listing of all of the committe® meetings and the speakers tion, and use of hydrogen and, with that as a baseline, posits
and topics at the open sessions. potential future cases for the cost of the hydrogen supply

The committee reviewed several documents in connec-chain and its implications for oil dependence ,€@issions,
tion with this study. First (see item 4 of the statement of task,and market penetration of fuel cell vehicles. In presenting
above) was the Office of Energy Efficiency and Renewable these future cost reductions, the committee also estimates
Energy® (Hydrogen, Fuel Cells & Infrastructure Technolo- what might be achieved with concerted research and devel-
gies Program: Multi-Year Research, Development and Dem-opment. The committee is not predicting that this research
onstration Pla®(DOE, 2003b), or multi-year program plan  will occur, nor is it predicting that such research would nec-
(MYPP). This plan identifie€ritical pattObarriers that the  essarily bring the posited cost reductions. Finally, liquid car-
DOE believes must be overcome if a hydrogen economy isriers of hydrogen such as methanol and ethanol were not
to be realized. The MYPP includes milestones and measuresonsidered in this study.
of progress with respect to these barriers, all leading to a
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A Framework for Thinking About the Hydrogen Economy

This report concerns research and development (R&D) toin domestic energy production, leading to increasing depen-
advance the hydrogen economy, a transition to a nationadence on imported fuels. For example, natural gas imports
energy system envisioned to rely on hydrogen as the comfrom Canada are projected by the EIA (2003) to provide 15
mercial fuel that would deliver a substantial fraction of the percent of the total U.S. natural gas supply in 2025, and lig-
nationOs energy-based goods and services. While the focugfied natural gas (LNG) imports from overseas are expected
of the report is on technology recommendations, the com-to grow dramatically to 6 percent of the total from near zero
mittee also recognizes that any technological change mustoday. While the Canadian imports can be presumed stable,
take place within a larger economic and societal context.the same cannot be said of the LNG imports that increas-
Therefore, this analysis begins with a perspective on the coningly come from the most politically volatile regions of the
text in which the R&D programs of the Department of En- globe. Import dependence for energy products is growing
ergy (DOE) are embeddedNa framework for thinking about too. Refining capacity in the United States is projected to
a hydrogen economy. increase to nearly 20 million barrels per day in 2025, but this

country will still depend on foreign refineries for roughly 33
nt of its petroleum products.

OVERVIEW OF NATIONAL ENERGY SUPPLY AND B‘gger the same 2003D2025 time period, the EIA (2003)
The transition to a hydrogen economy would begin in the projects that CQemissions from energy use will rise in step
context of a mature and reasonably efficient energy systemwith energy use, an average of 1.5 percent per year under
indeed, hydrogen technologies must compete effectivelycurrent policies and practices. Atmospheric concentrations

with that system if the transition is to occur at all. As shown of CO, are likely to increase. And though the environmental
in Figure 2-1, U.S. primary energy consumption has risenimplications cannot be specified with precision, it seems rea-
over recent decades, and is likely to continue increasing. Tosonable to believe that as human activity continues to change
the consumers who contribute to this demand, energy is valuthe chemical content of the atmosphere, some kind of nega-
able not in its own right but rather as a source of productstive consequence will result.

and services that are highly valued. In the United States,

thesg services are cqstomarﬂy organized into _sectorsNreg—ENERGY TRANSITIONS

dential, commercial, industrial, and transportation sectorsN

as shown in Figure 2-2. Fossil fuels overwhelmingly drive  The earliest transition to a modern energy system coin-
this consumption, as shown in Figure 2-3. Domestic pro- cided with the Industrial Revolution. New ways to produce
duction of energy, especially petroleum, has not kept pacegoods and services demanded large quantities of fuels with
with consumption (see Figure 2-4), resulting in increasing predictable burning characteristics. Fuels were tailored to
imports. the devices that burned them (steam engines, lamps, fur-

The national energy system contains great inertia, andnaces, and so forth), and these devices were designed around
several persistent trends will influence the energy economyassumptions about fuels, a pattern that continues to the
well into the future. Most fundamentally, the Energy Infor- present day.
mation Administration@snual Energy Outlook 20QEIA, Over time, the fuels sector has undergone two kinds of
2003) projects total energy consumption to increase at artransition. The first is a general trend toward greater effi-
annual average rate of 1.5 percent out to 2025, as shown igiency in the use of energy to produce the goods and services
Figure 2-1. This increase is more rapid than projected growthdesired by the worldOs economy, coupled with structural

11
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FIGURE 2-1 U.S. primary energy consumption, historical and projected, 1970 to 2025. SOURCE: EIA (2003).
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FIGURE 2-2 U.S. primary energy consumption, by sector, historical and projected, 1970 to 2025. SOURCE: EIA (2003).
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FIGURE 2-3 U.S. primary energy consumption, by fuel type, historical and projected, 1970 to 2025. SOURCE: EIA (2003).
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FIGURE 2-4 Total U.S. primary energy production and consumption, historical and projected, 1970 to 2025. SOURCE: EIA (2003).
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changes in developed economies away from manufacturingmade to the current energy infrastructure, this decline will
toward services. This tendency has been most pronouncegrobably continue into the future, driven by continued
in the United States, in which the energy intensity of the interfuel substitution and by the ongoing shift in the bal-
economy fell from about 70 megajoules (MJ) per constantance of value creation from heavy industry to a knowledge-
dollar of gross domestic product (GDP) in the mid-19th cen- based economy. Nevertheless, world carbon emissions
tury to about 20 MJ today (Schrattenholzer, 1998). continue to rise, despite this drop in carbon intensity, as
The second transition comprises a change in market shareconomic growth outpaces business-as-usual improve-
among the various commercial fuels; this change has favorednents in both energy efficiency and carbon intensity (see
fuels with lower ratios of carbon to hydrogen. In general, Figure 2-6; EIA, 2003). The amount of carbon emitted
solid fuel has lost market share to liquid fuel, especially in varies widely around the globe, but its survival time in the
transportation, where the greater energy density (energy petower atmosphere is sufficiently long that it is spread
unit of volume) of the liquids offers significant advantages. around by wind and becomes evenly mixed spatially across
More recently, the share of natural gas has grown steadilyjatitudes and longitudes (NRC, 2001b). The remainder of
though chiefly in stationary applications in which the lower this chapter and the rest of the report, however, concentrate
energy density of natural gas presents no disadvantage. Asn hydrogen technology policies specifically for the United
an unintended consequence of this interfuel competition, States.
the more carbonaceous fuels such as wood and coal have

been superseded by less carbonaceous fuels such as oil arMOTIVATION AND POLICY CONTEXT: PUBLIC

methane.
This substitution, together with the rise of knowledge- BENEFITS OF A HYDROGEN ENERGY SYSTEM

based industries, has caused a general reduction in the Two public goal8l! environmental quality, especially the
carbon intensity of the global econolyhe amount of reduction of greenhouse gas emissions, and energy secu-
carbon released to the atmosphere per unit of primaryrityN provide the policy foundation for the hydrogen pro-
energW as shown in Figure 2-5. Even if no changes are grams of the DOE (DOE, 2003a). The first of these goals
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FIGURE 2-5 Carbon intensity of global primary energy consumption, 1890 to 1995. SOURCE: Adapted from Afwialf Gata avail-
able online at http://www.iiasa.ac.at/~gruebler/Data/TechnologyAndGlobalChange/. Accessed November 15, 2003.
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FIGURE 2-6 Trends and projections in U.S. carbon emissions, by sector and by fuel, 1990 to 2025. SOURCE: EIA (2003).

seeks to reduce emissions of criteria pollufaatsl the an-  substitution of hydrogen for petroleum in ground transporta-
ticipated releases of carbon dioxide (and other greenhous¢ion would benefit both goals. The benefits, however, ac-
gases) into the atmosphere. In the United States, two intererue to the respective goals quite differently.
mediate demand sectors stand out as the source of much of Consider, for example, a kilogram of hydrogen, produced
the energy-related carbon: those involving (1) the burning ofin a way that does not emit carbon, displacing about 1.67
coal to produce electricity and (2) the burning of petroleum gallons of gasolirfeat some future time when hydrogen gains
in transportation fuels (see Figure 2-7). Any hydrogen-baseda meaningful share of the motor fuel market (in the com-
energy system must address these sectors in order to achieveitteed scenarios presented in Chapter 6, sometime in the
the full environmental benefit of hydrogen energy. The sec-period 2025 to 2050). With regard to C@missions, the
ond policy goal seeks to enhance national security by reduchbenefit would be direct: the carbon that would otherwise
ing the natio® dependence on fuels imported from insecure have been emitted from the displaced gasoline is kept from
regions of the world and on increasingly imported liquefied the atmosphere. But with regard to energy security, the situ-
natural gas. These policy goals set two of the criteria thatation becomes more complex. This is so because the first
the committee used to weigh competing energy systems angetroleum displaced is as likely to come from high-cost for-
technologies. eign and domestic producers as from the low-cost Persian
The dual policy goals described above intersect in the Gulf producers. Indeed, the market share of the Persian Gulf
transportation sector, which has become the focus of muchproducers might actually rise as their higher-cost competi-
of the DOE hydrogen program (DOE, 2003a). Present-daytors are displaced. Thus, the most meaningful security gains
transportation in the United States relies almost exclusivelycould be achieved only if hydrogen were to displace essen-
on petroleum and contributes an amount of carbon to thetially all petroleum used in ground transportabloaround
atmosphere nearly equal to that from coal used in electric
power production (see Figure 2-7). Thus, in principle, the
2A gasoline hybrid electric vehicle having fuel economy of 45 miles per
gallon would travel as far on 1.67 gallons of gasoline as would a fuel cell
ICriteria pollutants are air pollutants (e.g., lead, sulfur dioxide, and so vehicle on 1 kilogram of hydrogen, assuming that the efficiency of the latter
forth) emitted from numerous or diverse stationary or mobile sources for is 75 miles per kilogram of hydrogen. The commiBesssumptions about

which National Ambient Air Quality Standards have been set to protect efficiencies for the different vehicle and power plant types are discussed
human health and public welfare. further in Chapter 3.
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FIGURE 2-7 U.S. emissions of carbon dioxide, by sector and fuels, 2000. SOURCE: EIA (2002).

2040 to 2050 as depicted in the scenarios in Chapter 6. Offmanufacturing of hydrogen from a primary energy source

setting this possibility somewhat, the economic effects of ansuch as coal would imply, for example, a resurgence of coal

oil supply disruption could diminish in direct proportion to production with increased carbon emissions unless the co-

the share of the world economy dependent on oil. produced CQwere captured and sequestered. In effect, cap-
These dual policy objectives also carry broader implica- ture and sequestration could separate carbon intensity from

tions for hydrogen development strategies. With respect tocarbon release (see Chapter 7).

environmental quality, for example, using natural gas in pref-

erence to coal Wlthogt carbon seque;tratlon as a feeds.tocgCOPE OF THE TRANSITION TO A HYDROGEN

for hydrogen production would result in lower carbon emis-

. X NERGY SYSTEM

sions. This advantage of natural gas can be made greater :!1':[

large production scafeat which carbon capture is likely to The scope of change that would be required poses some

be most economid a proposition that may not be true of of the largest challenges to the transition to a hydrogen

natural gas reformers at distributed scale. But long-term useenergy system. Both the supply side (the technologies and

of natural gas as a hydrogen-producing feedstock does notesources that produce hydrogen) and the demand side (the

solve the security concern if that gas is imported from un- technologies and devices that convert hydrogen to services

stable regions. desired in the marketplace) must undergo a fundamental
Like electricity, hydrogen is not a primary energy source, transformation. The one will not work without the other.

although it is a high-quality energy carrier. Large-scale This has not been the case in previous energy transitions.

In promoting nuclear power, for example, the government

EEEE— simply sought to add a potentially attractive new power
3The committee considered three illustrative scales of facilities that pro- source. The rest of the electric power system remained the

duce hydrogen. The first two scafekarge (central station) and midsite 2 .

RO TR . same, and customéase of electricity went unaffected.
require distribution infrastructure for produced hydrogen. The third and ™ | . . .
smallest, the distributed scale, comprises small facilities at the point of theS'm'Iarly' _govemme.m intervention has become Slgn.'flcam
dispensing of hydrogen. in protecting some industry segments (tax concessions for
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domestic oil production, for example), promoting others ¥ Energy demandin what situations would the use of
(wind subsidies, for example), or shaping the performancehydrogen offer the greatest economic advantage? The great-
of others (regulations on the mining and burning of coal, est environmental and security advantage?
for example). But in no prior case has the government at- ¥ Energy supply.How should hydrogen be produced
tempted to promote the replacement of an entire, maturefrom primary resources, such as coal, methane, nuclear, and
networked energy infrastructure before market forces did renewable energy (solar, wind, and so forth)? What envi-
the job. The magnitude of change required if a meaningful ronmental consequences and trade-offs arise from its pro-
fraction of the U.S. energy system is to shift to hydrogen duction from each resource?
exceeds by a wide margin that of previous transitions in ¥ Logistics and infrastructurédow can a storage-and-
which the government has intervened. This raises the quesdelivery infrastructure best connect the demand for hydro-
tion of whether research, development, and demonstrationgen with its supply and ensure the public safety?
programs will be sufficient or whether additional policy ¥ Transition. How can the mature, highly integrated
measures might be required. energy system of the United States make the transition to a
The interlocked nature of the current energy infrastruc- hydrogen economy?
tureN the systems that produce and distribute energy and the
devices to convert that energy into useful serceesents
a challenge to policy makers seeking to promote a complet
fuel change. The components of this challenge include these: The world economy currently consumes about 42 million
tons of hydrogen per year. About 60 percent of this becomes
¥ Both the new hydrogen production systems and thefeedstock for ammonia production and subsequent use in
devices to convert that hydrogen into services that consum+ertilizer (ORNL, 2003). Petroleum refining consumes an-
ers will freely purchase must be developed in parallel. Nei- other 23 percerttchiefly to remove sulfur and to upgrade
ther serves any purpose without the other. the heavier fractions into more valuable products. Another 9
¥ The incumbent technologies do not stand still, but con- percent is used to manufacture methanol (ORNL, 2003), and
tinue to improve in performance, albeit within the envelope the remainder goes for chemical, metallurgical, and space
of the other components of the energy syStdor example, purposes (Holt, 2003). The United States produces about 9
more fuel-efficient internal combustion engine (ICE) ve- million tons of hydrogen per year, 7.5 million tons of which
hicles and hybrid propulsion systems that make better use ofire consumed at the place of manufacture. The remaining
the existing fueling infrastructure. 1.5 million tons are consider&herchandhydroger?.
¥ The cost of the current energy infrastructure is already  If a transition from the use of hydrogen in industrial mar-
sunk, which increases the barrier to new technologies thakets to a broader hydrogen economy is to occur, devices that
require new infrastructure. In addition, selected componentsuse hydrogen (e.g., fuel cells) must compete successfully
of the current energy structure benefit from economic subsi-with devices that use competing fuels (e.g., hybrid propul-
dies and favorable regulation. sion systems). Equally important, hydrogen must compete
¥ New hydrogen-based technologies will require a tran- successfully with electricity and secondary fuels (e.g., gaso-
sition period during which old and new systems must oper-line, diesel fuel, and methanol). The following discussion of
ate simultaneously. During this transition, neither system isenergy demand considers both of these iséuesarket pref-
likely to function at peak efficiency. erences and energy competition.

eEnergy Demand

These factors all tend to lock in the current energy in- .
e Market Preferences in Energy
frastructure and pose severe competitive challenges for a
society that would rely on markets to allocate economic  The nature of the competition in which hydrogen would
resources. be engaged is shaped by the unique role of energy in the
economy: the demand for energy is not a final demand, but
COMPETITIVE CHALLENGES rather derives from th_e demand for other goods and services.
Both theamountof primary energy usednd thephysical
Any future hydrogen energy system will be subject to characteristicsof the final energy carriefe.g., gasoline,
market preferences and to competition from other energymethane, electricity, or possibly hydrogen) depend on the
carriers and among hydrogen feedstocks. The choices that devices that convert energy into products (e.g., cars, fur-
market economy makes about its energy services will influ- naces, air conditioners, telephones, and computers) or ser-
ence the utilization of hydrogen and hydrogen feedstocks
and the attributes of the hydrogen end-use technologies:—, _ _ o
As discussed in the subsections below. the issues that fram Refers to consumption only, not net production. Petroleum refineries
! gre roughly in balance between hydrogen produced and consumed onsite.

the cqmpetitive challenge in using hydrogen include the  sjim Hansel, Air Products and Chemicals, Inc., personal communication
following: to Martin Offutt, National Research Council, October 3, 2003.
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vices (e.g., transportation, heating, cooling, communications, ¥ Replace mechanical/hydraulic subsystems with electric
and computing). energy delivered by wire, potentially improving efficiency

In a market economy, the amount of energy used de-and opening up the design envelope;
pends on trade-offs among desirable attributes such as the ¥ Reduce manufacturing costs as manufacturers are able
following: to use fewer vehicle platforms; and

¥ Enable the vehicle to offer mobile, high-power elec-

¥ The cost of building greater efficiency into the device, tricity, which could provide accessories and on-vehicle ser-
relative to the subsequent (and discounted) benefits in fuelvices more effectively than could alternatives.
saving;

¥ The value of time versus the cost of the energy needed However, gasoline hybrid electric vehicles (GHEVS) can
to save timdl for example, motor trips take longer when offer many of these attractive features while at the same time
people drive at a relatively fuel-efficient 55 mph rather than retaining the current fuel infrastructure. Even though GHEVs
at the less efficient 70 mph, but the lower speed costs drivergannot achieve the fuel efficiency envisioned for fuel cell

a valuable resource, their time; and vehicles (FCVs) and despite the significant cost of battery
¥ The price of the energy input seen by the particular replacement, some consumers might find that the conve-
consumer as distinct from its cost to prodider example, nience of the familiafas statio@offsets these disadvan-

electric energy consumed during peak hours costs more tdgages well into any hydrogen transition. This suggests that
produce than that consumed at other times of day, yet thduel cell vehicles will face stiff market competition from hy-
price is the same at all times. brids for many years into the future.

In a fuel cell vehicle, hydrogen produces electricity,

The physical characteristics of the final energy carrier which is converted electromechanically into torque in the
depend on the nature of the service that the market demandsvheels which drives the vehicle; in effect, hydrogen fuel
In transportation, for example, the need for fuels with high powers a mobile electric generator. In a mature hydrogen
energy density and rapid refueling strongly favors liquid infrastructure, new synergies might be found in large-scale
hydrocarbons, mostly derived from petroleum. By contrast, production and distribution. One visionary concept is the
devices such as computers operate with electric energynational Energy Supergrid, advanced by Chauncey Starr,
which can be made from a variety of fuels (e.g., coal, naturalfounder and emeritus president of the Electric Power Re-
gas, nuclear, and petroleum) including less-energy-densesearch Institute. This supergrid would combine hydrogen
fuels, as well as gaseous and solid fuels. and electric energy in two components: (1) a network of su-

Various preferential interventions in the form of taxes, perconducting, high-voltage, direct current cables for power
subsidies, and regulations also influence consumer pricestransmission, with (2) liquid hydrogen as the coolant re-
and hence consumer behavior. At the same time, howeverquired to maintain superconductivity in the cables. The elec-
the cost of important external effects, such as the stresdric power and hydrogen would be supplied from nuclear
on the global climatic system or lower national security, and renewable energy power plants spaced along the grid.
are also excluded from the prices that influence con- Electric energy would exit the system at various taps, con-
sumer trade-offs. And if the full cost of the mine-to-waste necting into the existing power grid. The hydrogen would
cycle needed to provide an energy-based service does nalso be tapped to provide a readily available fuel for automo-
appear in the price of that service, then it will be consumedtive or other useNational Energy Supergrid Workshop Re-
inefficiently. port, 2002). On a smaller scale, others have proposed similar
hydrogen-electric projects as a way to move renewable en-
ergy from remote sources to markétfior example, from
wind farms in North Dakota to load centers like Chicago.

If large quantities of hydrogen can be produced at com- Hydrogen might also enjoy a synergistic relationship with
petitive costs and without undue carbon release, the use ofenewable energy. The chief difficulty with many renewable
hydrogen would offer marked advantages in the competi-technologies is the intermittency of the resource ftséie
tion with other secondary fuels. First, hydrogen is likely to Sun does@always shine or the wind always blow, and when
burn more cleanly in combustion engines. Second, hydro-they do they are variable. But if sufficiently low-cost hydro-
gen is better matched to fuel cell use than competing fuelsgen storage could be developed, hydrogen might provide a
are; and the fuel cell could become the disruptive technol-pathway to market for renewable energy because it could
ogy that will transform the energy system and enable hy-be manufactured whenever sufficient energy was available.
drogen to displace petroleum and carbon-releasing fuelThe problem of intermittency would be mitigated, because
cycles. If cost-effective and durable fuel cell vehicles can the stored hydrogen could be used to produce electricity dur-
be developed, they could prove attractive to manufactur-ing times when sunlight or wind was not available.
ers, marketers, and consumers insofar as they can achieve Finally, hydrogen might compete directly with electricity
the following: as an energy carrier, with each using a separate production

Competition and Synergy
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and distribution system. This competition can be analyzed inbonaceous fuel resources, and nuclear ef\evgyuld com-
terms of a specific applicatibhfor example, energy storage pete for market share in an envisioned hydrogen economy.
on board an automobile. Here, hydrogen enjoys a distinctEach promises advantages, involves uncertainties, and raises
advantage over electricity, even if grid electricity might be currently unresolved issues. The technologies for producing
less expensive than hydrogen. This advantage derives fronfydrogen from these various primary resources can be de-
energy storad® in its current state of development, the bat- ployed at varying scales of production, and in Chapter 5 the
tery technology needed to make grid electricity applicable to committee presents its analysis of total supply chain costs
mobile uses is unable to provide vehicles with the range,for hydrogen generation at three illustrative scales of pro-
power, and convenience that consumers require. If, howeverductiorN central station, midsize, and distribufe@he fol-
battery technology were to achieve a major breakthrough,lowing subsections present an overview of the attributes
then the availability of relatively inexpensive energy from associated with the various production scales, and primary
the grid would put hydrogen at a competitive disadvantage.energy sources and associated technologies for hydrogen
Even without improved batteries, electricity from an on- generation at each scale are discussed.
board generator is available in several hybrid vehicles now
on the market. The resulting fuel economy of these hybrid
vehicles is substantially higher than that achievable with
conventional vehicles. As this technology gains manufactur- At very large scale, around a gigawatt and above, the prin-
ing scale, it will prove a formidable competitor for hydro- cipal supply options include carbonaceous fuels and nuclear
gen, especially at the beginning of any transition. However, energy. About 100 such plants would be able to supply the
hybrid vehicle technology seems unlikely to match the ulti- current world demand for hydrogen, about 42 million tons
mate performance of the hydrogen fuel cell vehicle, if all of per year (ORNL, 2003), and about 20 such plants would be
the relevant technologies are successfully developed. able to supply the current U.S. demand for hydrogen of about
9 million tons per year.

With regard to a carbonaceous feedstock, hydrogen could
be manufactured from natural gas or coal. The carbon would

The U.S. energy system has evolved over the past centurpe converted into synthesis gas (syfy&o + I-E)N used
into a massive infrastructure involving extraction, process- either for combustion for electricity generation or for further
ing, transportation, and end-use equipment. The replacementhemical processing into hydrogen and,C@hich can be
value of the current system and related end-use equipmentaptured for sequestration. The chief advantage of this ap-
would be in the multi-trillion-dollar rangeMajor changes  proach is the abundance of domestic coal: the United States
to the system have typically taken decades. If hydrogen is tchas the worl@® largest recoverable coal reserves, sufficient
succeed as a fuel, it must be in the context of this energyto manufacture hydrogen forvaery long time. The large
system. For example, insofar as hydrogen may compete wittscale of operation would yield attractive economies of scale.
petroleum, it faces an established infrastructure of 161 oil In contrast, natural gas will increasingly have to be imported,
refineries, 2,000 oil storage terminals, roughly 220,000 milesraising new energy security concerns.
of crude oil and oil products lines, and more than 175,000 Two salient issues would arise from the use of carbon-
gasoline service stations (NRC, 2002). Much of this infra- aceous fuels as a major source of hydrogen. The first is con-
structure would have to be replaced or heavily modified if cerned with whether the carbon really can be captured and
hydrogen is to become the dominant fuel for the highway sequestered in a manner that is both environmentally accept-
transportation sector. (A description of the U.S. energy sys-able€® and cost-effective. If this cannot be achieved, hydro-

Central Station (Very Large Scale)

Energy Supply

tem is presented in Appendix F.) gen production from carbonaceous fuel resources, particu-
Hydrogen production technologies based on various pri- larly coal, offers none of the sought-after large reductions in
mary energy resourcigenewable energy resourcesar- (net) carbon emissions. The second issue derives from the

scale of operation. Demand for hydrogen must be sufficient
6For example, replacing existing electric generators with new units aver- to justify investment in a large-scale plant, and a matching
aging $1000 per kilowatt (electric) would cost about $800 billion. A new distribution infrastructure would be required. In addition, a

transmission system, at $1 million per mile, would cost $160 billion. Oil Satisfactory means for bulk storage of hydrogen would have
refineries and pipelines would be several hundred billion dollars more. The

natural gas transmission and distribution systems would also cost hundreds——M——
of billions. Then add the cost of replacing all of the factories, buildings, and  8in the committe@ analysis, central station plants are assumed to pro-
vehicles that are designed for a specific type of fuel. Clearly, a detailed duce hydrogen on average 1,080,000 kilograms per day (kg/d); midsize
calculation would show a total value of multi-trillion dollars (NRC, 2002). plants, 21,600 kg/d; and distributed facilities, 432 kg/d. (See Chapter 5.)
“Strictly speaking, the primary energy resource is the Sun for solar re-  9As used in this report, the tei@nvironmentally acceptald@mplies a
newable energy (e.g., photovoltaic) and wind energy. Renewable energy ishigh probability that the carbon will not leak into the atmosphere during
a primary resource for hydrogen in the sense that hydrogen is the product oprocessing and handling, that it will remain sequestered from the atmo-
chemical processes using renewable feedstocks (e.g., biomass) or of elesphere essentially in perpetuity, and that it will not cause adverse side ef-
trolysis of water powered by renewable electricity sources. fects, such as harmful chemical reactions, while so sequestered.
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to be found. A transitional strategy to address these requireof scale, distributed production would rely on dynamic econo-
ments must precede the move to producing hydrogen fuel irmies of scale in the manufacture of small hydrogen conver-
very large scale plants. sion and storage devices. Nevertheless, the cost of hydrogen
Nuclear energy could produce hydrogen in one of threecompared with that of gasoline would likely be more expen-
ways: (1) through electrolysis, the splitting of water mol- sive during this transition phase (see Chapters 5 and 6).
ecules with electricity generated by dedicated nuclear power One major disadvantage of distributed production is envi-
plants; (2) through process heat provided by advanced highronmental. If the hydrogen were produced by small-scale elec-
temperature reactors for the steam reforming of methane; otrolysis and if the energy inputs to the electrolyzer were to
(3) through a thermochemical cycle, such as the sulfur-iodinecome from the grid, the carbon consequences would be the
process. Among the three, the issue of carbon capture andame as for any other use of electric energy on a per kilowatt
storage arises only for steam reforming; otherwise, thebasis. If the hydrogen were produced by small-scale reform-
nuclear option is carbon-free. Scale, however, remains arers, the collection of the carbon and its shipment to a seques-
issue, as it does for the large coal plants. In addition, delaydration site might prove an insurmountable challenge. Indeed,
in the development and deployment cycle for nuclear plantsdistributed-scale production in a mature hydrogen economy
might arise from concerns with the storage and disposal ofmight require a costly reverse-logistic system to move the
nuclear fuels, the security of nuclear facilities against terror- carbon captured from the dispersed production sites to the
ist attack, and the siting and licensing of nuclear facilities. places of sequestration if the environmental benefits are to be
These issues could prolong the time to realization of a full- achieved. The cost of a dispersed capture and disposal system
scale hydrogen economy. might make distributed production unattractive in a mature
hydrogen economy. During a transition period, however, the
carbon from distributed production could simply be vented
while the economic advantages of scalability and demand-
At midsize scale, a few tens of megawatts, both natural gadollowing investment served to start the hydrogen economy.
and renewable energy technologies offer production possibili-
ties. Megawatt-scale production is especially attractive for -
) : Logistics and Infrastructure Issues
biomass-based energy sources. Natural gas production at this
scale could provide an efficient response to early market de- Between the production of hydrogen at any scale and the
mand for hydrogen, but could not offer sufficient scale econo- use of hydrogen in an energy device, the following series of
mies to compete effectively in mature hydrogen markets.  logistic operations will exist:

Midsize Scale

¥ Packaging.The hydrogen must be put into a form suit-
able for shipping. This form might be a compressed gas, a
At the distributed end of the size range, large-scale pipe-liquid, some form of hydride, or some chemical compound.
line systems would not be required because hydrogen pro- ¥ Distribution. The hydrogen must be moved to the point
duction could be colocated with hydrogen dispensing and/orof use. Pipelines, pipes, roads, and railroads are typical ship-
use. Distributed production might rely on primary energy ping modes.
from renewable resources, to the extent that those could be ¥ Dispensing. The hydrogen must be transferred from
located reasonably near the point of use. Alternatively, grid the care of retailers into the care of consumers.
electricity, possibly used during off-peak hours, might serve ¥ Storage. In the interval between production and use,
as the energy source. A distributed approach offers cleathe hydrogen must be stored. Pressurized containers or cryo-
advantages during a transition from the current energy infra-genic containers typify current practices.
structure, although it might not be sustainable in a mature
hydrogen economy. With the technologies now available, many of these lo-
The advantages of distributed production during a transi- gistic steps themselves become significant consumers of en-
tion are economic. The costs of a large-scale hydrogen logisergy; some analyses suggest that logistic costs will dominate
tic system, which many analysts believe will dominate a ma-the economics of any hydrogen energy system (Boessel et
ture hydrogen economy, could be deferred until the demandal., 2003). This consideration emphasizes the importance of
for hydrogen increased sufficiently. This would mitigate the viewing R&D objectives in the context of complete proto-
problem ofGumpyQinvestmeritl large production and distri-  typical hydrogen energy systems rather than in isolation (NRC,
bution facilities that provide economies of scale but lead to 2003b).
underused capital while the demand for their output catches
up. In contrast, distributed production systems could be in_Transition lssues
stalled rapidly as the demand for hydrogen increased, thus
allowing hydrogen production to grow at a pace reasonably The transition to a hydrogen economy is unlikely to be
matched with hydrogen demand. Instead of static economieschieved through the linear substitution of hydrogen com-

Distributed Scale
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ponents for their counterparts in the current energy infra- Safety issues cut across all segments of the hydrogen
structure. Consider refueling, for example. It might economy and become operational in two forms: concern with
emerge that refueling systems for hydrogen vehicles wouldloss of human life and property, and codes and standards that
become entirely modular, so that refueling would be more shape the configuration and location of hydrogen facilities and
like purchasing and loading a videocassette into a recorderehicles. Much evidence demonstrates that hydrogen can be
than filling a present-day automobile with gasoline. That manufactured and used in professionally managed systems
could result in the flourishing of customer advantages andwith acceptable safety. The concerns arise from prospects of
business models quite distinct from those common to theits widespread use in the consumer economy, where careful
current fuels infrastructure. handling and proper maintenance cannot be fully ensured.
Indeed, the ultimate timing and configuration of a mature ~ Technology demonstrations might mitigate public skepti-
hydrogen economy cannot be known, because they turn ortism, both by displaying the merits of the technology and
resolution of the four pivotal questions discussed at the endby educating local officials regarding emergency response
of the chapter. Thus, the DOE might have its greatest impacprocedures and effective zoning codes. Beyond that remains
by leading the private economy toward transition strategiesthe issue of how DOE R&D programs can best inform, and
rather than to ultimate visions of an energy infrastructure in turn be informed by, state and local authorities.
markedly different from the one now in place. None of these precautions, however, can compensate for
the casual approach that some consumers will inevitably take
to their own safety. Engineering aimed at reducing the pos-
sibilities for mishandling can help lower the number of acci-
The set of technologies and business models capable ofients but can never preclude them all. Some hydrogen logis-
beginning a transition to the hydrogen economy might be verytic systems will prove superior in allowing a more benign
different from those that would be most desirable in a matureconsumer interface, and the issue for the DOE will be to
energy system. This possibility challenges the DOE to main-identify and promote these systems.
tain its focus on the goals to be achieved by the hydrogen Finally, the successful sequestration of massive quantities
economy, but also to cultivate flexibility, learning, and re- of carbon may be essential for any hydrogen economy that
sponsiveness in assisting the transition pathways leading to itmakes more than transitional use of carbonaceous fuels. The
history of radioactive waste disposal suggests that dedicated
opposition can overcome general public acceptance of a tech-
nology and its waste disposal plan. Thus, even energy systems
As part of a transition strategy, some form of buy-down that now appear to enjoy widespread acceptance can become
of the cost of technology might be required in order to ini- vulnerable to delays and costly false starts. The carbon se-
tiate and accelerate the pace of transition. An example mightguestration issue falls into that category (see Chapter 7).
be a set of temporary subsidies to encourage the early adop-
tion of hydrogen technology; they could be phased out once
scale economies had been achieved and mainstream marke
opened. The societal benefits of promoting a more rapid tran- Much of the policy analysis now performed on the sub-
sition to hydrogen might justify this use of subsidies. The ject speaks to hydrogen supply and demand under steady-
challenge for any subsidization strategy would be to supportstate conditions. But if an effective transition cannot be
the kind of@yame-changin@technologies that can actually achieved, neither can the benefits of the steady state. Thus,
deliver public benefits. Otherwise, buy-down tends to be- technologies and policies developed explicitly for a transi-
come an entitlement, entrenching the subsidized rather tharion remain important, even if they do not carry over into the
accelerating systemic change. mature hydrogen economy. This issue of how to effect the
transition has several dimensions:

Developing Strategies for the Transition

Subsidies

Zéechnology Development for the Transition

Regulatory and Social Issues ¥ Should the DOE seek to guide the transition into the

Public apprehensions regarding hydrogen must be ad-pathways it selects, or should it let development be guided
dressed early in a transitilinotherwise the hydrogen principally by the industrial stakeholders?
economy might never reach the steady state. Of these con- ¥ In either case, how can the DOE know which transi-
cerns, safety appears to be foremost. To be sure, hazardsonal technologies to develop?
exist with the current fuels infrastructiif¢here can be natu- ¥ What assumptions should be made regarding the suc-
ral gas explosions in homes, or auto fires, for example. How-cess of pivotal technologies such as carbon capture and
ever, the public has grown accustomed to the possibility ofsequestration?
these hazards, and the relevant safety precautions are widely ¥ What incentives will entrepreneurs and investors in the
known. By contrast, hydrog@distinct properties lead to  interim technologies need before they commit their capital
distinct safety issues (see Chapter 9). resources?

Copyright National Academy of Sciences. All rights reserved.



The Hydrogen Economy: Opportunities, Costs, Barriers, and R&D Needs

22 THE HYDROGEN ECONOMY: OPPORTUNITIES, COSTS, BARRIERS, AND R&D NEEDS

ENERGY USE IN THE TRANSPORTATION SECTORast energy carrier in the column is the alternative that the
committee examined, molecular hydrogen.

The last two columns in Figure 2-8 denote the conversion
grocess (second column) applied to the energy carrier by the
motor (third column). Fuels such as petroleum products,
nonpetroleum hydrocarbons, alcohols, or molecular hy-
drogen could be converted to mechanical power through a
two potential uses of hydrogen. In particular, the committee combustion cycle. The current generation of internal com-

' ' bustion engines could be used, or advanced combustion tech-

examined the use of hydrogen as a fuel for light-duty ve- ", : .
. ) . nigues could conceivably transform such engines. (Hydro-
hicles (i.e., passenger cars, pickup trucks, vans, and sport

utility vehicles), as this is where most of the D®Bydro- gen internal combustion engines were not analyzed, since
! : the committee determined that in North America the demand
gen research is focused. With respect to the use of hydroge

. . . 7 for hydrogen was more likely to be due to fuel cell vehi-
for electricity generation, the committee notes the difficulty . :
; . cles!)) Alternatively, each of these fuels could be used to
that such use would have competing with natural gas tur-

bines. (See the discussion earlier in this chapter, in the secgenerate on-board electricity, most likely through an elec-

X ; N " - : trochemical conversion device, such as a fuel cell. Within
tion entitled@Competitive Challenge®as well as in Chap- . S . .
ter 3.) the realm of imagination would be microturbines that use the

In order for hydrogen to compete successfully as a fuelfuels to generate electricity that would be used directly in

. : . electric motors to propel the vehicle.
for light-duty vehicles, vehicle manufacturers and purchas- . . .
. . Hybrids of electric and combustion processes could also
ers must believe that hydrogen-fueled vehicles offer advan-

tages over the available light-duty-vehicle alternatives. Thosebfa used. Currently, hybrid electric vehicle technolggy com-
. . . Do bines the combustion of petroleum products (gasoline or die-
alternatives could involve diverse possibilities of energy car-

riers and the particular vehicle technologies that utilize sel), over a wide range of degrees of hybridization, with elec-

them10 Figure 2-8 illustrates the possible combinations of tric motors for propuision. Hybrids could be created for any

: . . . of the other fuels. Hybrids of fuel cells and batteries are un-
energy carriers and vehicle technologies that could conceiv-

. : der consideration today.
ably characterize the future vehicle stock for personal trans- "
L . The locus of competition, therefore, could be both among
portation in the United States.

In successive columns, Figure 2-8 shows three distinc-fu.els supplied to the vehicles and among vehicle technolo-

. . o .~ gies that use those fuels. Thus, if molecular hydrogen were
tions among the possible combinations of energy carriers® . ; . X
~widely available as a fuel source for light-duty vehicles, the

and technologies. Storage on board the vehicle, with peri- " . .
) : competition would be between fuel cell vehicles and internal
odic refueling, has been the norm for personal passenger

vehicles, trucks, buses, and aircraft, and that is the Com_combusnon vehicles using hydrogen, and perhaps other tech-

mittee® approach to light-duty vehicles. Various gaseous nologies that use hydrogen as a fuel. Ar_1d molec_ular hydro-
liquid, or solid fuels could be supplied to the vehicle. In the gen in these vehicles would compete with the direct use of

. N AP . electricity, and with the use of petroleum products, non-
first column,(n-board energy carrigbdistinguish the vari- .

. . petroleum hydrocarbons, and alcohols, either combusted or
ous forms of energy that could be supplied to the vehicle.

. ) electrochemically converted to electricity.
Currently, most light-duty vehicles are fueled by petro- . .
. ; . o Some of the technologies discussed above have been well
leum products, primarily gasoline and secondarily diesel o
. developed already, some need significant developmental
fuel, although some vehicles are fueled by nonpetroleum

hydrocarbons and alcohol fuels. Compressed natural gag/vork, some require technological breakthroughs for success,

and propane are routinely used to fuel light-duty vehicles. and presumably some require initial conceptualization. Just

Among alcohol fuels, ethanol is used in light-duty vehicles, as there is a high degree of uncertainty about the success of

and methanol has been widely discussed as an alternativehydrogen technologies, there is a high degree of uncertainty

Hydrocarbons can be used in combination with alcohol fu- about the success of those alternative technologies that re-
els, such as gasoline with ethanol. Bio-based diesel fuedIre technological breakthroughs, and even more for tech-

. ]
currently exists in the marketplace. Another generic aIterna—noIogles that have yet to be conceptualized: For example,

tive is electricity supplied to the vehicle. That electricity is possible future. reductions n the cost and INcreases in the
then converted and stored in the form of electrochemical 2"9€ of batteries could ultimately make dedicated electric

. . . vehicles, with batteries charged from grid-supplied electric-
energy in a battery, or mechanical energy in a flywheel. The. . .
ity, much less expensive and more practical than they are

In order to examine the potential demand for hydrogen, it
is necessary to examine the ways in which hydrogen would
be used in the economy. Two generic uses were considere
by the committeld those of hydrogen as a fuel for transpor-
tation vehicles and hydrogen as a fuel for electricity genera-
tion. The committe@® analysis focused on the first of these

10The termCenergy carrigdrefers to electricity as well as to gas and ——M
liquid (or solid) fuels. When the ter@uelsOis used in an unqualified sense, 11 arry Burns, General Motors Corporatidiuel Cell Vehicles and the
it refers to all of these energy carriers, but not to electricity. Hydrogen Econom{)presentation to the committee, June 11, 2003.
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FIGURE 2-8 Possible combinations of on-board fuels and conversion technologies for personal transportation. NOTE: ICE = internal
combustion engine.

currently. There is much uncertainty about whether such ¥ When will vehicular fuel cells achieve the durability,
technologies would ultimately lead to vehicles that are lessefficiency, cost, and performance needed to gain a meaning-
costly and more convenient than fuel cell vehicles. ful share of the automotive market? The future demand for
For this study, the committee was not able to examine hydrogen depends on the answer.
all of the options that may shape the future competition. ¥ Can carbon be captured and sequestered in a manner
Figure 2-9 illustrates the comparisons that were developedhat provides adequate environmental protection but allows
within this study. In particular, the committee focused on hydrogen to remain cost-competitive? The entire future of
the competition between vehicles with on-board storage:carbonaceous fuels in a hydrogen economy may depend on
fuel cell vehicles supplied by molecular hydrogen in com- the answer.
petition with internal combustion, gasoline-fueled vehicles, ¥ Can vehicular hydrogen storage systems be developed that
either as conventional vehicles or as gasoline hybrid elec-offer cost and safety equivalent to that of fuels in use today?
tric vehicles. The future of transportation uses depends on the answer.
¥ Can an economic transition to an entirely new energy
FOUR PIVOTAL QUESTIONS infr:?\struct_ure, both the supply _a}nd the demand side, be
achieved in the face of competition from the accustomed
From the foregoing analysis, the following four pivotal benefits of the current infrastructure? The future of the hy-
guestions emerge as decisive: drogen economy depends on the answer.
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FIGURE 2-9 Combinations of fuels and conversion technologies analyzed in this report. The committee conducted cost analyses of
hydrogen fuel converted electrochemically in fuel cells versus gasoline use in internal combustion engines (ICEs) inrstamdaid a
configurations. Other combinations of fuels and energy conversion technology are discussed in the report.
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The Demand Side:
Hydrogen End-Use Technologies

The transition to a new energy carrier requires a series ofTRANSPORTATION
investments and enhancements not only in energy supply
and distribution, but also in vehicles and other end-use techBackground and Barriers
nologies. This chapter addresses the demand side in three » o
major categories, namely, transportation, stationary power, . 1N€ transition to new fuels and/or energy carriers is espe-
and industrial uses. Transportation demand scenarios ar&ially problematic in the transportation sector because of the

postulated for the present (i.e., 2002), the near term (zozo)giffuse nature of the system and its complex public-private
and the long term (2050). composition. Considering land vehicles only, there are more

than 750 million passenger cars and commercial vehicles

dependence considerations, predicted that a hydrogeﬂvorldwide, Witrlan annual p_rod_uction rate of 56 million ur_1its
economy might emerge as early as the year 2000. Toda)"n_ 2001 (\_Na_rdO.s Commumcatlon, 2002). The geographically
the interest in a transition to a hydrogen economy is drivendiffuse distribution of vehicles favors fuels that are easy to
not only by concerns about energy security but also bytransport and st.oreNthat.ls,fueIsthat are liquid at room tem-
those about global climate change and air quality. Rapidperature. Consider, for instance, that natural gas fuels and

improvements in the proton exchange membrane fuel cell€/€ctricity are generally less expensive (on a per unit of en-
(PEMFC) during the past decade have been a catalyst fof"9Y basis) and tend to be OcleanerO than liquid fuels are, but

this renewed interest in a hydrogen economy because othey are much more difficult to transport, in the case of natu-

the fuel cell®s potential in transportation applications. In"@ 98s, and much more difficult to store, in the case of elec-

this chapter, the nature and magnitude of demand for hy_tricity. Alcohol fuels are easy to transport and store, but they

drogen (H) are examined in a number of categories, with tend to be mor.e.expensive tr_]an are petroleqm fuels, natural
special attention focused on customer and regulatory at-92S: and el_ectr|C|ty. Most vehicular fgels continue to be gaso-
tributes. (See Chapter 5 and Appendix E for estimates ofline and dle_sel_fue]s. The convenience of t.he petrolelum—

well-to-wheels energy use.) On the basis of these analyse§,’ased fgel dlStI’IbUtIOﬂl system is a key fgctgr in th.e continu-

technology barriers are identified that will need to be ad- N9 dominance of vehicles running on liquid fossil fuels. It

dressed in the DOE®s research, development, and demofiXPlains in large part why gasoline hybrid electric vehicles
stration (RD&D) activities. (GHEVs) have been successful in penetrating the consumer

market, while grid-connected electric vehicles (including
grid-connected hybrid electric vehicles) have not.

In the 1970s a number of studies, driven by energy-in-

The focus of most of this report and this chapter is on
light-duty passenger vehicles, the largest segment of the ve
hicle market. Stationary power systems to produce electric

ower from hydrogen may be an important part of a possible
P Y 9 y P P P IHybrid electric vehicles incorporate an energy storage device (e.g., a

future HZ energy sy_stem, both in a transition to a_ hydro_gen battery) along with the primary energy converter (the engine, which can be
economy and also in the steady state. The committee did No§ gasoline internal combustion engine [ICE], a diesel engine, or a fuel cell,
do an extensive analysis of the future stationary electricand so on) and a traction electric motor. The energy storage device can
power system in the United States and the role tha-y allow the possibility of recovering a significant portion of a vehicleOs ki-

play, but the section below entitled OStationary Power: Utili- ne_tic energy as the vehicle‘ decelerates_ during braking. It also allows the
ties and Residential UsesO delineates some of the develoﬁ[Imary energy converter (i.e., the engine) to be smaller and to operate

Lo - : nder load and speed conditions that are independent of the vehicleOs im-

ments and opportunities in fuel cells and turbines for station-mediate needs, permitting the efficiency of the engine, for example, to be

ary power. optimized.

25
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Because of the large number of vehicles on the road and One of the most important attributes for FCVs is fuel ef-
their relatively slow turnover, a change in fuel and/or energy ficiency, since less fuel means lower fuel costs, less expen-
carrier must be transitiorfdithat is, sufficient fuel must  sive and bulky on-board hydrogen storage, and less upstream
be available for the large existing fleet while the new fuel environmental impact. Wang (2002) summarizes the numer-
is introduced in parallel. The success of energy-efficient ous studies comparing the fuel efficiency and life-cycle im-
GHEVs is instructive in two ways: (1) it demonstrates the pacts of FCVs, hybrid electric vehicles (including GHEVSs),
huge challenge in moving beyond the relatively simple gaso-and potentia@ransition vehicleSwith baseline gasoline and
line system now in widespread use, and (2) it creates an evediesel vehicles. Ignoring life-cycle impacts, fuel cells oper-
greater barrier to newer technologies, such as the hydrogemating on hydrogen are much more energy-efficient than are
fuel cell vehicle (FCV), by enhancing the fuel economy of internal combustion engine (ICE) systems. It is impossible
Qonventionadvehicles. The majofdlemand parametéds  to specify accurately how much more efficient they are, since
for a light-duty vehicle are shown in Table 3-1. fuel cells have very different efficiency characteristics (e.g.,

Transportation applications of fuel cell technology and they are many times more efficient at low speeds and loads,
hydrogen fuels not discussed in this report include urbanbut are less efficient at higher speeds and loads) and because
buses, heavy-duty truck auxiliary power units (APUs) automotive fuel cell systems are in their technological in-
(Lutsey et al., 2003; Winter and Kelly, 2003), delivery ve- fancy and so their future performance cannot be accurately
hicles, forklifts, airport baggage-handling vehicles, mining predicted.
vehicles, golf carts, scooters, boats, and even airplanes. Of For the purposes of quantitative comparisons, after ex-
these, the hydrogen-fueled urban bus market segment hatensive deliberation and literature review, the committee se-
received the most attention. lected a fuel-efficiency improvement factor of 2.40 for FCVs
versus a baseline gasoline vehitihat is, toda gasoline
vehicles are assumed to use two-and-a-half times as much
energy as a comparable FCV. This comparison, an average

The success of hydrogen in the transportation sector willfor all light-duty vehicles, is based on average U.S. driving
be dependent on the development and commercialization otonditions. (For detailed assumptions, see Wang [2002].)
competitive FCVs. The challenge is to develop automotive The committee selected a fuel-efficiency factor of 1.45 for
fuel cell systems that are lightweight and compact (i.e., haveGHEVs versus a baseline gasoline vehicle. (See the discus-
high power densities by both mass and volume), tolerant tosion of hybrid technology in the following subsectiGar-
rapid cycling and on-road vibration, reliable for 4000 to 5000 ket Acceptance and Demand TrajectofieBuel-efficiency
hours or so of noncontinuous use in cold and hot weather factors for diesel-powered hybrid electric vehicles would fall
and able to respond rapidly to transient demands for powemetween 1.45 and 2.40. These assumptions of fuel economy
(perhaps by being hybridized with a battery or ultracapacitor are based on averages from W@n(002) review of other
for electrical storage on the vehicle), and able to use hydro-studies. In practice, actual differences in fuel economy may
gen of varying purity. vary considerably. For instance, automakers might take ad-
vantage of the on-board electricity capability of FCVs and
introduce a range of high-energy-consuming appliances and
services, which would dramatically increase fuel consump-
tion. Alternatively, FCVs might have relatively higher fuel
economy because they disproportionately replace gasoline

Fuel Cell Vehicle Technology

TABLE 3-1 Key@emand Parametéd$or a Light-Duty
Vehicle

Demand Category

Parameter

Customer

Regulatory

Initial cost

Operational and maintenance costs

Quality

Range (between refueling) and refueling
convenience

Passenger/cargo space

Performance (acceleration, speed, ride quality,
acceptably low levels of noise, vibration, and
harshness)

Safety

Emissions of pollutants (carbon monoxide [CO],

oxides of nitrogen [N@), hydrocarbons [HC],
particulates)

Fuel efficiency

Greenhouse gas emissions

Safety

vehicles in urban settings or because traffic congestion re-
sults in slower driving speellsn both cases taking advan-
tage of FCVE&better fuel efficiency at lower speeds.

Given these requirements, hybrid and nonhybrid PEMFC
systems are the leading contenders for automotive fuel cell
power, with additional attention focusing on the direct-
methanol fuel cell (DMFC) version of the technology and
the possibility of using solid oxide fuel cell (SOFC) systems
as auxiliary power units for cars and trucks.

An important attraction of all of these fuel cell systems,
both as main vehicle power systems and as APUs, is their
ability to support the new wave of vehicle electronics that is
being introduced. New or planned electronic gadgetry on
vehicles includes navigation systems; extensive on-board
communications; voice-actuated controls; exterior alternating
current (ac) power supplies; computer-controlled, power-
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assisted active suspension; collision-avoidance systemsmade up of individuals and businesses that value the large
electric air-conditioning compressogrive-by-wireOsteer- amounts of electrical power carried on board, and that might
ing; side and rear-view bumper cameras; electronic tire presfind a suite of new uses that can only be imagined at this
sure control; and generally greater computer power for in-time. And still other niches could include those wanting
creasing control of the various vehicle systems. The needAPUs on trucks or off-road vehicles in areas where noise or
for these systems has already started a trend toward a newollution is a concern.

42-volt (V) standard for vehicle auxiliaries in order to de- One important feature of FCVs that remains crucial for
liver more power. In principle, electric (fuel cell) vehicles their development is the fact that PEM fuel cells run on ei-
and APUs provide an efficient way to meet these powerther pure hydrogen or a dilute hydrogen @kformat®
demands. stream (though direct-methanol fuel cells, still in an early

Fuel cell vehicles are attractive potential replacements forstage of development, operate on methanol). This hydrogen
ICE vehicles because they can offer performance similar tocan either be stored on board the vehicle in one of several
that of conventional vehicles, along with several additional ways, or generated from another fuel with an on-board
advantages. These advantages include better environmentaéformer.
performance; quiet (but not silent) operation; rapid accelera- To aid the transition to FCVs without major infrastruc-
tion from a standstill, owing to the torque characteristics of ture changes, the energy and automotive companies have
electric motors; and potentially low maintenance require- been working together to develop on-board reformers. On-
ments. Furthermore, FCVs have the potential to performboard reformers convert a liquid (or other gaseous fuel) to
functions for which conventional vehicles are poorly suited, hydrogen. Natural gas reforming is more difficult than liquid
such as providing remote electrical power (for construction reforming, and thus the focus has been on liquids for on-
sites, recreational uses, and so on) and possibly even actingoard reformers. The most effort has been devoted to metha-
as distributed electricity generators when parked at homesol and gasoline. DaimlerChrysler was a leader in develop-
and offices and connected to a supplemental fuel supply.ing an on-board methanol reformer, and the company
FCVs also provide additional attractions to automakers: by unveiled prototype FCVs operating on methanol in the late
eliminating most mechanical and hydraulic subsystems, they1990s. Other companies focused on gasoline reforming. But
provide greater design flexibility and the potential for using by 2003, all major automakers had suspended their develop-
fewer vehicle platforms and therefore more efficient manu- ment of on-board reformers and shifted their FCV efforts to
facturing approaches. direct hydrogen use. Several oil companies are known to be
continuing their development of on-board reformers, which
is an appropriate technology to be developed in an industrial
R&D laboratory.

For the FCV to be successful in the marketplace, it must  On-board reformers are attractive in that they obviate the
satisfy customer desires and regulatory requirements (se@eed to build a hydrogen infrastructure. Methanol is easier
Table 3-1). Fuel cell vehicles will easily meet a few of these to reform than gasoline is, but DaimlerChrysler and others
desires and requirements. They will excel in fuel economy suspended methanol reforming in part because of the chal-
and emissions reduction. On the negative side, for the fore{enge of developing a large-scale infrastructure for what was
seeable future they will likely be expensive, have less rangeyiewed as an interim fuel. More generally, gasoline (and
and be more difficult to refuel. Their ability to satisfy other methanol) reforming efforts were suspended by automakers
demands and requirements is more ambiguous, dependinppecause of several major disadvantages: on-board reformers
on perceptions, design decisions, and near-term engineeringnpose substantial additional cost, add considerable com-
improvements. plexity, reduce fuel efficiency, increase emissions, increase

For early fuel cell systems to succeed in the marketplace Gengind start-up times, and create additional safety con-
they must have special appeal in some market niches, even iferns. Automakers and others considered these disadvan-
these niches are relatively small. One niche might be cretages to be too large to overcome the advantages of ready
ated by the desire, especially in dense urban areas, to achievgasoline availability, especially when on-board reforming
zero tailpipe emissions. The only zero-emission vehicle typeis considered an interim strategy until hydrogen is broadly
other than the direct-hydrogen FCV that is practical at the available.
present time is the battery electric vehicle (EV), which is  Most analysts agree that storing hydrogen on board FCVs
characterized by short driving ranges, long recharge timesjs the best ultimate solution, but no hydrogen storage system
and high costs. To the extent that zero-emission vehicleshas yet been developed that is simultaneously lightweight,
are encouraged or even mandated in certain areas, direccompact, inexpensive, and safe. Further advances in hydro-
hydrogen FCVs may have to compete only with battery EVs gen storage, so that FCVs can refuel quickly and have driv-
and not the entire suite of vehicle technology options. Suching ranges comparable with those of conventional vehicles,
a situation could give them a much firmer foothold for break- thus constitute a key area for further development. Prototype
ing in to motor vehicle markets. Another niche might be FCVs have been built that store hydrogen as a cryogenic

Market Acceptance and Demand Trajectories
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liquid, as a compressed gas, in metal hydrides, and as so- Winter and Kelly (2003) address future possibilities. For
dium borohydrate. (See Chapter 4 for further discussion ofexample, Toyota has a goal of selling 300,000 GHEVs by
hydrogen storage options.) 2005, and General Motors Corporation (GM) indicates that
Market-related aspects of diesels and consumer electronit will make hybrid technologgavailabléon a wide variety
ics also deserve mention. Major sales of GHEVs to dateof models by 2007. Under the most optimistic scenarios for
have been in Japan and the United States, because EuroggHEVs, after a decade in production, the annual volume
has embraced diesel engine technology in recent years asight approach 2 million vehicles, with a total of 4 million
its major fuel-efficiency solution; in the near term (next GHEVs on the road. In practice, GHEV sales forecasts are
decade), this trend will likely continue. However, it should being reduced as of this writing. Toyota and Honda continue
be mentioned that European auto manufacturers were alsto expand sales, but GM and Ford have delayed introduction
the first to develop major hydrogen prograirfer ex- of their initial offerings. A fundamental concern is cost.
ample, BMW with hydrogen ICEs and DaimlerChrysler Toyota declared in 2003 that it was making a profit on its
with fuel cells and hydrogen ICBsand these programs GHEYV, the Prius, selling it at about $3500 more than the
are continuing. cost of a comparable conventional gasoline-fueled vehicle.
In many cases, marketplace competition in rapidly chang-It is expected that this cost premium will gradually drop over
ing technologies speeds up the pace of development. A retime as sales volume increases and learning takes place.
cent example is the development of batteries for consumeinndeed, the 2004 Prius is more powerful and bigger, with
electronics applications. During the past decade, most mabetter fuel economy and lower emissions, and sells for the
jor battery improvements have been driven by the high- same price as the previous-generation Prius.
volume need for portable power for laptops and cellular  The cost premiums for GHEVs are in part a function of
phones, among other devices. Some predict that a similathe technology used in hybrid vehicles. The Prius is known
improvement scenario may occur with fuel cells, becauseas adull Ohybrid, in the sense that it relies on a large battery
today® rechargeable batteries cost approximately $3000 pempack and large motor for much of its power and energy. Other
kilowatt (kW) and have much less energy density than domodels to be introduced by Toyota and other automakers
fuel cells. In fact, a recent article in thlew York Times  will have smaller batteries and electric motors, implying
noted that methanol-powered fuel cells for laptops might belower cost and also smaller fuel economy improvements
available within a year (Feder, 2003). relative to conventional gasoline-fueled ICE vehicles. Full
Assuming continuing progress in fuel cell development hybrids provide up to a 50 percent fuel economy improve-
and the availability of fuel, what are possible scenarios for ment, whileGnildOhybrids, with perhaps only an integrated
FCV sales? The recent introduction of GHEVs provides in- starter/alternator, will provide only about a 10 percent
sight. Indeed, the commercialization trajectory of GHEVs improvement.
provides albest cas® penetration scenario (assuming no In Chapter 6, it is assumed that GHEVs will represent 1
major surprises). That is, GHEVs provide a best case bepercent of U.S. sales by 2005 and will increase 1 percentage
cause the vehicle attributes were similar to those of a stanpoint per year for the next 10 years and 5 percentage points
dard, high-volume gasoline ICE vehicle; no fueling infra- per year for the following 10 years. The energy efficiency
structure changes were required; the component technologiethat is used for all hybrids is 45 percent improvement rela-
were relatively mature; the vehicles were viewed as high-tive to conventional gasoline-fueled ICE vehicles.
tech and environmentally friendly; and tax benefits aided The committee estimates that the fuel cell system, includ-
initial price reductions for the consumers. Table 3-2 showsing on-board storage of hydrogen, would have to decrease to
the actual sales of hybrids through December 2002. no more than about $100/kW before a scenario even close to
the hybrid scenario postulated here would be realized. The
most optimistic estimates project 2010 as the year in which

TABLE 3-2 Hybrid Electric Vehicle Sales North $100/kW can be achieve(Arthur D. Little, 2001) (although
America and Worldwide, 1997 to 2002 this committee has not had the opportunity to evaluate the
Year basis of such estimatégor example, by conducting a part-
Sales by-part cqst_ a_naIyS|s).. As th(_a DOE manages its hydrogen
Volume 1997 1998 1999 2000 2001 2002 program, it is imperative that it understand the components
of these cost estimates and, on the basis of these understand-

North America 0 0 0 9,600 20,700 35900 ings, appropriately evolve its RD&D programs. Because
Worldwide 300 17,700 15,500 24,200 42,100 59,300 jndustry is actively pursuing RD&D in fuel cells, particular
Total to daté 300 18,000 33,500 57,700 99,800 159,100

aNorth American salé$ almost all in United States.

PTotal to date: cumulative worldwide sales. _ _ 2The cost includes the fuel cell module, precious metals, the fuel proces-

SOURCE: Personal communication of committee member Daniel gor, compressed hydrogen storage, balance of plant, and assembly, labor,
Sperling with Toyota and Honda, 2003. and depreciation.
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DOE attention should be devoted to related fundamental andrehicles sold in 2020 and 40 percent in 2030. Although not
exploratory research at universities and national laboratoriesdirectly comparable, there are several other studies that can

Assuming an optimistic scenario for FCVs and numbers be compared with the commit@evision of what might hap-
of vehicles entering the marketplace similar to those of pen. For instance, Argonne National Laboratory (Santini et
GHEVs, FCVs could reach 1 percent of U.S. sales by 2015,al., 2003) made a market penetration analysis of FCVs that
and then increase by 1 percentage point per year until 2024hows 1 percent market share in 2011, growing to 26 percent
and by 5 percentage points per year thereafter until theyin 2020, 52 percent in 2025, and reaching 100 percent in
dominate the market. (It should be noted that the DOE multi- 2038. A report of the Pew Center on Global Climate Change
year program plan for hydrogen RD&D [DOE, 2003b] des- (Mintzer et al., 2003) posits similarly high initial market
ignates 2015 as the year fa@@mmmercialization decisio. penetration, but slower increases over filmeaching 2.5
Figure 3-1 shows the detailed projection for this scenario. percent penetration in 2015 and 5 percent in 2020, and
The projection takes into account reasonable transitions forsteadily inching upward to 20 percent annual sales in 2035.
the buildup of GHEV and FCV manufacturing and the asso- The 2003 DOE program (DOE, 2003b) assumes initial pen-
ciated phaseout of conventional and GHEV manufacturing etration in 2018, increasing to 27 percent in 2020 and to 78
(see Chapter 6). percent in 2030.

Thus, by 2020, the total number of FCVs on the road If the committe& FCV projection above &lose to ac-
would be fewer than or equal to 4 million units if the opti- tualityO(or even shifted by some number of years into the
mistic GHEV penetration scenario was matched. Four mil- future), it indicates that a great deal of thought must be given
lion vehicles could not justify a national fuel infrastructure to the fuel service station scenarios for the decade when
change, although regional infrastructure needs might be high-CVs grow from a few thousand to a few hundred thou-
as a result of clustered demand growth; that is, in most locasandN that is, in 2010 to 2020, as shown in Figure 3-1. To-
tions, marketplace demand would not be the main element inday the United States has a dense network of about 180,000
a fuel change by 2020. retail fuel stations, serving more than 200 million vehicles.

The committe® market trajectory for hydrogen fuel cell Dense coverage, similar to the number of diesel fuel stations
vehicles reflects what is possible and shows initial marketin the United States today, will be required as FCVs grow
penetration in 2015, growing to 12 percent of new light-duty into the millions. Other parts of this report address technolo-
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FIGURE 3-1 Possible optimistic market scenario showing assumed fraction of hydrogen fuel cell and hybrid vehicles in tBatdsited
2000 to 2050. Sales of fuel cell light-duty vehicles and their replacement of other vehicles are shown.
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gies that could be employed to bring the relatively large num-microturbines, wind turbines, biomass-based generators, so-
ber of retail hydrogen fuel stations online before an exten-lar power and photovoltaic systems, and fuel cells. These
sive network of hydrogen pipelines may be required to betechnologies offer a greater degree of fuel flexibility than
developed. large central power stations do. There are an estimated 10.7
million DG units in place in the United States, of which over
99 percent are small emergency/standby reciprocating en-
gines that are not interconnected with the grid. Currently, 85
percent of the DG units are reciprocating engines; they are
fueled primarily by distillate fuel oil or gasoline; combus-
tion turbines make up 5 percent and are fueled by natural
As indicated above, this report and the comm@teaaly- gas; and steam turbines constitute 9 percent (Resource Dy-
sis have been focused on hydrogen production technologiemamics Corporation, 2003).
and the demand for hydrogen in the light-duty-vehicle sec- DG can be either grid-connected or operated independent
tor. The use of hydrogen in stationary applications may alsoof the grid. The aggregate capacity of all DG units in the
play an important role in a hydrogen economy, but it was notUnited States is 169 GW, which is 17 percent of U.S. electric-
analyzed in detail by the committee. Distributed generationity generation capacity (Resource Dynamics Corporation,
(DG) of electrical power is projected by some analysts to be2003). A total of 70 GW of capacity installed prior to 1990
a substantial market. Fuel cells and turbines using hydrogerwas still operating by the end of 2000. DG units can be used
could provide an important future opportunity for hydrogen to meet baseload power requirements and needs for peaking
produced from sources other than natural gas in areas wherpower, backup power, remote power, power quality, and heat-
pipelines are available. This opportunity could help to stim- ing and cooling. They typically must be able to operate be-
ulate hydrogen infrastructure investments, possibly beforetween 40,000 and 50,000 hours without major system over-
FCVs reach commercial readiness. hauls. The market for DG is typically the commercial sector,
The U.S. electric power system is projected to use largeincluding hospitals, supermarkets, restaurants, universities,
amounts of coal and natural gas for the next 20 years and tand shopping malls; manufacturing facilities, which need reli-
produce a significant portion of the na@rcq emissions able energy; or remote locations where grid power is not avail-
(EIA, 2003). Advanced fossil-fueled energy plants of the fu- able. DG can be customer- or utility-owned.
ture could produce electricity and/or hydrogen, and achieve Direct use of H in stationary systems would provide a
high efficiencies using advanced turbines and fuel cells, whilenew fuel option for DG. It could provide a route for a transi-
also sequestering by-product CMRC, 2003b). Hydrogen  tion to H, that was produced economically but during the
could be exported from such large plants and used in industime when FCVs were not ready for commercial introduc-
trial facilities, either to generate electricity onsite or for pro- tion.3 The use of hydrogen reformed from natural gas is not
cess heat; thus, the industrial sector could represent anothdikely to displace direct use of natural gas in stationary sys-
demand, further stimulating a market for hydrogen produc- tems. It is more energy-efficient to use natural gas directly
tion. The committee did not analyze these options and varioughan to convert it to hydrogen in stationary DG applications.
trade-offs for the use of hydrogen in stationary applications, (Natural gas is currently the preferred fuel for new DG.)
but the technologies that might be used in stationary applica- If economic, small electrolyzers coupled with distributed
tions are addressed in the remainder of this chapter. power-generating devices could replace and supplement bat-
In 2001, the U.S. electric power system included aboutteries in the DG backup power market. So-called regenera-
10,400 generating stations of greater than 60 megawattgive systems in the 1.50 kW scale could convert and store
(MW), with a total installed capacity of 786 gigawatts (GW). grid power in the form of Kithat could then be used to re-
Electricity generation contributes about 40 percent of the generate power in fuel cells or in combustion devices. This
CO, emissions in the United States (see Figure 2-7 in Chap-application may represent a higher-value niche for electroly-
ter 2N largely as a result of cd@lbeing the source for 50  sis and fuel cells than the transportation market does. It might
percent of electricity generation; natural gas is the source fopotentially offer less demanding technical challenges: ve-
17 percent. Of the new electricity generation capacity beinghicular fuel cells will be subject to vibration and thermal
installed, 80 percent is projected to be with natural gas (EIA, stresses, whereas stationary backup applications would not,
2003). In comparison with building a comparable fraction and also would need only short-term reliability.
of new coal-fueled power plants, this change would reduce Fuel cells are currently being developed for distributed
carbon emissions, but increase energy demand and importgeneration; most are for applications under 1 MW. Some
for natural gas. solid oxide fuel cell/gas turbine hybrid systems are being
Distributed generation is modular generation. DG units developed for 5 MW applications. Aside from fuel cells used
are less than 60 MW in size and usually located near the
point of use. Technologies available for DG include indus- s a1y Burns, General Motors Corporatiduel Cell Vehicles and the
trial and aero-derivative gas turbines, reciprocating engines Hydrogen Economf)presentation to the committee, June 11, 2003.

STATIONARY POWER: UTILITIES AND
RESIDENTIAL USES

Introduction
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in space applications, stationary fuel cells (phosphoric acid)eration process in fuel cell systems is electrochemical, no
are the only fuel cells for which there @roductior®and emissions from combustion are produced from the power
market experience. Stationary requirements are usually lesgieneration itself. These benefits have led to significant fed-
stringent than those of transportation with respect to priceeral R&D funding over the past 25 years. Nevertheless, fuel
($500/kW versus $50/kW) and footprint, but require longer cells are currently more than four times more expensive to
life (40,000 to 50,000 hours versus 3,600 hours). install than ICE generators and more than twice as expensive
to install as microturbine generators, with which they are
frequently compared. The high capital costs of fuel cell sys-
tems that have been sold or demonstrated to date have been
a major barrier for penetration into the DG market. There
are four different fuel cell systems, characterized by their
Gas turbine engines with a conventional natural gas com-electrolytes, that are potentially suitable for stationary power
bustion system or water injection combustion system can(Lipman and Sperling, 2003; Shipley and Elliot, 2003).
operate on Kor H,-rich fuels with little or no modifications ~ Table 3-3 provides current performance parameters for the
to the core injectors. Modifications to the fuel delivery sys- various fuel cell types; Table 3-4 presents parameters pro-
tem and injectors are required. The volumetric heating valuejected for 2020.
of hydrogen is 10,787 kJ/Nh§274 Btu per standard cubic The Energy Information Administration (EIA, 2003) es-
foot [scf]) as compared with 35,786 kJ/N-(909 Btu/scf) timates that electricity generation will increase by 2 per-
for methane. In order to supply the required energy inputcent per year to meet increased electrical demands. In
rate to the gas turbine, approximately 3.32 times the volume2020, 1.5 trillion kWh of additional electricity-generation
of hydrogen fuel has to be injected into the primary zone of capacity will be needed. If 10 percent of the added genera-
the combustor to provide the same heating value as that ofion (150 billion kWh) were from hydrogen, it would re-
natural gas fuel. quire 10 million tons of hydrogen, and 20 million tons per
Large turbines, particularly integrated gasification com- year of CQ emissions might be avoided, assuming that H
bined cycle (IGCC) systems, have been run successfully oris produced from sources other than coal or natural gas or,
syngas with volumes up to 62 perceptifiprocess plantsin  if other fossil fuels are used, that the £i® sequestered
the United States and Europe. For example, General Electri¢DOE, 2003a). Of course, existing DG technologies such
(GE) has 10 IGCC projects running on-fth fuel, with as microturbines will continue to improve both economi-
6 more planned or going into operation. Nine of these proj-cally and in terms of achieving higher efficiency; thus, com-
ects are associated with refinery operation (Jones and Shilpeting technologies are a continual moving target.
ling, 2002; Jon Ebacher, General Electric Power Systems, The major technical and cost issues for fuel cells re-
CBOFCs, Direct Firing, Win@presentation to the commit- gardless of electrolyte or temperature range are (l) stack
tee, April 23, 2003). cost and life, (2) reformer (where needed), and (3) power
electronics and overall system integration. Addressing
these issues requires basic electrochemistry and material
studies. Total funding by the Office of Fossil Energy for
Since H can be burned in gas turbines, these turbinesits fuel cell activities (phosphoric acid fuel cell [PAFC],
could provide an early market for additionqlpﬂoductiomil MCFC, SOFC) from FY 1978 through FY 2000 was
assuming that the Hs not generated from natural gas. Tur- $1167 million (NRC, 2001a), which was cost-shared 20 to
bines located at the site of the hydrogen production could50 percent with industry. The NRC (2001a) study con-
generate electricity, which could be transmitted via the usualcluded that these funds still did not result in fuel ¢&ks-
electrical transmission and distribution (T&D) system to ing commercial.
residential, commercial, and industrial users. The Office of Energy Efficiency and Renewable Energy
For this market there are R&D needs to address issuedas supported PEM stationary fuel cell R&D since FY 2000
that include the following: (1) combustion technology to re- and has spent $22 million. The SOFC and MCFC pro-
duce NQ emissions and achieve higher efficiencies, (2) fuel grams are supported by the Office of Fossil Energy and
management and controls for operability and safety require-are not part of the DOE hydrogen program, but are consid-
ments, (3) cost-and-efficiency trade-offs, (4) material com- ered Gassociated progran@since they are being devel-
patibility of components with Hlcombustion gas, and (5) oped to operate on natural gas and synfuels. However,
systems development and optimization. these programs could be modified and fueled wihif kit
were available.
The following subsections treat various types of fuel cells,
currently market-deployed or under development, and dis-
Fuel cells offer the potential for very efficient, clean, and cuss them in the context of distributed generation, while not-
quiet distributed power generation. Because the power gening other applications.

Central Power

Direct Fired

Marketplace Scenarios

Fuel Cells for Distributed Generation
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TABLE 3-3 Stationary Fuel Cell SysteiisTypical Performance Parameters (Current)

Cost and Performance

Characteristics System 1 System 2 System 3 System 4 System 5 System 6

Fuel cell type PAFC PEMFC PEMFC MCFC MCFC SOFC

Nominal electricity capacity (kW) 200 10 200 250 2000 100

Operating temperaturéR) 400 150 150 1200 1200 1750

Internal reforming No No No Yes Yes Yes

Package cost (2003 $/kwW) 4500 4700 3120 4350 2830 2850

Total installed cost (2003 $/kW) 5200 5500 3800 5000 3250 3620

Operating and maintenance costs ($/kWh) 0.029 0.033 0.023 0.043 0.033 0.024

Electrical efficiency (%), HHV 36 30 35 43 46 45

Total CHP efficiency (%), HHV 72 69 72 65 70 70

CO, (Ib/MWHh) 1135 1360 1170 950 890 910

Carbon (Ib/MWHh) 310 370 315 260 240 245

Effective electrical efficiency (%), HHV 65.4 58.6 65.0 59.3 65.6 65.5

Commercial status, 2003 Commercially  Demonstration  Demonstration ~ Commercially =~ Demonstration = Demonstration
available introduced

NOTE: PAFC = phosphoric acid fuel cell; PEMFC = proton exchange membrane fuel cell; MCFC = molten carbonate fuel cellp®&xice $uel cell;
CHP = combined heat and power; HHV = higher heating value.
SOURCE: National Renewable Energy Laboratory (2003).

TABLE 3-4 Stationary Fuel Cell SysteM$rojected Typical Performance Parameters (2020)

Cost and Performance

Characteristics System 1 System 2 System 3 System 4 System 5 System 6
Fuel cell type PAFC PEMFC PEMFC MCFC MCFC SOFC
System size (kW) N 10 200 250 2000 100

Total installed cost ($/kW) N 2200 1700 1650 1400 1800
Operating and maintenance costs ($/kwh) N 0.019 0.012 0.020 0.014 0.015
Electrical efficiency (%) N 35 38 49 50 51

Total CHP efficiency (%) N 72 75 75 72 72

Effective electrical efficiency (%) N 65 71 73 69 69

CO, emissions (Ib/MWh) N 1170 1140 834 820 801

NOTE: PAFC = phosphoric acid fuel cell; PEMFC = proton exchange membrane fuel cell; MCFC = molten carbonate fuel cellp®&xice $uel cell;
CHP = combined heat and power; HHV = higher heating value.
SOURCE: National Renewable Energy Laboratory (2003).

Phosphoric Acid Fuel Cells kW. These units are not cost-competitive with other DG

The 200 kW phosphoric acid fuel cell (PAFC) was intro- optiqns, which can provide the same reliability and high—
duced into the market in 1991 by International Fuel Cells/ quality power efficiency. Recently, UTC Fuel Cells decided
ONSI, now called UTC Fuel Celis. It is the only commer- not to manufacture more units and to sell only those in in-

cialized fuel cell technology. PAFC units have been installed ver&/c;]ryi Cu;Lenlt units WII” conténfue toﬂt])e feerIde(:'PAFC ¢
in various applicatio’d commercial, small industrial, land- atare the lessons learned from he failure o 0

fill, and militaryN and some are used for cooling, heating, b;actom?ha co:n:perualfsucl:cefls an:j hOW. dg thelse Iessct)ns jp'
and power. To date there have been 250 units sold, aP'y 0 Other stationary Tuel cell systems in development an

roughly $4500/kW. The U.S. Department of Defense (DOD) demonstration? Was the cause of failure only the high cost

: i 2 .
has cost-shared the purchase of three-quarters of the umtrsel""t'\/e to the other DG systems? The PAFC systems ap

sold to date. The units have performed well: they have Oper_peared to perform well. The federal government had spent
ated at 95 to 98 percent availability and 99.99 to 99 9gggmore than $411 million on PAFC. Should it have continued
percent reliability and have served 4 million customers and

aCFummated 4 million hours Qf operatlorl. The cost of PAFC  430n cassidy, UTC, IncCFuel Cell CommercializatioBpresentation
units has not decreased and in fact has increased from $350@4 the committee, April 24, 2003.
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to sponsor R&D to reduce the cost of the commercialized early 2004 The company is currently beta testing these
systems? It is often thought that the government can be amnits. The Electric Power Research Institute (EPRI) and
early adopter of technology to enable initial volumes to be UTC are currently cofunding a 750 kW PEMFC demonstra-
manufactured and sold. For PAFC, DOD subsidized three-tion that will consist of five 150 kW modules, each with its
guarters of those produced. Should the government (e.g.pwn processing system, for a projected installed cost of
the General Services Administration or DOD) make larger $2600/kW and expected efficiency of 31 percent. The intent
purchases of new technologies? Even if costs had been res to gain manufacturing experience that would be applicable
duced, there are market and regulatory barriers that applyfor PEM automotive fuel cell systems to meet the $50/kW
not only to fuel cells, but also to other new DG technologies, automotive cost target in the 2010 to 2020 time frame. By
such as microturbines. 2010, UTC expects to have developed an SOFC system,
which would be more attractive for DG applications.
PEMFCs for stationary applications have similar R&D needs
to those for automotive applications, with additional techni-
The proton exchange membrane fuel cell, which is the cal challenges related to higher durability (at 40,000 to
fuel cell being considered for vehicle transportation applica- 50,000 hours), heat utilization (a higher-temperature mem-
tions, can also be used in DG applications, particularly for brane is needed), power electronics, rapid start-up time for
small-scale residential and commercial purposes. Thebackup power, fuel processing, and development of non-
PEMFC operating temperature of 160s lower than that of ~ precious-metal catalysts and thermal and water management
the PAFC and much lower than the operating temperaturegechnologies.
of the other fuel cell systems in development: the solid oxide
fuel cell and the molten carbonate fuel cell. This means that
the PEMFC could be used for residential hot water, but not
for high-quality steam or combined heat and power (CHP) Solid oxide fuel cells have an electrolyte that is solid ce-
applications. Many companies (Plug Power, Avista, Ballard, ramic and can operate at up to 1000Unlike PEMFC and
H Power) have been exploring the use of the PEMFC for thePAFC systems, there are no noble metals in the anode or
1 to 25 kW marké¥ which would involve residential build-  cathode. SOFCs can be configured in a tubular or planar
ings, including some small multifamily homes. The PEMFC configuration and can be operated at high enough tempera-
is also being considered in the 50 to 250 kW range. Blard tures to eliminate a fuel reformer. SOFCs reject high-value
first commercial fuel cell product, the 1.2 kW Nexzower waste heat useful for a steam bottoming cycle or available
module, was introduced in the market in 2001. Ballard hasfor CHP. These fuel cells can operate on a variety of fuels,
introduced the Air Gen Unit at 1.2 kW for backup and inter- including H,, but current SOFCs are being designed for nat-
mittent-duty applications; this unit has both hydrogen cylin- ural gas as the fuel. There is potentially a broad spectrum
ders and cartridges to supply the hydrogen. BaBafidst of power-generation applications, from small, lightweight,
continuous stationary fuel cell will be introduced in Japan compact devices in the range of watts to kilowatts to larger
in limited volume by the end of 2004 as a 1 kW CHP unit. SOFC/turbine hybrid systems in the megawatt range.
PEMFC applications can be considered as a niche market, In 2001, the DOE Office of Fossil Energy and industry
particularly in the under-25-kW size, because in this size jointly initiated a Solid State Energy Conversion Alliance
range the PEMFC must compete with existing DG technolo- (SECA) Program for further SOFC development; the pro-
gies that have heating and cooling system applications andjyram currently involves six industrial teams. In addition, a
are reliable, durable, and low-cost. If there were a sizableparallel core technology program is under way at national
market, DG could provide PEMFC manufacturing experi- laboratories and universities. This effort is to be a $500
ence, enhancing the learning curve for PEMFC and hastenmillion, 10-year program to produce modular, mass-
ing its automotive application, which has much more strin- produced fuel cells for stationary, transportation (APUs), and
gent volume and cost requirements. DG applications requiremilitary markets. By 2010, the goal is for the SOFC to have
longer life than automotive applications do. 40 to 50 percent efficiencies and to cost less than $400/kW.
The DOE issued a solicitation in January 2003 for the The SOFC stack represents 30 percent of projected costs;
development of stationary PEMFC for buildings, with the fuel and air handling are another 30 perdent.
target cost of $1500/kW, design life of 40,000 hours with  In addition to the SOFC as a stand-alone DG or in a CHP
less than 10 percent degradation, and market entry withinsystem, SOFCs are being developed in an SOFC/gas turbine
the next 3 to 5 yeafsRecently UTC Fuel Cells announced
that it will introduce 150 kW PEMFC units at $1500/kW in

Proton Exchange Membrane Fuel Cells

Solid Oxide Fuel Cells

B 6John Cassidy, UTC, IncJFuel Cell Commercializatio@presentation
5U.S. Department of Energy, DOE Solicitation DE-SC02-03CH11137, to the committee, April 24, 2003.

QR&D for Fuel Cells for Stationary and Automotive Applicatidddanuary 7Joseph Strakey, DOE/National Energy Technology LaboratBglid

24,2003, p. 2. Oxide Fuel Cell€)presentation to the committee, April 24, 2003.
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hybrid configuratior® In the hybrid configuration, the fuel gas at refineries but not to the same extent as the demonstra-
cell converts fudll for example, either direct hydrogen, tions of large GE turbines for processhg.
syngas from fossil fuels, or biofuélsnto electricity and
water alc_mg with by-product heat. Thg residual fggl from the INDUSTRIAL SECTOR
fuel cell is then burned by a gas turbine for additional elec-
tricity production. The product could be in the 1 to 10 MW Industry is currently the largest producer and user.of H
range with greater than 65 percent efficiency and with fuel in the United States (3 trillion ¥of H, annuallN which
flexibility, and it would be cost-effective when compared represents less than 3 percent of the energy used by the sec-
with the cost of tod&$ technology. tor). Steam reforming and water-gas-shift reactions and sepa-
Applications of the SOFC could include larger commer- rations are the primary processes for hydrogen production;
cial sites, industrial manufacturing facilities, and utility sub- they are carried out in refineries and large-scale chemical
stations. As part of its Vision 21 Program, the DOE is spon- plants. Natural gas is the primary feedstock for existing hy-
soring several hybrid programs, including a 5 MW system (4 drogen production. Approximately 50 percent of thesh-
MW SOFC, 1 MW gas turbine). GE expects this product to sumed by industry is for ammonia production, 36 percent
enter the market in 2013. The SOFC hybrid program will is for petroleum refining, 8 percent is for the production of
utilize the technology advancements from the SECA Pro- methanol, and 6 percent is for other uses (DOE, 2003d).
gram, but there are specific R&D needs related to the hybrid Combustion offers potential for the industry-wide use of
regarding performance, reliability of the life of the stack hydrogen. Industrial boilers and process heBitéugled by
under a system pressurized operating environment; and optithe combustion of fossil fuels such as natural gas anflicoal
mized system design, controls, and components. use 13.5 quadrillion Btu (quads), more than 75 percent of the
With respect to the marketplace, SOFC and SOFC/gastotal U.S. manufacturing energy. By 2050, the combined
turbine hybrids are potentially an attractive basis for an effi- industrial energy demand is projected to be more than 26
cient, clean, cost-competitive DG system, but they do notquads. The use of hydrogen as a combustion fuel source for
depend on having Huel. However, they could facilitate a  industrial boilers and process heaters offers the potential for
transition to a Heconomy by making use of,Hor distrib- a sizable end-use market for hydroljeup to 2.6 quads of
uted electricity and CHP, while other fuel cells for vehicles energy annually by 2050. In addition, there could be im-
are becoming cost-effective, reliable, and efficient. It is im- provements in efficienci€&s99 percent thermal efficiency
portant for the DOE to monitor the milestones and goals of versus 80 percent for conventional technology (DOE, 2003d).
the SECA Program and to fully fund it. There is experience in the industrial sector using hydrogen
blended with other fuels and diluents; there is little or no expe-
rience with H-air and H-O, systems.
Systems studies, as well as conceptual designs and fur-
Molten carbonate fuel cells use a mixture of carbonatesther investigations of component issues related to, for ex-
that are liquid at operating temperafdré00 C to 650C. ample, combustors, heat exchangers, and flue gas ducting,
MCFC, like SOFC, operates at a higher temperature than there needed in order to develop more fully the understanding
PEMFC does; it does not require a fuel reformer; and it canof the role of H combustion technologies in the industrial
be operated with a hydrogen-rich fuel. The M@ uid sector.
electrolyte means more handling issues. It does not have the

ability to be pressurized. The MCFC could serve a niCheSUMMARY OF RESEARCH, DEVELOPMENT, AND

market of data centers and hospitals. FuelCell Energy haﬁJEMONSTRATION CHALLENGES FOR FUEL CELLS
recently made a commercial offering of MCFCs. These fuel

cells will probably not have the same market penetration Despite great improvements in fuel cell technologies over
potential as SOFCs and thus would likely have little or no the past decade and demonstration of promising perfor-
impact as a transition strategy foy tise. mance, both stationary and automotive fuel cell systems still
face large challenges. These primarily involve cost reduc-
tion: costs on the order of $500 to $800/kW-peak are re-
quired for competitive stationary systems, and costs on the
Small gas turbines, less than 25 MW, can operate,on H order of $50 to $100/kW-peak are required for competitive
or H,-rich fuels with little or no modification, similar to gas FCVs. These cost levels are far below current levels for
turbines for central power generation. There have been somearious fuel cell technologies that are in prototype and low-
demonstrations of 5 and 10 MW systems with enrichgd H volume production. Additional challenges include fuel cell

Molten Carbonate Fuel Cells

Direct Use of Hydrogen in Distributed Generation

9U.R. Brendt, Solar Turbines Incorporatése of Hydrogen Rich Fu-
8Jon Ebacher, General Electric Power SystéB§FCs, Direct Firing, els in Gas Turbines, Solar Turbin@private communication to committee
Wind,Opresentation to the committee, April 23, 2003. member Maxine Savitz, February 2003.

Copyright National Academy of Sciences. All rights reserved.



The Hydrogen Economy: Opportunities, Costs, Barriers, and R&D Needs

THE DEMAND SIDE 35

durability: development goals are for 40,000 to 50,000 hoursprograms should be provided by industry. Of course, some
between major overhauls for stationary systems and 4,000 taomponent breakthrough technologies for reformation might
5,000 hours for automotive systems; the development of ef-be justified in supply-side programs, and the results might
ficient and low-cost fuel reformers (see Chapter 8); and thebe applicable to on-board reformation.
development of vehicular hydrogen storage systems that are
inexpensive, lightweight, compact, safe, and quick to refuel Finding 3-2. Various fuel cell technologies are attractive
(see Chapter 4). for stationary applications. In fact, the major stationary fuel
cell research, development, and demonstration progtams
FINDINGS AND RECOMMENDATIONS in particular, the_ solid oxidg fuel ce!l and the molteg carbon-
ate fuel cell (neither of which requires hydrogen fiNedye
Finding 3-1. The federal government has been active in fuel not part of the Department of Enefgyintegrated direct-
cell research for roughly 40 years. Proton exchange mem-hydrogen program. Some private companies have commit-
brane fuel cells (PEMFCs) applied to hydrogen vehicle sys-ted to introducing proton exchange membrane stationary fuel
tems are a relatively recent development (as of the latecells without DOE funds, and these fuel cells appear to have
1980s). The Department of Energy has spent more than $1.2pplicability in a number of niche markets.
billion since 1978, and there has been considerable private
sector investment for all fuel cell types. The DOE has spentRecommendation 3-2.The Department of Energy should
$334 million since the 1980s on PEMFCs for transportation discontinue the proton exchange membrane (PEM) applied
applications, most of it at national laboratories. Automakers research and development program for stationary systems.
and suppliers greatly expanded their PEMFC developmentThe $7.5 million annual budget (FY 2003 and FY 2004 re-
efforts beginning in the later 1990s. In spite of the large fed- quest) for that program could be applied to PEM fundamental
eral and private sector investment, fuel cell prototype costsand basic issues (exploratory research) for all applications.
for light-duty vehicles are still a factor of 10 to 20 times too
expensive and these fuel cells are short of required durabil+inding 3-3. During the past 20 years, a number of ap-
ity. Accordingly, the challenges of developing PEMFCs for proaches have been used to encourage the application of al-
automotive applications are large. Furthermore, the ®OE ternative fuels and technologies in transportation and sta-
near-term milestones for fuel cell vehicles appear unrealisti-tionary systems. Most of these have failed because of the
cally aggressive on the basis of the current state of knowl-lack of real marketplace pull, shifts in government policies,
edge with respect to fuel cell durability, storage systems, andand the relative disinterest of industry. The role of market-
overall costs. The choice of unrealistic targets can lead toplace pull is especially important, as has been exhibited by
programs that emphasize spending on extensions and expethe progress in batteries over the past decade to satisfy high-
sive demonstrations of current technologies in lieu of break-volume consumer electronics demBhidr example, the
throughs that will probably be required if a fuel-cell-based rapid transition from nickel cadmium through nickel metal
hydrogen economy is to be realized. Industry is expandinghydride to todas lithium-ion battery packs.
its development; thus, the DOE should focus on fundamen-
tal research. Recommendation 3-3As the Department of Energy de-
velops its strategy for the hydrogen economy with respect
Recommendation 3-1a.Given that large improvements are to the role of public research, development, and demon-
still needed in fuel cell technology and given that industry is stration policies, it should sponsor an independent study
investing considerable funding in technology development, of lessons learned with respect to the lack of success and
increased government funding on research and developmentidespread market acceptance of previous alternative fuel
should be dedicated to the research on breakthroughs in ortechnologies, as well as other technologies developed for
board storage systems, in fuel cell costs, and in materials fotransportation and stationary power systems. The purposes
durability in order to attack known inhibitors to the high- of this study would be as follows: (1) to assess the role of
volume production of fuel cell vehicles. government policy and its stability as it affects industry
and consumer behavior, (2) to affect strategies related to
Recommendation 3-1b. Since a hydrogen transportation the introduction of hydrogen in the end-use sectors, and (3)
economy will probably not emerge without the development to avoid repeating the mistakes of prior-technology-intro-
of reasonably priced, energy-efficient fuel cells, the trans- duction programs, such as those for electric and natural gas
portation portion of the Department of Ene@yesearch,  vehicles and for phosphoric acid fuel cells for distributed
development, and demonstration program should emphasizgeneration. In addition, strengths and weaknesses of the
fuel cells and their associated storage systems at the expensgartnership for a New Generation of Vehicles Program and
of Qransition technologi&dsuch as on-board reformers and hybrid electric vehicle development should be analyzed, as
hydrogen internal combustion engines. Since transition tech-the FreedomCar Program is structured for the development
nologies mainly involvedlevelopmen®funding for these  of fuel cell vehicles.
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Finding 3-4. The role and use of hydrogen in stationary ap- tematically incorporates both the stationary and the transpor-
plications, such as in large-scale electric power production, intation sectors, nor defined the various trade-offs and opportu-
distributed electric generation, or for industrial applications, nities.

could be significarl before fuel cell vehicles are commer-

cially viable as well as in the long term. The Committee on Recommendation 3-4. An independent, in-depth study,
Alternatives and Strategies for Future Hydrogen Productionsimilar to the present study on the transportation sector,
and Use did not analyze the opportunities and trade-offs forshould be initiated to analyze the opportunities for hydrogen
stationary applications, especially Vis4s the transportation  in stationary applications and to make recommendations re-
sector. Furthemore, as far as the committee can discern, ankhted to a research, development, and demonstration strategy
from reviewing the Department of Enef@yhydrogen re-  that incorporates considerations of both the transportation
search, development, and demonstration (RD&D) plan, theand the stationary sectors.

DOE has not developed a hydrogen RD&D strategy that sys-
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Transportation, Distribution, and Storage of Hydrogen

INTRODUCTION vehicle filling facility. On-board vehicle storage is discussed
separately because its requirements are potentially quite dif-

In any future hydrogen-based economy, key econom|cferem’ even though some of the same technologies, modi-

determinants will be the cost and safety of the fuel distribu-ﬁed for vehicle use. mav be emplovedifor examole. hiah-
tion system from the site of manufacture of the hydrogen to » May ploy ple, hig

the end user. This is true of any fuel, but hydrogen presentéjressu.re cylinders or liquid hydrogen containers. On-board
. . . P reforming of fuels such as gasoline, methanol, or ethanol
unique challenges because of its high diffusivity, its ex-

tremely low density as a gas and liquid, and its broad flam-to produce molecular hydrogen is attractive in principle

. . because it allows use of the existing fuel distribution in-
mability range relative to hydrocarbons and low-molecular-

weiaht alcohols. These unique properties present s eciafrastructure and consequently, if practical, could speed the
9 ’ que prop P P widespread use of fuel cell vehicles without waiting for safe,

cost and safety obstacles at every step of distribution, from : .
. . cost-effective hydrogen storage technologies to be devel-
manufacture to, ultimately, on-board vehicle storage. Also ) . :
oped. A few companies are pursuing this technology, but

critical is the form of hydrogen being shipped and stored. ~." """ . . : . X
. significant technical barriers exist, such as size, weight, cost,
Hydrogen can be transported as a pressurized gas or a cryo-

genic liquid; it can be combined in an absorbing metallic and long start-up times(On-board reforming is discussed

alloy matrix or adsorbed on or in a substrate or transported inin Chapter 3.)
y b The kind of manufacture, transportation, and distribution

a chemical precursor form such as lithium, sodium metal, or. .
chemical hydrides. Carbon-bound forms of hydrogen Suchmfra}strucj{ure rgqum_ad to support a hydrogen-based fuel cell
as todayOs gasoline, natural gas, methanol, ethanol, and o ehicle will be tied directly to the form of hydrogen used on

. . . i . . board the vehicle. For example, on-board storage of mo-
ers are not considered in this report, since their propertie X
A . lecular hydrogen allows a broad spectrum of raw material
and use are well understood. However, comparisons with

. . recursors to manufacture hydrogen. With a chemical car-
such conventional fuels will be made when necessary to helg:.
. ; rier, however, molecular hydrogen may not be needed, and
clarify the issues related to hydrogen.

Any analysis of hydrogen distribution, transportation, and the manufacture, transportation, distribution, and storage sys-

: ttems would be quite different.
storage must encompass both centralized manufacture a In the following sections, various scenarios describe the
sites remote from the user points (these could include large rocess of qoin gfrom the ,manufacture of hvdroaen or its
central station plants or midsize plants for regional markets,p going yarog

cases that are considered in the cost analysis presented frerner o the on-board storage systems of the vehicle. The

Chapter 5) and distributed manufacture at the vehicle filling major cost a_nq technology barriers to making this process as
g X safe and efficient as possible are presented. Comments are
facilities. The centralized manufacture of molecular hydro- ; L .
. . R also made on the infrastructure scenariosNthat of getting
gen requires a means of transportation and distribution a .
. ) R he hydrogen economy started (during the next 10 to 15
well as intermediate storage capabilities, while distributed . . -
— ) : years), followed by the intermediate stage as significant
manufacture will likely require only storage at the vehicle : .
- - : . numbers of fuel-cell-powered light-duty vehicles are pro-
filling facility. The use of a chemical hydrogen carrier re- : .
. . g . duced (2020 to 2030), and finally, the steady-state scenario
quires centralized manufacture of that material, shipment to

the user site, and then disposal or recycling of the waste

materials after the hydmgen is released on board the vehicle. 1Bill Innes, ExxonMobil Research and Engineering Corporation, Olssues

References tp Storage in the preCEdm_g cor_nments rela'[Qlonfronting Future Hydrogen Production and Use for Transportation,O pre-
only to storage in transit from the production site and at thesentation to the committee, June 12, 2003.
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when such vehicles achieve major market penetration (2050)of building special pipelines coupled to large, dedicated hy-
(See Chapter 6.) drogen manufacturing plants, and are undoubtedly more eco-
nomic than continued over-the-road shipping.
MOLECULAR HYDROGEN AS FUEL Whether molecular hydrogen. is ma_mu_fact_ured centrally or
locally, a number of transportation, distribution, and storage
Molecular hydrogen is currently receiving the most atten- requirements pose significant technical, cost, and safety prob-
tion and financial support as the starting point for fuel cell lems. These various requirements could necessitate the use of
energy supply. The literature and the many presentationgnterim storage facilities at plant sites for inventory or to com-
that the committee heard indicate that the manufacture ofpensate for demand swings and plant interruptions; the pos-
molecular hydrogen is the consensus approach favored bible use of storage along pipelines and at distribution hubs;
the majority of leadership within the government, at univer- storage at the fuel cell vehicle loading stations; and, most criti-
sities, and in industry. It is favored because it allows the usecally, storage on board the vehicles themselves. For clarity,
of a variety of hydrogen sources, ranging from coal and natu-on-board vehicle storage is addressed separately from off-
ral gas to biomass, solar, wind, and nuclear energy, as welboard storage, which is associated with distribution from the
as a multitude of relatively well understood manufacturing hydrogen-manufacturing site to the vehicle filling facilities.
approaches ranging from small to large reformers, water- The committee notes that resilience to terrorist attack has
gas-shift reactors, electrolytic devices, thermal processeshbecome a major performance criterion for any infrastructure
and so on. (See Chapter 8 and Appendix G for a discussiorsystem. In the case of hydrogen, neither the physical and
of the various hydrogen production technologies.) operating characteristics of future infrastructure systems nor
In the early stages of a transformation to a hydrogenthe timing of their construction can be understood in suffi-
economy, molecular hydrogen will probably be obtained cient detail to permit an analysis of their vulnerability. How-
from existing sources such as chemical plants and petroleunever, the committee does observe that public concerns with
refineries. Today, about 9 million tons of hydrogen are terrorism seem likely to influence the choice of any future
manufactured annually in the United Statmsd transported  energy system and that resilience to deliberate attack is best
for chemical and fuel manufacturing as a low- or high-pres- designed in at the beginning.
sure gas via pipelines and trucks or even as a cryogenic lig-
uid .(DOE’ 2002a). Much experience worldwide has begn Centralized Production of Molecular Hydrogen
achieved over many years to make these transportation
modes safe and efficient. However, if the volume of hydro-  Table 4-1 underscores key aspects of the costs of moving
gen use grows, new safety and cost issues will surface, remolecular hydrogen from its place of manufacture to the
quiring major infrastructure changes. The committee found place where it is used as compared with the same types of
the analysis presented by Joan Ogden, among others, to beosts for toda§s conventional fuels such as gasoline and
reasonablé.These analysts contend that in the very early natural gas. The table presents a series of cases that the
stage of transition to the hydrogen economy, supplying of committee developed for purposes of understanding costs
hydrogen for use in fuel-cell-powered vehicles would rely and indicating where research or technology development
predominantly on over-the-road shipment of cryogenic lig- might play a useful role in reducing them. The increased
uid hydrogen or possibly hydrogen in high-pressure cylin- costs for transportation of molecular hydrogen versus those
ders from existing chemical and petroleum refining plants. for conventional fuels are the direct result of the fundamen-
Because of the high cost of such shipment modes, governtal physical and thermodynamic properties of molecular hy-
ment subsidies would probably be needed to help fuel-cell-drogen compared with tod@yliquid fuels.
powered vehicles approach cost parity with gasoline-pow-  Molecular hydrogen is a uniquely difficult commodity to
ered cars. It is also possible that pipelines could be usedhip on a wide scale, whether by pipeline, as a cryogenic
from existing manufacturing facilities, but this would only liquid, or as pressurized gas in cylinders. On a weight basis,
be possible where location dictated favorable economics asiydrogen has nearly three times the energy content of
compared with costs for road shipment. The committee be-gasoline (120 megajoules per kilogram [MJ/kg] versus
lieves that as the volume of demand grows, however, this44 MJ/kg), but on a volume basis the situation is reversed
approach will evolve to the use of local distributed hydrogen (3 megajoules per liter [MJ/L] at 5000 pounds per square
production based on natural gas reformers and electrolyticinch [psi] or 8 MJ/L as a liquid versus 32 MJ/L for gaso-
units. These alternatives are less capital-intensive than thaline). Furthermore, the electric energy needed to compress
- hydrogen to 5000 psi is 4 to 8 percent of its energy content,
2Jim Hansel, Air Products and Chemicals, Inc., personal communication depending on the starting pressure; to liquefy and store it is

to Martin Offutt, National Research Council, October 3, 2003. of the order of 30 to 40 percent of its energy corﬁelﬁipe-
3Joan Ogden, Princeton Universifesign and Economics of Hydro-

gen Energy Systen@presentation to the committee, January 23, 2003. _—
4Joan Ogden, Princeton Universi@esign and Economics of Hydro- 5Joan Ogden, Princeton Universi@esign and Economics of Hydro-
gen Energy Systen@presentation to the committee, January 23, 2003. gen Energy Systen@presentation to the committee, January 23, 2003.
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TABLE 4-1 Estimated Cost of Elements for Transportation, Distribution, and Off-Board Storage of Hydrogen for Fuel
Cell Vehicle§ Present and Future

Total
Dispensing and Total Energy
Production Costs Distribution Costs  Dispensing Costs Distribution Costs Total Costs Efficiency
Case ($/kg) ($/kg) ($/kg) ($/kg) ($/kg) (%)
Centralized Production,
Pipeline Distribution
Natural gas reformer
Today 1.03 0.42 0.54 0.96 1.99 72
Future 0.92 0.31 0.39 0.70 1.62 78
Natural gas + CQcapture
Today 1.22 0.42 0.54 0.96 2.17 61
Future 1.02 0.31 0.39 0.70 1.72 68
Coal
Today 0.96 0.42 0.54 0.96 1.91 57
Future 0.71 0.31 0.39 0.70 1.41 66
Coal + CQ capture
Today 1.03 0.42 0.54 0.96 1.99 54
Future 0.77 0.31 0.39 0.70 1.45 61
Distributed Onsite Production
Natural gas reformer
Today 3.51 56
Future 2.33 65
Electrolysis
Today 6.58 30
Future 3.93 35
Liquid H, Shipment
Today 1.80 0.62 2.42
Future 1.10 0.30 1.40
Gasoline (for reference) $0.93/gal $0.19/gal $1.12/gal Well to tank:
refined 79.5%

NOTES: The energy content of 1 kilogram of hydrogesy) @proximately equals the energy content of 1 gallon of gasoline. Details of the analysis of the
committed$ estimates in this table are presented in Chapter 5 and Appendix E of this report; see the discussion in this chapter.

line transmission of hydrogen is expected to be more capi-tion and dispensing of gaseous molecular hydrogen. Natural
tal-intensive than pipeline transmission of natural gas be-gas and coal are the raw materials, and costs are given with
cause of the need for pipes at least 50 percent greater imnd without CQ by-product capture and storae.
diameter to achieve the equivalent energy transmission rate, ¥ Distributed onsite productidsy natural gas reforming
and because of the likelihood that more costly steel andor electrolysis of water.
valve metal seal connections will be required for pipelines ¥ Over-the-road shipment costscryogenic liquid hy-
for hydrogen in order to avoid long-term embrittlement and drogen. This mode is expected to be used in the early stages
possibilities of leakage. As the shipments of hydrogen growof hydrogen supply to filling depots and stations.
from today@ low levels to the amounts required to support ¥ Gasoline distribution and dispensivig today infra-
full-fledged fuel cell vehicle use, major transportation safety structure is shown for reference.
code revisions will undoubtedly be required (see Chapter 9).

Table 4-1 presents selected data from the comr@ittee
estimates for the costs to deliver hydrogen to fuel cell ve-  erhe cost of capturing COn a natural-gas-to-hydrogen plant is roughly
hicles (see Chapter 5 and Appendix E) The table summashree times that of a coal-gasification-to-hydrogen plant owing to greater
rizes the committ€® assessment of todayechnmogy costs  added capital costs related to £Qapture in the natural gas plant
and possible future costs based on improvements througHmonoethanolamlne [MEA] scrubber plus £&mpressor) versus that of

d | t and h for the followi . the coal plant (compressor only). In addition, the natural gas reformer plant
evelopment and research for the tollowing cases. pays a greater efficiency penalty than does the coal plant (relative to the

case in which C@is vented), so its increase in variable costs (feed and fuel)
¥ Centralized productigriollowed by pipeline distribu- s greater.
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Obviously the future costs given in Table 4-1 are specula-resent an opportunity for technology development. If that
tive and were based on the commi@eeonsensus views of  could be reduced to a 20 percent loss through some sort of
what might be possible. They are to some extent optimistic.breakthrough, there could be an incremental decrease in cost
Table 4-1 also includes a column on overall efficiency from relative to todags liquefaction costs, somewhere in the range
raw material to final product at the pump, which is interest- of $0.20/kg.
ing for showing how difficult it is to approach todaygaso- Research to reduce the liquefaction costs for hydrogen
line refining and delivery efficiencies. could potentially benefit its cost of shipment by truck, ship,

The complete cost data sets with assumptions for the casesr rail, but could also be advantageous for storage at plant
in Table 4-1 are given in Appendix E. These cost estimatessites to guard against unplanned shutdowns. The committee
also include estimates of future improvements through tech-views this research as more appropriate for nearer-term in-
nology refinements and basic research; these results are natestment, since this mode of shipment could dominate in the
listed in Table 4-1 because they do not change the overalkarly stages of fuel cell vehicle introduction.
conclusions with respect to where the critical areas for cost In addition to the shipping considerations already dis-
improvement lie for the distribution and dispensing of hy- cussed, the centralized manufacture of molecular hydrogen
drogen in a future fuel cell economy. will require a series of storage facilities as it makes its way

According to the committ&® analysis, the most efficient  to the consumer. A large-volume, centrally placed manufac-
means of producing hydrogen in the long run is via large- turing plant site will require storage for 1 to 5 dasapply
scale, centralized plants that use pipeline distribution net-of production to accommodate demand fluctuations and
works. Strikingly, while hydrogen can be produced today at short-term outages. If hydrogen were stored as a pressurized
costs ranging from $1.22 to $1.03/kg fdlom natural gas,  gas, the most economical method at the manufacturing site
and from coal at $1.03 to $0.96/kg With and without car- ~ would probably be underground caverns. A few such cav-
bon sequestration, respectively, pipeline shipment and dis-erns have been used in Europe, although they depend for
pensing adds an estimated cost of $0.96/kgatich is es- their utility on appropriate underground formations, such as
sentially equal to the cost of production. Even with possible depleted petroleum reserves or wet salt caverns (Ogden,
future improvements in shipping and distribution, this cost 1999). Clearly, widespread use of such storage would en-
is much more than tod&gasoline dispensing and distribu- gender much government regulation and careful permitting
tion costs, at $0.19/gal. This analysis demonstrates the realiprocedures that in the long run might render them uneco-
ties of shipping Hgas versus the much more efficient ship- nomic as compared with the more-capital-intensive insulated
ment of a liquid. tanks that use liquefied hydrogen as the plant buffer.

If and when extensive new hydrogen transmission pipe- Whether the hydrogen was stored as pressurized gas or
lines are needed in the decades ahead, research in such ardagiid hydrogen, there would also be a need for local stor-
as lower-cost pipeline materials, technology for dual-use natu-age at the filling facilities and possibly secondary regional
ral gas-and-hydrogen pipeline connection techniques, layoutdistribution sites. For local storage of liquid hydrogen,
optimization, and even pipeline emplacement technologiesthere would be the need for insulated tanks with tall evap-
may be of significant value. However, the committee seesoration dispersement stacks or other means to capture
this as a priority research area only to the extent that suctand reliquefy the vaporized hydrogen. For gaseous hydro-
efforts directly benefit distributed production techniques, gen, arrays of high-pressure cylinders probably would be
which are expected to dominate over the next 20 to 30 yearsneeded. Shipment of compressed hydrogen gas also re-

The energy needed to pressurize hydrogen for pipelinequires local step-up compressors to bring the pipeline-
transmission and for local storage at filling facilities where it delivered pressures (100 to 200 psi) or the mobile truck
is stepped up to vehicle on-board storage needs will be signifi-cylinder pressure (2,500 psi) to the needed on-board ve-
cant in terms of capital and electricity; this area may benefithicle pressures of 5,000 to 10,000 psi. The capital and
from the development of new technologies. Those used todayenergy-loss costs of all these steps present formidable ob-
are mature and have not been improved significantly for manystacles to justifying hydrogen as an energy carrier when
years. Here, too, the committee believes that this is not a nearsompared with toda$ liquid fuels.
term priority research area unless it is related to distributed Safety issues related to the placement of filling facilities
hydrogen production systems, as mentioned above. near population centers are also of major concern. Measures

In the initial phases of hydrogen infrastructure develop- to address safety should be a major part of near-term R&D
ment, the transportation of cryogenic liquid hydrogen via expenditures (see Chapter 9).
trucking or rail could play a significant role. Table 4-1 shows At a briefing to the committee from representatives of
that over-the-road shipment of liquid hydrogen and dispens-DOE® Office of Energy Efficiency and Renewable Energy
ing at a vehicle filling site is estimated to add anywhere from (EERE) on June 10, 2003, cost ranges were given for pipe-
$2.42 to $1.40/kg ktto the production costs. The process of line and liquid shipment of hydrogen that were somewhat
liquefying molecular hydrogen consumes up to 40 percenthigher than the results shown in Table 4-1. Comparison of
of the energy content of the weight shipped and may rep-the assumptions used for EE@End the committé cal-
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culations reveals that the difference lies principally in the substrates. There are many possibilities, perhaps hundreds
length of the transmission pipes, their diameters, and their(see Thomas [2003] and DOE [2003e] for excellent assess-
cost compared with natural gas pipelines. Additionally, ments of the many possibilities under study or suggested as
EERES calculations lumped costs for dispensing with those areas for future work). None of these technologies are seri-
for transmission and did not include costs of buffer storageous contenders for shipment from centralized manufacturing
at the centralized production facility. Both groGassump- sites because they are inefficient on a weight and/or volume
tions are reasonable, and both lead to the same conclusiohasis in comparison with cryogenic liquid hydrogen and
for future research targets. pipeline-transmitted hydrogen. However, they are still in
contention for possible local storage or on-board vehicle stor-
age. Some of the technologies in this category have been
used in demonstration projects, but none have come close to
In the intermediate stages of expansion of fuel cell ve- being practical for light-duty vehicles. Problem areas in-
hicle use (in the 202020 time frame), local distributed clude the overall weight of the storage alloys, the limited
generation with small-scale natural gas reformers or by elec-capacity of the alloys and carbon materials, the difficulties
trolysis of water will probably make the most economic in liberating hydrogen from the carriers, and the high overall
sense before large, central, dedicated plants with pipelinesystem costs. Nevertheless, the committee believes that ab-
distribution can be justified economically. The delay of large sorption, adsorption, and related dense-phase hydrogen car-
capital investments for centralized, ildroduction through  rier technologies are a fruitful area for sustained exploratory
distributed manufacture is a significant advantage when fuelresearch primarily because of their promise of safety for off-
cell vehicle density is low, but there are drawbacks in termsboard and on-board vehicle applications.
of the higher costs associated with current distributed H  Almost as important as the need to study this area is the
generation technology as well as in the inability to capture need to narrow the field of technology options as quickly as
CO, emissions in the case of local reformers. There will un- possible rather than spreading a limited development budget
doubtedly also be many new safety and code issues relatetbo thinly. The committee makes this point based on the
to the manufacture of hydrogen adjacent to or in urban areasobservation of the great number of proposed concepts vying
In the case of local manufacture, however, there appeardor support. The committee is pleased that the requested
to be opportunity for important technological improvements DOE budgets in these areas have been increased substan-
in costs and efficiencies for distributed reformers and elec-tially over the next several years (DOE, 2003a), but it is
trolytic hydrogen generators. Over the next 5 years, im-concerned that continuing existing programs on pressurized
proved small reformers with lower operating costs, higher tanks and liquid hydrogen approaches may limit more ex-
energy efficiency, and lower investment deserve priority (seeploratory areas (described above and in the next subsection).
Chapter 8). If economic means of capturing,©@ a small
scale could also be found, this capability might be a strong
incentive for local manufacture in the long run. The com-
mittee believes that reformer research aimed at the distrib- Viable options to provide acceptable and adequate on-
uted market should be emphasized now in order to provideboard vehicle storage of molecular hydrogen for at least a
hydrogen manufacturing options in the 282030 period. 300-mile driving range follow directly from the preceding
Exploratory research to improve electrolyzer efficiency discussion. These options include, for example, containment
should also be supported. If it were possible to developin high-pressure cylinders, in cryogenic dewars with con-
electrolyzers that could lower the cost of local ancillary trolled bleed-off and the ability to accommodate significant
equipment, such as compressors, or reduce the need for conpressure buildup to slow losses, and in metal alloy matrices
ponents of storage facilities and improve safety, such ad-or some type of solid absorbent or adsorbent.
vances could significantly benefit the intermediate stages of In the case of 5,000 to 10,000 psi cylinders, the principal
a hydrogen economy. The committee believes that distrib-issues are concern for public acceptance of their safety, the
uted manufacturing technologies deserve significantly in- cost to manufacture such containers (which today are made
creased research investment over the next 10 to 15 years (sees multishelled structures that use fiber-wound composite
Chapter 9). technologies), the time and complexity of the filling opera-
tions, and the space that such tanks with the needed capacity
would occupy on board the vehicle (see Table 4-2). For
example, for more than a 200-mile driving range, télay
natural gas vehicles usually require two tanks, which use up
Means other than pressurized gas or cryogenic liquidmuch of the trunk. A hydrogen-fueled vehicle with 5,000
theoretically exist for useful transportation and storage of psi tanks would probably require two tanks, or, if the tank
molecular hydrogen. They principally include pressurized was 10,000 psi, a small vehicle might need one tank. Several
absorption in metallic alloys and on or in carbon or other companies are trying to develop these tanks, but none has

Distributed Manufacture of Molecular Hydrogen

On-Board Storage of Molecular Hydrogen

Solid-State Transport of Hydrogen and Off-Board
Hydrogen Storage
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achieved the required performance. Table 4-2 summarizesnust operate at a higher temperature than the desorption tem-
the minimum performance needs for hydrogen on-board stor-perature for hydrogen. Current proton exchange membrane

age as expressed by representatives of the automotive induguel cells (PEMFCs) operate at approximately@0conse-

try (DOE, 2002b). Table 4-2 also includes the targets estab-quently, the desorption temperature must be substantially

lished by the DOE with the FreedomCAR Hydrogen Storage lower. This relationship suggests that important research is

Technical Team (DOE, 2003b). needed either to raise the fuel cell operation temperature or

Cryogenic pressurized storage technologies are less deto lower the H desorption temperature. New materials con-
veloped than high-pressure gas storage cylinders are, butepts have an important role to play in finding a solution for
have been used in some demonstration vehicles. The use dhe hydrogen release problem. Heat management during up-
liquid hydrogen as fuel on board a light-duty passenger ve-take and release is a critical area requiring attention. Device
hicle seems unlikely to meet the capacity and size require-designs that can load vehicles in an acceptable time with
ments acceptable to the automotive industry. In addition, fail-safe safety controls and then release hydrogen at the rates
further obstacles to this approach include the high energydemanded are vital to the success of this approach. The com-
requirements for liquefying molecular hydrogen, safety con- mittee views these areas, although still in their infancy, as
cerns related to continuous hydrogen boil-off, and the escavery important.
lating number of delivery trucks that would be ontheroadto  In summary, the committee questions the use of high-
meet demand in the middle years of scale-up. pressure tanks aboard mass-marketed private passenger ve-

If molecular hydrogen is to be used on board small per- hicles from cost, safety, and convenience perspectives. The
sonal vehicles, it seems most likely that some sort of revers-committee is also concerned about the complexity and capi-
ible solid system must be developed. Currently, many con-tal intensity of the filling station equipment. The committee
cepts are under study for this type of system. These include &as a similar view of the use of liquid hydrogen. Exploratory
wide variety of metal alloys that form reversible hydrides, budgets for the development of dense-phase materials as
hydrogen adsorbers based on various forms of carbon andhydrogen carriers are being expanded, as mentioned above,
other high-surface-area materials, high-energy chemical com-but goals for this research need to be sharpened toward the
pounds such as sodium borohydride that react with water ombjective of focusing on a few options that have real prom-
even alcohols, and a whole series of early concept ideas thase, and then on accelerated early-stage development. With-
aim to store and then liberate hydrogen when it is heated owout such a commitment to show encouraging progress in this
reacted (Thomas, 2003). None of the concepts under studgritical area, private sector enthusiasm toward the develop-
has achieved the minimum objectives set by industry (seement of fuel-cell-powered light-duty vehicles could wane
Table 4-2). Even if the capacity and percent-by-weight goalssubstantially.
can be demonstrated, there are major issues around costs of
Fhe carrer materials, f|||||jg tlmgs, and heat managem_ent d.ur_AIternatives to Molecular Hydrogen Transportation,
ing filling and hydrogen liberation to meet the fluctuationsin .~ . = .

) : . - Distribution, and Storage
electrical demand associated with normal driving.

Heat management during hydrogen uptake (fueling) and The preceding discussion is based on the assumption that
hydrogen desorption during vehicle operation need furtherthe cost and safety problems associated with transportation,
study. If the heat of desorption per mole of molecular hy- distribution, and on- and off-vehicle storage can be satisfac-
drogen is large, two important implications follow. First, a torily solved with molecular hydrogen at every stage of its
large surface area for the heat exchangers is required, and #cale of use, and that there is no better approach available.
will add weight and volume; if waste heat is not available at However, the committee was presented with several intrigu-
the needed temperature and rate, a significant fraction of theng Qyame-changin@possibilities (JoAnn Milliken, Depart-
fuel energy will be wasted. This also means that the fuel cellment of Energy(Hydrogen Storag@ presentation to the

TABLE 4-2 Goals for Hydrogen On-Board Storage to Achieve Minimum Practical Vehicle Driving Ranges

General Motors Compressed/Liquid
Energy Density Minimum Goals Hydrogen (Currently) DOE Goal
Megajoules per kilogram 6 4/10 10.8
Megajoules per liter 6 3/4 9.72

NOTES: Energy densities are based on total storage system volume or mass. Energy densities for compressed hydroganes @bl §)@38 psi.
SOURCES: DOE (2002b, 2003b).
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committee, December 2, 2002; Thomas, 2003) that it be-THE DEPARTMENT OF ENERGYOS

lieves should be vigorously examined for their potential. HYDROGEN RESEARCH, DEVELOPMENT, AND
Here again, narrowing the field as quickly as possible to fo- DEMONSTRATION PLAN

cus on those few prospects with the most potential is a vital

. The committee was pleased to be given an early draft
component of any research investment strategy.

All alternatives to molecular hydrogen relate to the manu- of the POE Office of Energy Efficiency and Renewable
yarog Energy8 (Hydrogen, Fuel Cells and Infrastructure Tech-

facture of energetic metals or their hydrides, which, when re- . ] .

acted with water, emit hydrogen (Thomas, 2003). These ma_nologles Prpgram. 'Mult|—Year Research, Development and
. ' : ' o .. _Demonstration Plab(dated June 3, 2003) (DOE, 2003b).

terials would be shipped from centralized manufacturing sites =

: . . - The following are the committ&@ comments on this docu-
by conventional truck, rail, or ship and distributed to consumer -
o S . : ment regarding the areas of off-board storage, transporta-
fuel cell vehicle filling facilities. Vehicles would be equipped .. L
. . . . : tion, and distribution of hydrogen (see DOE [2003b], pp. 3-
with devices for reacting the compounds with water in order

to generate fuel-cell-quality hydrogen and for storing the Waste30 through 3-55).

. Fundamentally, the committee agrees with the BOE
reactants. Waste would then need to be recycled or disposed : :
. . assessment of the research needs in these important areas,
of in an environmentally acceptable manner.

o ' ._._especially those relative to pipeline costs and the need to
The principal game-changing features of these materials. : . .
N . . improve the energetics of hydrogen compression and lique-
are the elimination of most safety and cost issues that high-_ . . . )
. X . faction. The committee differs with the DOE on near-term

pressure or cryogenically liquefied molecular hydrogen has, . . : : )

o . riorities. The committee believes that the requested in-
and the possibility of a major safety and range enhancemen oo L

. creased funding in these areas should be prioritized to
for on-board storage of hydrogen. Several small-vehicle dem—Stron v favor solid or dense-phase storage of hvdrogen. es

onstrations of the efficacy of this approach and its ability to gy P 9 ydrogen,

; o . .~ pecially for on-board vehicle use, since on-board storage
provide acceptable driving range, hydrogen purity, and deliv- . )
. h appears to be one of the primary obstacles to fuel cell vehicle
ery rate and vehicle space efficiency have been successfull

made (Bak, 2003). The use of 20 to 30 percent by weight O?ﬁractmahty, along with the needed fuel cell cost reduction

alkali-stabilized aqueous solution of sodium borohydride as and reliability improvements.

fuel, which is pumped over a catalyst to generate hydrogen

instantaneously, was demonstrated recently by Daimler-FINDINGS AND RECOMMENDATIONS
Chrysler in its Chrysler Town and Country Natrium fuel cell

minivan vehicle! This approach demonstrated the potential The following findings and recommendations are based

on the idea that some research and technology investments

for meeting vehicle mileage, weight, and volume gbals. : A .
e ' . are at present more important than others in criticality and in
The principal current shortcomings of these chemical |, SR X .
time. This prioritization reflects the need to invest in over-

methods for generating hydrogen are the high cost of manu-__ ! . . .
facture of the chemicals and the not-yet-demonstrated techS2MNg the technology gaps that might be major stumbling

i . . blocks to immediate progress and to delay or reduce invest-
nology for recycling or disposing of waste products effec-

. ) ) : ment in those activities that, while very important, can wait
tively. Secondary issues include catalyst longevity over the "

; . . . . for several years because they are not critical to near-term
vehicle life, fuel stability on board the vehicle, and the abil-
. : . : progress.
ity to meet automotive range and reliability requirements.
However, all of these shortcomings, with the exception of
the cost of recycling and initial manufacture, have had en-

couraging real-world demonstrations in full-sized passengerproduction of hydrogen will be a driver for the continued

vehicles, as for example with the Natrium fuel cell vehicle. . : . .
. ; o . expansion of fuel-cell-powered private vehicles. Needs in
The committee believes that this is an important area for : i
. . the very early period are expected to be covered by shipment
further research and that it should be pursued vigorously to ! . .
. : : : of pressurized or liquefied molecular hydrogen, but as vol-
find the best chemicals for this use and to improve the eco- .
. . . ume requirements grow, such an approach may be deemed
nomics of their manufacture and regeneration. The DOE . . :
. . too expensive and/or too hazardous for continued widespread
should also continue to encourage other game-changing con- I
. . . use. Distributed manufacture of molecular hydrogen seems
cepts because of the pivotal importance of this need to the ; .
. most likely to be best done with small-scale natural gas re-
future of fuel-cell-powered vehicles. .
formers or by electrolysis of water. At present both tech-
nologies are capital-intensive and relatively energy-ineffi-
cient. Without such distributed manufacture, it seems likely
that the very large centralized production and pipeline distri-
- bution investments will be difficult to justify and could slow
"The spent fuel cartridges would be regenerated at a central location. conversion to hydrogen markedly. It seems possible that, in

8Additional information is available online at www.h2cars.biz/artman/ comparison with tOdE@ state-of-the-art technology the new
publish/article_144.shtml. Accessed December 4, 2003. '

Finding 4-1. It seems likely that in the relatively near term
(the next 10 to 30 years), distributed rather than centralized
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technology for distributed manufacture may reduce produc- Finding 4-3. The evolution of the transportation and deliv-
tion costs through efficiency improvements and possibly by ery and storage systems for hydrogen will transition several
enabling reduced capital requirements for ancillary storagetimes as hydrogen demand increases over many decades.
and filling equipment. This would of necessity mean continuous and overlapping

shifts from small-scale delivery and storage, to distributed
Recommendation 4-1Increased research and development manufacture and storage, to centralized production with ex-
investment in support of breakthrough approaches should bdensive pipeline, distribution, and storage networks. Such a
made in small-scale reformer and electrolyzer developmentcomplex evolution would likely benefit from systems analy-
with the aim of increasing efficiency and reducing capital sis to help guide the optimum research and technology in-
costs. A related goal should be to increase the safety andestment strategies for any given stage of the evolution and
reduce the capital intensity of local hydrogen storage andthus enable the most effective progress toward the long-term
delivery systems, perhaps by incorporating part or all of theseend states.
capabilities in the hydrogen-generating technologies.

Recommendation 4-3.Systems modeling for the hydrogen
Finding 4-2. It is clear that the vast majority of current supply evolution should be started immediately, with the
private and governmental investments in the manufacture ofobjective of helping guide research investments and priori-
hydrogen for fuel cell vehicles are aimed at the direct use ofties for the transportation, distribution, and storage of mo-
molecular hydrogen. Because of the inherent difficulties in lecular hydrogen. In addition, parallel analysis of the many
the transportation, distribution, and storage of molecular alternatives for other means of supplying hydrogen to fuel-
hydrogen, it is apparent that other approaches for hydrogercell-powered facilities and vehicles should be performed;
generation may have advantages for transportation and fosuch analysis is needed to prevent wasteful expenditures and
on- and off-board storage. The latter include compoundsto help focus attention on viable technology that would po-
that, on reaction with water or some other reactant, generatéentially compete with the direct supply and delivery of mo-
hydrogen, and solid-state carriers that contain high concen{ecular hydrogen and that might be useful for all or portions
trations of adsorbed or absorbed hydrogen that liberate theof the future hydrogen economy.
stored hydrogen through the application of heat. Many pos-
sibilities exist in these categories, but few have received sig-Finding 4-4. Hydrogen is particularly difficult to ship from
nificant research support. Solid-state hydrogen carriers will a manufacturing site to filling facilities for vehicle servicing.
probably not be useful for the transportation and distribution In fact, the cost to ship and store can easily equal the costs
of hydrogen, but may be valuable for local and/or on-board of production. These costs are directly related to molecu-
vehicle storage. The committee strongly supports the re-lar hydroge® thermodynamic properties, low molecular
guested Department of Energy budget increases in the vitalveight, and consequently high diffusion capabilities, and to
area of hydrogen storage. The committee believes, how-ts great flammability and ability to form explosive mixtures
ever, that major shifts in emphasis should be made immedi-over a wide range of concentrations. Particular concerns
ately in order to make sure that the many new ideas currentlyrelate to the energy losses during compression and liquefac-
available are properly examirigdecause without relatively  tion and to the tendency of hydrogen to embrittle some cur-
near-term confidence by industry and government leadersyrent pipeline materials.
interest in continuing the pursuit of fuel cell vehicle trans-
portation uses is likely to wane over time. Recommendation 4-4. Research and technology develop-

ment should be carried out in support of novel concepts that
Recommendation 4-2. The Department of Energy should promise major improvements in the cost and efficiency of
halt efforts on high-pressure tanks and cryogenic liquid stor-compressors for molecular hydrogen and reductions in the
age for use on board the vehicle. These technologies are in eost of pipeline materials, valves, and other leak-prone com-
pre-commercial development phase, and in the comi@ittee ponents of its distribution system. Initial research should
view they have little promise of long-term practicality for focus on those components that are directly related to dis-
light-duty vehicles. The DOE should apply most if not all of tributed hydrogen production. In later years, research should
its budgets to the new areas described in Finding 4-2 withshift to components for large, centralized production plants
the objective of identifying as quickly as possible a rela- with extensive pipeline and storage facilities. The commit-
tively few, promising technologies. Where relevant, efficient tee believes that current Department of Energy plans call for
waste-recycling studies for the chemically bound approachegresearch that relates primarily to centralized molecular hy-
should be part of these studies. Even during this winnowingdrogen manufactulféa need that is many decades in the fu-
process the DOE should continue to elicit new concepts andureN and consequently may shortchange other, more im-
ideas, because success in overcoming the major stumblingnediate needs.
block of on-board storage is critical for the future of trans-
portation use of fuel cells.
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Supply Chains for Hydrogen and
Estimated Costs of Hydrogen Supply

The supply chain for hydrogen comprises the processeggen production facility directly.Nuclear energy might be
necessary to produce, distribute, and dispense the hydrogemsed in high-temperature chemical reactibns.
Currently, most hydrogen is produced from natural gas close
to where it is needed for industrial purposes. A variety of .
: . . . Scale of Production
potential hydrogen supply chain pathways are considered in
this chapter. The major factors that will affect the cost of = The estimates presented here are developed at three dif-
delivered hydrogen are these: ferent scales of hydrogen generation, referred to as central
station (CS), midsize (MS), and distributed (Dist). Central
¥ The feedstock and/or the major energy source fromstation plants are assumed to have a production capacity of
which the hydrogen is produced, 1,200,000 kilograms per day (kg/d) and to operate with a
¥ The size of the facility at which the hydrogen is pro- 90 percent or higher capacity factor, therefore producing on
duced and the transportation requirements to deliver it to theaverage 1,080,000 kg/d,ldupporting nearly 2 million cars.

customer, Midsize plants are assumed to have a production capacity
¥ The state of the technology usedNwhether current or of 24,000 kg/d; operating with a 90 percent capacity factor,
to be improved by future developments, and they produce on average 21,600 kg/dadd support about

¥ Whether or not the carbon dioxide (f08y-product is 40,000 cars. The distributed plants have different production

sequestered when hydrogen is produced from fossil fuel. capacities corresponding to the differing capacity factors.
Those that operate with a 90 percent capacity factor are

This chapter presents estimates of the costs of hydrogenassumed to have a production capacity of 480 kg/gid-
measured in terms of dollars per kilogram of hydrogen, for ducing on average 432 kg/d. Those operating with lower ca-
the most likely supply chain pathways. pacity factors are assumed to have the larger production ca-
pacities, so that each distributed unit produces on average
432 kg/d H, supporting about 800 cars.

For each feedstock (or energy source), the committee se-
lected the scales of generation that could be appropriate,
given its analysis of the nature of the technology and its cost

Hydrogen must be chemically separated from some otherestimations. Table 5-1 shows the combinations examined in
material. Currently, natural gas is the most common feed-
stock, but coal is also used. Biomass could be used in the———
future. The full costs of the production, processing, and pu- 1The committee di.d'not cpnsi_der hydroelec_trﬁc power explicitly except
rification of these hydrocarbon feedstocks are included in 23 Pa" of the electricity grid mix. The remaining renewable energy re-

) . . sourcesNexcept wind, solar, and biomassNwere not considered owing to
this analysis. When these materials are used to produce hytheir current small fraction of total primary energy supply or small pro-
drogen, the required energy is embedded in the feedstockjected growth.

(See Chapter 8 and Appendix E for more details.) 2Nuclear fission energy was considered by the committee, but not nuclear

Hydrogen also can be separated from water via eIectron—fUSiO”v since the DOE projects commercialization of fusion in about 2050

. Iy - . . (DOE, 2003g), which is beyond the time frame considered in this analysis.
SIS or hlgh temperature chemical reactions. EIeCtrICIty can 3These production capacities correspond to 497,400,000 standard cubic

be taken f.rom the_ grid (from a Varier of sources) or gener-feet per day (scfid) for the central station plants and 9,948,000 scfid for the
ated by wind turbines or photovoltaics that feed the hydro- midsize plants.

HYDROGEN PRODUCTION PATHWAYS

Feedstocks and Energy Sources

45
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TABLE 5-1 Combinations of Feedstock or Energy Source and Scale of Hydrogen Production Examined in the
Committe€8 Analysis

Feedstock or Primary Energy Source

Grid-Based

Scale of Natural Nuclear Photo- Electric Energy
Production Gas Coal Energy Biomass voltaics Wind (from any source)
Central station plant Steam Gasifier Thermal splitting

reforming of water
Midsize plant Steam Gasifier

reforming or direct

conversion

Distributed Steam Electrolysis Electrolysis Electrolysis

reforming

developing this analystsAppendix E contains the data for appropriate research and development (R&D) are success-
each technology case analyZed. ful. These improvements are not predicted to occur; rather,
The costs and energy requirements for distributing thethey may result from successful R&D programs. Some may
hydrogen to th&lilling Ostation and then dispensing it into  require significant technological breakthroughs. The nature
the vehicle can be a significant fraction of the total. For cen- of the improvements in each particular technology is dis-
tral station plants, it is assumed that the distribution systemcussed in Chapter 8; additional detail is provided in Appen-
uses pipelines. For midsize plants, it is assumed that distri-dix G. Generally these future technologies are assumed to be
bution would be by cryogenic truck, because the low vol- available at a significantly lower cost than that of the current
umes of hydrogen involved would not justify a pipeline sys- technologies using the same feedstock.
tem. Distributed technologies generate hydrogen at the
filling station itself and do not require a distribution system. Carbon Dioxide Sequestration
Some of the technologies in the analysis are further differen-
tiated by whether carbon dioxide resulting from hydrogen gen-
Almost alP of the cost estimates are developed for two eration is separated and sequestered. In particular, the midsize
different states of technology development. One state, re-and the central station production facilities at which production
ferred to asurrent,is based on technologies that could in is based on natural gas, coal, or biomass are examined both with
principle be implemented in the near future. No fundamen-and without the sequestration of carbon dioxide.
tal technological breakthroughs would be needed to achieve
the performance or gost gstlmates, altlhough normal pro—Summary of Technologies Considered
cesses of design, engineering, construction, and system opti-
mization might be needed to achieve costs as low as those The hydrogen supply chain pathways that are considered
estimated in this analysis. in this chapter are identified in Table 5-2. They do not in-
The second state, referred topassible futureis based clude all combinations of the factors listed above (e.g., coal
on technological improvements that may be achieved if theas a feedstock in a distributed plant, or sequestration in a
photovoltaic-driven electrolyzer plant). Intermittent tech-
4In the graphs in this chapter (Figures 5-1 through 5-13), all of the com- ,nomgles_ (Wl,nd’ p_hOtOVOItaICS_) Cal‘.l b_e used independently or
binations listed in Table 5-1 are included except midsize generation of hy- N combination with the electric grid in order to allow hydro-
drogen based on natural gas. The analysis suggests that this alternativgen production when the renewable technology is not pro-
would be dominated by either distributed or central station use of natural ducing power. The results presented here are for the latter
gas, and thus those estimates are not reported. case, representing the average output of these intermittent

5Solar-photovoltaic (PV] d wind technologi ined by th . - . .
olar-photovoltaic (PV) and wind technologies were examined by the technologies, as discussed later in this chapter. The cases for
committee only at distributed scale. These technologies do not benefit from

scale economies to the same extent as do single-train processes, such ;500 percent renewables are presented n Appendlx E. An
gasification (of biomass or coal) and steam methane reforming. For ex-all-grid-based system is included here.

ample, in the case of solar-PV, twice the structural supports will be required

for a solar field of twice the generating capacity (wékta)linear scaling.

Wind farms require multiple turbines to reach capacities above a few CONSIDERATION OF HYDROGEN PROGRAM GOALS

State of Technology Development

megawatts. . ) o
6Evaluation of a current nuclear thermal reforming of water is not in- Although the umt_ cost of prOdUFmQ anq. de“V.er'ng hy-
cluded because no such technology exists at the present time. drogen from the various technologies is critically important
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in determining their likely competitive success, other char- plant annually. The total annual cost and the total annual
acteristics are important as well. One of the important goalsaverage hydrogen output together give the cost per kilogram
of the natio® hydrogen program is to reduce emissions of of hydrogen produced.
CO, into the atmosphere. Therefore, it is important to esti-  The original engineeriri@zconomic models were devel-
mate whether shifts from gasoline-fueled automobiles to oped for the committee by SFA Pacific (an engineering and
hydrogen-fueled vehicles or other substitutions from direct economic consulting firm located in Mountain View, Cali-
use of fossil fuels to hydrogen would reduce,@@issions fornia), working closely with a member of this committee.
and, if so, by how much. For each of the technological path-Committee members extensively reviewed all of the origi-
ways considered, estimates were developed regarding th@al models and subsequently modified or replaced many
amount of CQ that would be released into the atmosphere of them. Most of the models of current technologies using
per kilogram of hydrogen produced. As a point of compari- fossil fuels still correspond closely to the original models,
son, estimates were made of the, @@t would be released  although the committee made some changes in these mod-
into the atmosphere per gallon of gasoline use. els. The models of possible future technologies were mod-
Since a goal of the commiti@eanalysis is to compare ified greatly to correspond with the best judgments of
costs and CQOrelease from gasoline with those from hydro- the committee members about technological possibilities
gen, it was important to adjust the gasoline costs ang CO and the economic parameters. The final models used to
releases to account for engine efficiency differences betweeranalyze renewable technologies for hydrogen production
gasoline-powered and fuel cell vehicles (FCVs). For gaso-were based almost entirely on analysis by committee mem-
line-powered vehicles, the committee chose a gasoline hy-bers. Thus, the final versions of the models and the result-
brid electric vehicle (GHEV). ing cost estimations reflect the overall judgment of the
A second important goal of the hydrogen program is to committee.
improve energy security by substituting secure domestic re- Committee judgments, and thus the final parameters in
sources for imported energy resources, particularly those thathe models, are based on a combination of information de-
may be traded in unstable international markets. In motorrived from many presentations by experts and industry rep-
vehicles, the use of hydrogen reduces the use of gasoline angksentatives, SFA Pacific data, the expertise and experience
therefore could reduce the imports of crude oil or petroleumof committee members, and committee follow-up on spe-
products. However, if natural gas is the feedstock used tocific issues with outside experts. Many components of the
produce hydrogen, this substitution will increase the impor- cost estimates rely heavily on technical and economic judg-
tation of natural gas, a commaodity that may be subject toments by members of the committee and on the information
international market instability just as in the petroleum mar- gathered during the course of the study. Thus, ultimately,
kets. On the other hand, if coal, biomass, wind, or solarthe quantification represents collective judgments of the
energy are used to produce hydrogen, energy security couldommittee membersAs such, the estimates, although they
be improved. The committee developed estimates of themay look precise, are simply estimates.
amount of natural gas that would be needed for technologies There remains significant uncertainty about what the ac-
using natural gas to produce hydrogen; those data are pretual costs of the technologies would be under current condi-

sented in Chapter 6. tions. Costs are site-specific, particularly for wind and solar-
based technologies; only single representative costs are
COST ESTIMATION METHODS reported. And the uncertainty about possible future tech-

nologies is substantially greater. In addition, because these

For each hydrogen production pathway and for both statescost estimates are so heavily dependent on the judgment of
of technology development (current and possible future), thecommittee members, other people may well make very dif-
committee developed engineer@gonomic models to esti-  ferent technical and economic judgments, particularly about
mate the primary inputs of feedstocks, of electricity or other the possible future technologies. Therefore, costs could be
energy, and of capital equipment for each standard-sizeceither higher or lower than the commitestimates.
plant and to estimate the resulting outputs gfaHd CQ. The committe& analysis generally is based on the as-
Within the models, a distinction is made between pathwayssumption that critical technology development programs will
in which the CQis sequestered and those in which it is re- be successful. The committee needed estimates of what
leased back into the atmosphere. Additional costs of CO might possibly be achieved with concerted research and de-
separation, capture, compression, transport, and sequestraelopment in order to determine the impact on petroleum
tion are included for processes in which most of thgi€O  consumption and CQemissions of an optimistic but plau-
sequestered. sible future. The committee is not predicting that the requi-

Prices of feedstocks and electricity, costs of major piecessite research and development will be pursued, or that all of
of capital equipment, operation and maintenance (O&M) these technical advances necessarily will be achieved, even
costs, and rates of return on investment are used to translat@ith a concerted R&D program. The committee simply
physical measures of inputs to total costs of operating theneeded a framework for its further analysis. If the research
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goals are not met, there will be less (or even no) hydrogen inatmospheré (with the imputed cost of $50 per metric ton
the natio® energy system. [tonne] of carbon). For distributed production (4 pathways),
The committee chose not to provide sensitivity tests for there are no pipeline or cryogenic truck costs; compression
the various parameters. A complete range of sensitivity testsand storage cannot be separated between production and dis-
would increase the report to unmanageable proportions angbensing. Thus, for distributed production, the first three cost
would still depend on the technological judgments of the components are combined into the total distributed cost; the
committee members. However, the committee is makingimputed cost for Coreleased into the atmosphere is shown
the spreadsheets containing the underlying data (see Apperseparately. There is no G@isposal cost included for dis-
dix E) publicly available. These spreadsheets can be used byributed technologies; it is assumed that all of the, GO
interested parties to conduct complete sensitivity tests basedented to the atmosphere.
on their own technical and economic judgments. In order to facilitate the comparison of total supply chain
In addition, the committee qualitatively estimated the hydrogen costs with costs of gasoline, the gasoline efficiency
sensitivity of supply chain costs to various parameters of adjusted (GEA) cost for a GHEV is introduced as a separate
the model. Table 5-3 includes these estimates, labeling thévar in Figure 5-1. The GEA allows head-to-head compari-
sensitivity agdow,O0GnediumOor highO A blank cellina  son of the total supply chain cost of amounts of gasoline and
column means that there is very low or no sensitivity to the hydrogen that provide equal vehicle miles traveled (VMT)
particular parameter. More details about the cost estimationasvhen consumed in a GHEV or an FCV, respectively. Thus,
appear in Appendix E. The technologies are described inincluded within the GEA calculation is an adjustment for the
Chapter 8 and Appendix G. efficiency of the respective vehicle. The estimate of GEA
In the following section, graphical estimates are presentedcost in Figure 5-1 is based on an assumed crude oil price of
to show the costs per kilogram of hydrogen production for $30 per barrel (bbl) and a 66 percent efficiency gain of the
many of the technologies examined in the study. Compa-FCV over the GHEV (see Chapter 6, especially Figure 6-2,
rable information covering all of the technologies in the for a detailed explanation). The gasoline cost is estimated as
analysis appears in Appendix E. $1.27 per gallon (gal) of gasoline. Thus, the GEA cost of
gasoline is $2.12 per kilogram of hydrogen (calculated as

9
UNIT COST ESTIMATES: CURRENT AND POSSIBL%.IEi?ur:(Le.GSG—S)ishows that the cost per kilogram of hydrogen
FUTURE TECHNOLOGIES 9 P g yarog

for the four central station technologies is similar to the GEA
cost of gasoline in hybrid electric vehicles, once these plants
are operating at full capacity. This suggests that with current
Figure 5-1 presents the unit cost estimidttee cost per  technologies, if the cost and functionality of a hydrogen-
kilogram of hydrogeN for the current technologies state of fueled vehicle could be made similar to the cost and func-
development for 10 of the current hydrogen supply path- tionality of a hybrid electric vehicle, then hydrogen gener-
ways included in Table 5-2. (The possible future case isated at central stations, using natural gas or coal as
discussed later in this chapter.) For each pathway, the costeedstocks, could be roughly comparable in overall cost to
includes production, distribution (for CS and MS plants), gasoline used in hybrid electric vehicles, once plants were
and dispensing costs. State and federal fuel fagem-
monly called gasoline taxiBisare not included. For central
station production (4 pathways) and midsize production (2  soften this imputed cost is referred to as a carbon tax. However, the
pathways), the cost is separated into five components: (1)kommittee chose to use other terminology because it does not make a pre-
production cost (cost including production and storage diction as to whether the United States will legislate a carbon tax, issue
onsite), (2) distribution cost (cost of transporting hydrogen tradable permits for C{releases, or not implement any such carbon con-

T . .- . . trols. However, the cost to the environment per ton of carbon released is not
by pipeline or cryogenic truck to the filling station), (3) dis- dependent on whether such instruments are adopted. Thus the somewhat

pen;ipg cost _(COSt of compressing and storing hqugen aEIumsy phrasingdmputed cost is used for carbon dioxide released into the
the filling station and cost of dispensing hydrogen into ve- atmospher€or the shortened versioBimputed cost of carbon dioxiddis
hicles), (4) CQ disposal cost (cost of transporting and se- neutral on the particular instruments that might be adopted. The committee
questering CQfOI‘ technologies invoIving Cpsequestra— uses a $50 per metric ton cost of carbon. If the United States does not

h . . impose carbon restrictions, that cost will not be incorporated into the prices
tlon)’ and (5) an |mputed castor COZ released into the facing the producers of hydrogen. Likewise, if global climate changes turn

out to be more severe than posited in some analyses, that cost may be an
underestimate.

In Figure 5-1, there is a negative imputed cost of carbon for the genera- °In calculating the GEA cost, the cost of hydrogen included production,
tion of hydrogen from biomass with sequestration. That occurs becausedistribution, dispensing costs, and the imputed cost of carbon released into
growing the feedstock takes G@om the atmosphere, GQhat is ulti- the atmosphere. The estimate of gasoline price excludes state and federal
mately sequestered. In the graph, that negative imputed cost appears as thyasoline taxes. Similarly, the various components of gasolindl cost
part of the bar below the= $0 line. The total cost would be reduced by this  production, distribution, dispensing, and imputed carborf\tast scaled
amount. in the same manner to calculate hydrogen-equivalent costs.

Current Technologies
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FIGURE 5-1 Unit cost estimates (cost per kilogram of hydrogen) fofitheent technologi€3state of development for 10 hydrogen
supply technologies. Evaluation of a current technology case for nuclear thermal reforming of water is not included bsocatse no
technology exists at the present time. See Table 5-2 and discussion in text. NOTE: GEA = gasoline efficiency adjusted.

operating at full capacity. Each central station plant could stocks, (3) electricity, (4) nonfuel operation and mainte-
provide enough hydrogen to fuel about 2 million vehicles. nance, and (5) fixed costs. The costs of dispensing, distribu-
Thus, until there were several million vehicles operated tion, CQ, disposal, and the imputed cost of carbon are not
within the service territory of a central station plant, these further disaggregated here, but their disaggregation is shown
plants would operate at less than full capacity, and the averin Appendix E. For distributed technologies, the total cost is
age costs would exceed those estimated here. disaggregated to the same five components listed above.
Figure 5-1 also shows that with current technologies, the Figure 5-2 shows that for the central station plants, feed-
costs of generating hydrogen with any of the distributed tech-stock costs play major roles in natural gas technologies,
nologies or the midsize biomass technologies would greatlywhile capital costs are a very significant percentage in coal
exceed the gasoline costs. technologies. For biomass technologies, both feedstock and
The cost of hydrogen distribution and dispensing is im- capital costs are high, resulting in hydrogen costs greater
portant in assessing the overall economics of hydrogen prothan $7.00/kg. Figure 5-2 shows that for the midsize and the
duction. Figure 5-1 shows that for the central station naturaldistributed technologies, with the exception of distributed
gas and coal technologies, the production cost is likely to benatural gas technologies, the capital costs alone exceed
only one-half of the total cost of hydrogen; the cost of distri- $2.00/kg. To calculate this capital cost in this analysis, the
bution plus dispensing is roughly as large as the productioncommittee used a levelized annual capital cost equal to 15.9
cost. Therefore, any estimation of the costs of supplyingpercent of the capital investment cost for central station and
hydrogen must include the costs of distribution and dispens-midsize plants and equal to 14.0 percent of the capital in-
ing or else risk sharply underestimating total supply costs. vestment cost for distributed generati@nCentral station
Figure 5-1 also shows that G@isposal costs of $10 per and midsize plants were assumed to have a 2.5-year con-
tonne of CQ, and the carbon imputed cost of $50 per tonne struction time, while distributed plants were assumed to have
of carbon (C), have very little impact on the comparative
cost across technology options.
Figure 5-2 provides detail underlying the cost estimates. OThese cani ,
It includes each of the same technologies but disaggregates pital cost factors were based on an assumption that each tech-
} . L nology faces an 11 percent nominal interest rate, with 2 percent inflation in
the producnon cost for central station and midsize tech'the economy, a marginal tax rate of 33 percent, a 10-year tax life, and a 20-
nologies into five components: (1) capital charges, (2) feed-year project life.
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FIGURE 5-2 Cost details underlying estimates for 10 current hydrogen supply technologies in Figure 5-1. Evaluation ofexchnaolent
ogy case for nuclear thermal reforming of water is not included because no such technology exists at the present tingee5-2eantabl
discussion in text. NOTE: O&M = operation and maintenance; GEA = gasoline efficiency adjusted.

a 1-year construction timié. The differences in construc- ing these supply costs were successful. Figure 5-3 provides
tion times result in the 1.9 percent differential in the annual cost estimates for the possible future technologies, based on
capital cost factors. judgments by committee members about possible techno-
The estimated costs for the three electrolysis-based dislogical progress. This figure presents cost estimates for each
tributed technologies are dominated by the electrolyzer capi-hydrogen production process shown in Figures 5-1 and 5-2,
tal costs and electricity costs, either grid-delivered electric- plus hydrogen generated by dedicated nuclear plants, using a
ity or electricity generated by wind turbines or photovoltaics. thermal process to decompose water (CS NuiR)all, 11
Therefore, the per-kilowatt-hour (kWh) cost of purchasing technologies. The distributed electrolysis based on wind tur-
or generating electricity is an important determinant of the bines (Dist WT Ele-F) now is assumed to as#y electricity
overall cost of supplying hydrogen using distributed elec- generated by wind turbines, in contrast to the current tech-
trolysis. This analysis assumes that grid-delivered electric-nologies analysis, in which it was assumed that most of the
ity is available all of the time at a delivered price of $0.07/ electricity was purchased from the grid. The wind machines
kWh, photovoltaic-derived electricity is available 20 percent and the electrolyzer are assumed to be made large enough
of the time at an average cost of $0.32/kWh, and wind- that sufficient hydrogen can be generated during the 40 per-
turbine-generated electricity is available 30 percent of the cent of the time that the wind turbines are assumed to pro-
time at an average cost of $0.06/kwWh. vide electricity!?2 The vertical scale is the same as the scale
in the two previous graphs.
Future Technology Cases . Figure 5-3 sh0\_/vs the commit@eestimation that, with
this assumed technical state, hydrogen generated from natu-
The costs of supplying hydrogen might be significantly
reduced if research and development directed toward reduc-
12The assumed reductions in the cost of the electrolyzer and the cost of
wind-turbine-generated electricity make this option less costly than using a
11y some cases, the time needed for procurement and installatidff of smaller electrolyzer and purchasing grid-supplied electricity when the wind
the shelOor built-to-order distributed production units may be less than 1 turbine is not generating electricity. However, with current technologies,
year, though during a period of expansion the increased demand for sucthydrogen generation is estimated to be less costly if the facility purchases

units could incur delays due to permitting, connecting to electricity or natu- grid-supplied electricity when the wind turbine is not generating enough
ral gas (for methane conversion units), and so on. electricity. In both cases the lower cost option is used.
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FIGURE 5-3 Unit cost estimates for 11 possible future hydrogen supply technologies, including generation by dedicatedantslear pl
See Table 5-2 and discussion in text. NOTE: GEA = gasoline efficiency adjusted.

ral gas or coal in central stations would be approximately thenologies, distribution and dispensing costs are still a signifi-
same cost to a cost lower than that for gasoline used incant part of the costs. And feedstock costs are high for natu-
GHEVSs. The gasoline cost assumes no increases in refiningal gas conversion. This figure, compared with Figure 5-2,
efficiency, and crude oil stays at $30/BbIThe committee  shows that reduced capital costs and reduced electricity costs
estimates that hydrogen generated by central station nucleaare the most important differences. The reduced electricity
energy, distributed natural gas steam reforming, and distrib-costs result from reduced costs of generating electricity us-
uted electrolysis using wind-turbine-generated electricity ing wind turbines or photovoltaics and estimated increases
would have costs within about $1.00/kg of the equivalent in the efficiency of electrolyzers.
cost of gasoline used in GHEVs. Figure 5-3 shows that hy-  This figure also suggests that because the electricity cost
drogen generated using grid-delivered electricity or photo- remains such an important component of overall cost, the
voltaic-derived electricity or using biomoss as a feedstock price of electricity purchased from the grid and the costs of
would be substantially more costly. This figure suggests generating electricity using photovoltaics or wind turbines
that, if technology does advance as much as assumed posvill be extremely important factors in determining the eco-
sible, then several different technologies, using several dif-nomic competitiveness of distributed electrolysis. For these
ferent domestically available feedstocks, might become eco-possible future technologies, the estimates of the cost of de-
nomically competitive with gasoline. livered electricity generated using wind turbitfetecreases
Figure 5-4 shows the detailed cost components for theto $0.04/kWh (from $0.06/kWh), and using photovoltaics to
possible future technologies. For fossil and nuclear tech-$0.098/kWh (from $0.32/kWh). The price of grid-delivered
electricity is kept at $0.07/kWh, the default estimate, under
the assumption that advances in hydrogen-production tech-
13Reductions in oil imports can be expected to put downward pressure on
the world oil price. However, over the time horizon of this study, the com-
mittee expects that the excess production capacity in the world oil market
will disappear and that oil prices will be determined by costs of new oil 14These delivered costs include a 10 percent transmission cost from the
resources. Thus, although the committee does not expect there to be a veRyjind farms to the distributed hydrogen facility. This transmission cost is

large impact due to hydrogen on world oil prices, the committee does notconsistent with the wind farfibeing located in the geographical vicinity
attempt to examine the magnitude of this feedback. of the hydrogen facility, but not at the facility.
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FIGURE 5-4 Cost details underlying estimates in Figure 5-3 for 11 future hydrogen supply technologies, including geneealiicatdxy d
nuclear plants. See Table 5-2 and discussion in text. NOTE: O&M = operation and maintenance; GEA = gasoline efficiency adjusted

nologies and in wind turbines and photovoltaics will have cost enhancement’. Wind electricity also decreases, but
small impact on the price of grid-delivered electricity. by a smaller amount owing to its advanced state of current
development.
COMPARISONS OF CURRENT AND FUTURE . Foriwind—.turbine-deriv_eq electricity,. both pr_oduction us-
TECHNOLOGY COSTS ing gr!d—dellvert_aq elec.trlcny when wind turblr!es are not
providing electricity (Dist WT-Gr Ele-C and Dist WT-Gr
In order to facilitate comparisons between costs of currentEle-F) and production relying exclusively on wind-turbine-
technologies and those of possible future technologies, botlgenerated electricity (Dist WT Ele-C and Dist WT Ele-F)
sets of costs can be displayed in a single graph. Figures 5-are included. Capital cost decreases by a larger percentage
through 5-8 provide such graphs, with technologies groupedfor electrolysis using wind turbines exclusively. This par-
by primary feedstock from which the hydrogen is generated. ticularly large capital cost decrease occurs because, for this
technology, the capacity of the electrolyzer is inversely pro-
portional to the capacity factor of the wind turbines that sup-
ply the electricity. It is assumed that current wind turbines
Figure 5-5 shows the various distributed electrolysis supply electricity 30 percent of the time and that the possible
technologies. This graph shows that the committee con-future wind turbines supply electricity 40 percent of the time
ceives of large reductions in hydrogen costs with technol-owing to better technology for utilizing a wider variation in
ogy advances. Most of the reduction comes from reducedwind speeds. In practice, these figures would be very site-
electrolysis capital costs. The reduced capital cost is pri-specific, with some sites having higher capacity and others
marily the result of the assumption that the costs of proton
exchange membrane (PEM) electrolyzers should declin = _ _ . ) _
by almost 90 percent, with successful research and devel- Photovoltalc costs, in the commit®@enalysis, are for installed panels
. inclusive of structures to mount the solar panels themselves. A modular
opment that parallels th.e advan??s in PEM fuel cells. Theapproach is expected to reduce the cost of such structures, although their
cost of solar photovoltaic electricity also decreases by 50contribution to the total system cost will continue to be significant owing to
percent, owing to significant efficiency and manufacturing the size of the solar field that is required.

Distributed Electrolysis
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FIGURE 5-5 Unit cost estimates for four current and four possible future electrolysis technologies for the generation of. IB@roge
Table 5-2 and discussion in text. NOTE: O&M = operation and maintenance.
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FIGURE 5-6 Unit cost estimates for three current and three possible future natural gas technologies for hydrogen genératin. See
5-2 and discussion in text.
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FIGURE 5-7 Unit cost estimates for two current and two future possible coal technologies for hydrogen generation. Seeafdble 5-2
discussion in text.
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FIGURE 5-8 Unit cost estimates for two current and two possible future biomass-based technologies for hydrogen generatite. See T
5-2 and discussion in text.
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lower capacity than is assumed here. Thus, the possible fu€O,. This occurs because the analysis of the additional costs
ture technology electrolyzers need only be 75 percent asof CO, separation and sequestration suggests that these costs
large as the current technology electrolyzers. The combinawould be very similar to the imputed cost of C@leased
tion of the decreased cost of electrolyzers of a given size andnto the atmosphere. If an imputed cost of carbon of more
the decreased size of required electrolyzers leads to the largthan $50 per tonne of carbon is used, sequestration of the
reduction in estimated capital costs. The electricity cost alsocarbon would be the less costly overall option, whereas if a
decreases more for electrolysis exclusively using wind tur- smaller imputed cost of carbon is used, venting thegi®0
bines than for the technologies that rely on the grid to supplythe atmosphere would be the less costly option.
a large amount of the electricity, because a constant $0.07/
kWh price of grid-supplied electricity is assuniéd. Biomass
Finally, Figure 5-8 shows the cost comparisons for the
hydrogen technologies using biomass as a feedstock. These
Figure 5-6 shows the various natural-gas-based hydrogerntechnologies all assume the following: crops, such as switch-
technologies, including both central station and distributed grass, would be grown and used as the feedstock, the bio-
units based on steam reforming of natural gas. As can benass would be gasified, and the resultant syngas would be
seen, technology advances in central station plant hydrogemrocessed to separate the hydrogen. The cost differences
from natural gas will have a relatively small impact (15 to 20 between the possible future and the current technologies pri-
percent) on hydrogen costs, while advances will have a largemarily stem from two factors: (1) The gasifiers are assumed
impact on distributed electrolysis hydrogen costs (see Fig-to be reduced in cost and become more effibidram 50
ure 5-5). The cost difference between distributed reforming percent to 70 percent, with the appropriate successful re-
and central station technologies comes about primarily forsearch and development. (2) In addition, the growing of
three reasons: (1) Capital costs per kilogram of hydrogen arghe biomass is assumed to become more productive with
considerably larger for the small steam reformer that would the genetic engineering of crops and other productivity ad-
be used in a distributed operation. Central station reformersvances, so the possible future technologies cases assume that
are assumed to be 2500 times as large as the distributed r&0 percent more crop could be grown per acre of land.
formers, but cost only 333 times as much in total. Thus, the
capital cost per kilogram of hydrogen is almost 8 times as
large for the distributed unit. (2) Delivered natural gas prices
for small-volume distributed units would probably differ In Figures 5-6, 5-7, and 5-8, the cost of distribution and
from delivered prices for large-volume central station units. dispensing from central station and midsize plants is a large
The committee assumes that the central station units wouldoart of the overall costs. In this analysis, it is assumed that
be able to purchase natural gas at a liquid natural gas paritgome reductions in these costs will occur with future tech-
price of $4.50 per million Btu (EIA, 2003), but that the dis- nologies, owing to the complex logistical issues in transport-
tributed units would need to pay $6.50 per million Btu be- ing hydrogen and delivering it into the end-use devices, the
cause of smaller volumes. (3) The cost advantage of thevehicles. As mentioned in Chapter 4, radically different
distributed unit, that no distribution costs would be required methods of distribution and dispensing need to be developed
to transport the hydrogen from the point of production, is to overcome these hurdles. The committee chose not to as-
small compared with these two cost disadvantages of thesume how much these breakthroughs would reduce costs.
distributed unit. As mentioned, this analysis assumes an imputed cost of
$50 per tonne C released into the atmosphere and a $10 per
tonne CQdisposal cost. The committee concludes that tech-
nology choices for supplying hydrogen would not be signifi-
Figure 5-7 shows a graph, similar to Figure 5-6, for the cantly influenced by these costs, as they are small compo-
central station generation of hydrogen using coal as the feednents of the overall costs.
stock. Technology advances could improve the costs of hy- As noted in Chapter 4, in the commi@evision of a
drogen from coal by 25 percent. Under the assumptions ofpossible hydrogen future, the demand for hydrogen will
the costs of CQsequestration and the assumption of a $50 likely be met using distributed production during the first
per tonne imputed cost of carbon released into the atmo-couple of decades of transition. The total cost of hydrogen
sphere, the total costs of coal-based hydrogen productiorfrom the various distributed methods can be compared using
would be almost identical with and without sequestration of Figure 5-5 and the last two bars on the right of Figure 5-6.
These data show that with current technology, distributed
16The committee follows the Energy Information Administraoesti- electrolysis (Figure 5-5) produces hydrogen at a total cost

mation fromAnnual Energy Outlook 20Q2EO) that electricity is likely to much greater than that for hydrqgen prOdUCEd. b_y diStribUt.ed
stay roughly constant over the AEO time horizon (to 2025) (EIA, 2003). hatural gas reforming. If competitive electrolysis is not avail-

Steam Reforming of Natural Gas

General Observations

Coal
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able during the transition, use of distributed natural gas maymarginal impacts on the system. The two segments of a

be necessary during the transition period, until centralizedgiven bar together show the total release.

facilities and the required distribution system are built. In order to compare carbon releases for hydrogen produc-
tion with carbon releases from the use of gasoline, a gasoline

UNIT ATMOSPHERIC CARBON RELEASES: estimate is mclluded in F|gure§ 5—9_and 5-1Q, |n.the same
8y that gasoline cost comparison is shown in Figures 5-1

CURRENT AND POSSIBLE FUTURE TECHNOLOGI . . ) .
rough 5-4. This carbon emissions estimate for gasoline can

Characteristics other than the unit cost of producing hy- be interpreted as the carbon emission for a GHEV@aso-
drogen from the various technologies are important as well.line efficiency adjuste@basis. It is estimated that a gallon
Regarding the important hydrogen program goal of reducingof gasoline, when used in an internal combustion engine,
emissions of CQinto the atmosphere, this analysis incorpo- would release 2.42 kg C (or 8.87 kg §$Qrhe supply chain
rates one measure of the goal by including the imputed cos{reservoir to pump) for gasoline is about 79.5 percent effi-
of $50 per tonne of carbon for releasing Ao the atmo- cient. Therefore, about 3.0 kg C is released into the atmo-
sphere. But a general consensus has not been reached ab@gthere per gallon of gasoline consumed (3.0 is calculated as
the appropriate magnitude of this imputed cost of carbon, orthe ratio of 2.42 to 0.795). Thus, the carbon emission of
equivalently, about the value of reducing carbon emissions.gasoline is 5.0 kg C per kilogram of hydrogen (calculated as
For that reason, the committee provides here its primary es3.0 1.66).
timates of the unit impacts of introducing various hydrogen  Figures 5-9 and 5-10 show that for all of the technologies
technologies into the energy system. In particular, estimatesexcept those involving electrolysis, the direct release of CO
are developed of the amount of Cat would be released s far greater than the indirect release. However, for those
into the atmosphere per kilogram of hydrogen produced forinvolving electrolysis, there is no direct release of,C4ll
each of the technological pathways considered. And, for com-releases are indirect, through electricity generation.
parison, similar estimates are also included, on a hydrogen- These figures show that whether or not the production of
equivalent basis, of the amount of C@leased from the  hydrogen would reduce C@missions in comparison with
combustion of gasoline in light-duty GHEVs (passenger carsemissions from gasoline-fueled vehicles depends on the par-
and light-duty trucks). This information is used in Chapter 6 ticular hydrogen supply chain and on the characteristics of
to provide estimates of the amount by which shifts from the gasoline-fueled vehicles.
gasoline-fueled automobiles to hydrogen-fueled vehicles Figure 5-9 shows that two current technolofji¢se
might change CQemissions. central station coal facility without CGequestration (CS

Figures 5-9 and 5-10 provide estimates of the amount ofCoal-C) and the distributed electrolysis system (Dist
carbon, in the form of CQthat would be released into the Elec-CN would release about as much £ito the atmo-
atmosphere per kilogram of hydrogen produced. Figure 5-9sphere as would the GHEV. This results from the higher
provides estimates for the current state of technology andenergy efficiency of the FCV over the GHEV, offsetting the
Figure 5-10 for the possible future technologies. higher carbon content of the coal vented to the atmosphere

The bars in Figures 5-9 and 5-10 are divided into two during electricity generation from the coal.
segments, as applicable, to indicate contributions from di- Figure 5-9 also shows that using natural gas as a feed-
rect and indirect releases of CQOne segment represents stock would reduce C{missions by 30 percent (Dist NG-C)
the direct release of C@rom the generation of hydrogen. or 50 percent (CS NG-C) versus emissions from a GHEV,
But many of the hydrogen-generation processes use sigeven though the CGrom distributed natural gas reforming is
nificant amounts of electricity, and generation of that elec- assumed not to be sequestered. The use of wind turbines (Dist
tricity itself releases carbon dioxide into the atmosphere. WT-Gr Ele-C) and photovoltaics (Dist PV-Gr Ele-C) for elec-
Estimates of these indirect releases are shown in Figuregrolysis would reduce the CQGmissions to the extent that
5-9 and 5-10 in a second segment of each bar. For theéhese renewables were the source of electricity rather than
indirect releases, it is assumed that the new electric gengrid-supplied electricity. (In the commit@®eanalysis, these
eration facilities will release much less Cthan the cur-  technologies rely on the power grid as backup.) However,
rent grid does. For these estimates, it is assumed that eledsecause in these systems either 70 or 80 percent of the elec-
tricity generation from new facilities releases 0.32 kg,CO ftricity is grid-supplied, these systems would reduce €@is-
(0.087 kg C) per kilowatt of electricity, in contrast to the sions by only 30 or 20 percent, as Figure 5-9 shows. Only
current system, which releases on average about 0.75 kgvith CQ, sequestration or with biomass as a feedstock would
CO, (0.205 kg C) per kilowatt of electricity. The esti- the current technology emissions be driven to near zero. And
mates for the new facilities are used in the calculations, biomass with CQsequestration (MS Bio-C Seq) could lead
since it is expected that new facilities will represent the to substantial negative net emissions of carbon dioxide: the

CO, taken from the atmosphere while growing the biomass
17t is assumed that high-efficiency, natural gas combined-cycle units would greatly exceed the residual amount released back into
would be installed to replace retired power generation. the atmosphere at the time of hydrogen production.
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FIGURE 5-9 Estimates of unit atmospheric carbon release per kilogram of hydrogen produced by 10 current hydrogen supglgsechnolo
See Table 5-2 and discussion in text. NOTE: GEA = gasoline efficiency adjusted.
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FIGURE 5-10 Estimates of unit atmospheric carbon release per kilogram of hydrogen produced by 11 future possible hydrogen supply
technologies, including generation by dedicated nuclear plants. See Table 5-2 and discussion in text. NOTE: GEA = geisoliye effi
adjusted.
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Figure 5-10 shows that the implications are similar with mile driven must be standardized to these characteristics.
the possible future technologies. There are important differ- The measurement in this analysis is based on a 27 miles-per-
ences. The first and most significant is the impact of the gallon conventional gasoline-fueled vehicle (CFV).
assumed large reductions in the capital cost of the elec- Figure 5-12 shows that for current technologies, some
trolyzers. It would be less costly to purchase much largertechnologies, such as the biomass-based or 100 percent grid-
electrolyzers, generate all electricity from wind turbines electric-based electrolysis technologi®syould use more
while they were generating electricity (rather than purchas- energy per mile driven than would the conventional vehicle
ing most of the electricity from the grid), and leave the and considerably more energy than would a GHEV. How-
electrolyzer idle the rest of the time. The generation of all of ever, biomass uses renewable solar energy, and if enough
the electricity from the wind turbines implies that no,CO land is available, the lower efficiency may not be particu-
would be released into the atmosphere. larly important. Other technologisthe electrolysis pro-

Second, the carbon from sequestered biomass would beesses that use a combination of renewable wind power or
reduced in magnitude, becoming less negative. This reducphotovoltaic electricity plus grid-based electribityvould
tion would be the result of the increased efficiency of hydro- use less energy per mile driven than would the conventional
gen generation with the new technologies. A more efficient vehicle, but more than a GHEV would use. Still otNers
process implies that less biomass is needed per kilogram o$uch as natural-gas-based or coal-basedNimitsuld use
hydrogen and thus less Gi removed from the atmosphere.  significantly less energy per mile driven than a conventional

Finally, for all other technologies there are only small gasoline vehicle would, but would use only slightly less en-
differences in the COgeneration between the current and ergy per mile driven than a GHEV would. Thus, with cur-
future cases, thus indicating that, in terms of, @eases, rent technologies, hydrogen vehicles would not significantly
the choice of technology is more important than the technol-increase the overall energy efficiency beyond the increase
ogy advances that have been assumed. available with hybrid electric vehicles.

Figure 5-11 plots unit carbon emissions (kilograms of  Figure 5-13 shows that energy efficiency would be in-
carbon per kilogram of hydrogen produced) versus unit costscreased with the possible future technologies, so that all of
(dollars per kilogram of hydrogen) for each of the hydrogen the hydrogen technologies would use less energy per mile
production technologies depicted. Two key drifetew driven than would the conventional gasoline-fueled passen-
cost and low net carbon emissibhean thus be comparedin  ger car. Natural gas, coal, or nuclear-based technologies
one graph. In the figure, the current technology is plotted aswould be more energy-efficient than GHEVS, but even these
a square and the possible future technology as a triangle fotechnologies would not substantially reduce energy use per
each hydrogen production method. mile driven. Only the system that uses 100 percent of its
electricity from wind turbines would sharply reduce well-to-
WELL-TO-WHEELS ENERGY-USE ESTIMATES wheels energy use, in this case down to near zero.

One measure of the performance of a supply chain is its

" : ) FINDINGS
energy efficiency. For vehicles, such a measure is the well-
to-wheels calculation of the amount of energy U&@er Several findings emerge from the analysis in this chapter:
mile driven. Figures 5-12 and 5-13 provide these estimates
for current technologies and possible future technologies,Finding 5-1.Hydrogen from central station plant natural gas
respectively, with PEM fuel cell vehicles. For the distributed or coal, used in fuel cell vehicles, can be roughly cost-equiva-
wind-turbine-based electrolysis and photovoltaic-based hy-lent to gasoline in a hybrid electric vehicle, o®asoline-
drolysis, the committee assigned zero energy use for elecefficiency-adjuste®(GEA) basis. For natural gas and coal,
tricity from the wind turbine and photovoltaic arrays. Elec- the differences between current and possible future technolo-
tricity from the grid, where applicable, is assumed to be 50 gies are relatively small, in comparison to the comnitee
percent efficient. estimation accuracy.

The energy used per mile drivédlepends on the weight,
aerodynamic resistance, and other physical characteristics

of vehicles. Therefore any measure of the energy used peyersion facility. Because this use of energy is small compared with the total
' energy delivered to the point of use, the comm@tealculations only un-

derestimate the energy use of the hydrogen technologies by a small percent-

18Energy is not used up, but is transformed into kinetic energy and ther- age for all cases except those that rely on liquefied natural gas (LNG). The
mal energy, and ultimately to thermal energy released into the environment.energy loss associated with LNG would be about 10 percent (8 percent to 12
However, energy is used in the present context to mean the amount of usepercent). Thus, those natural gas technologies that use gas from LNG would
ful energy in the supply chain that is so transformed. have well-to-wheels energy use about 10 percent larger than that shown in

19For the hydrogen technologies, these measurements are not strictlthese graphs.
well-to-wheels. The energy used is from the point of feedstock delivery to  29The committee did not make these calculations for electrolysis based
the conversion facility and ignores energy used to produce the feedstock oon photovoltaics or wind turbines, since the appropriate measurement of
to transport the feedstock from the point of extracti@re(lQ to the con- energy used has not been generally accepted.
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for various hydrogen supply technologies, in both currentdnd possible future () states. See Table 5-2 and discussion in text.
NOTE: GEA = gasoline efficiency adjusted.
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FIGURE 5-12 Estimates of well-to-wheels energy use (for 27 miles-per-gallon conventional gasoline-fueled vehicles [CFY8]) with
current hydrogen supply technologies. See Table 5-2 and discussion in text.
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FIGURE 5-13 Estimates of well-to-wheels energy use (for 27 miles-per-gallon conventional gasoline-fueled vehicles [CFVE]) with 1
possible future hydrogen supply technologies, including generation by dedicated nuclear plants. Well-to-wheels energyndse for w
turbine-based electrolysis (Dist WT Ele-F) is near zero (narrow bar), as wind turbines have been assigned zero enel@ablesb-Seard

discussion in text.

Finding 5-2. With the possible future technology advances, cost of $50 per tonne of carbon released into the atmosphere,
hydrogen generated by central station nuclear energy, disthese two costs of carbon management would have only a
tributed natural gas steam reforming, and distributed elec-small impact on the relative costs of the various technologies.
trolysis using wind-turbine-generated electricity could have
costs within about $1.00 per kilogram of gasoline costs on aFinding 5-6. Whether distributed electrolysis becomes eco-
gasoline-efficiency-adjusted basis. nomically viable will depend critically on the cost of the
electricity used in the electrolysis. Therefore, the price of
Finding 5-3. Even with the possible technology advances, electricity purchased from the grid and the costs of generat-
hydrogen from distributed electrolysis using photovoltaics ing electricity using photovoltaics or wind turbines will be
or grid-supplied electricity, or hydrogen using gasification extremely important factors in determining the economic
of biomass would have gasoline-efficiency-adjusted costscompetitiveness of distributed electrolysis.
significantly higher than the gasoline cost. Thus, techno-
logical breakthroughs, even beyond the optimistic assump-Finding 5-7. Hydrogen can be produced by electrolysis us-
tions of the committee, would be needed to make these teching wind turbines as the source of the electricity. Whether
nologies competitive. this technology would be competitive on a gasoline-effi-
ciency-adjusted basis with gasoline depends critically on
Finding 5-4. Distribution and dispensing costs will continue whether the capital cost of the proton exchange membrane
to be a significant component of total hydrogen supply chain electrolyzers declines by the 90 percent assumed by the com-
costs for all production pathways except those based on dismittee. With very low cost of electrolyzers, installation of
tributed generation. Ignoring these costs would significantly very large electrolyzer units could fully compensate for the
underestimate total supply chain costs for hydrogen. intermittent nature of wind-produced electricity. Costs of
wind-produced electricity include the full capital costs of
Finding 5-5. Using estimated carbon dioxide disposal costs wind turbines, even though the wind turbine would produce
of $10 per tonne of carbon dioxide, and the carbon imputedelectricity only some of the time.
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Finding 5-8. Solar-based hydrogen does not appear viableide from the production of hydrogen from fossil fuels. Car-
even with currently envisioned cost decreases in photovol-bon dioxide emissions could be made negative if the hydro-
taic cells and in electrolyzers. gen was produced from biomass and the carbon dioxide from
production was separated and sequestered.
Finding 5-9. Most of the hydrogen supply chain pathways
would release significantly less carbon dioxide into the at- Finding 5-12.With current technologies, hydrogen vehicles
mosphere than would gasoline used in hybrid electric ve-would not significantly increase tiell-to-wheel©energy
hicles. Only coal-based nonsequestered production and gridefficiency significantly beyond the increase available with
based electrolysis are comparable to gasoline in this respectasoline hybrid electric vehicles. Well-to-wheels energy ef-
The higher efficiency of fuel cell vehicles compensates for ficiency would be increased with the possible future tech-
the high carbon dioxide content of the fossil fuels. nologies, and so all of the hydrogen technologies would use
less energy per mile driven than would the conventional
Finding 5-10. The technology advances envisioned by the gasoline-fueled passenger vehicle. Fuel cell vehicles that
committee would not significantly reduce the carbon diox- derive their hydrogen from natural gas, coal, or nuclear-
ide emissions from fossil fuels, absent sequestration. based technologies would be more energy-efficient than
hybrid electric vehicles would, but even these technologies
Finding 5-11. Carbon dioxide emissions could be brought would not substantially reduce energy use per mile driven.
down to near zero with biomass, with electrolysis dependingOnly the system that uses 100 percent of its electricity from
exclusively on wind turbines or photovoltaics, with nuclear wind turbines and solar power would sharply reduce well-
energy, or with the successful sequestration of carbon dioxto-wheels energy use, in this case down to near zero.
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Implications of a Transition to Hydrogen in Vehicles
for the U.S. Energy System

In this chapter, estimates are provided of the possiblethe analysis of the possible implications for the U.S. energy
impacts of a successful transition to hydrogen in vehicles,system of a transition to hydrogen in vehicles.
focusing on the potential economic and environmental im-  Starting with this optimistic vision, estimates are made of
pacts and on those related to energy security and domestithe consumption of gasoline and of hydrogen for the first
resource use. The analysis is structured around a vision ohalf of this century. This estimation depends on assump-
transition to the use of hydrogen in light-duty vehicles (pas- tions of the growth in vehicle miles; the average fuel effi-
senger cars and light-duty trucks). Although there are otherciency over time of conventional gasoline-fueled vehicles,
proposed uses of hydrogenNfor example, in heavy-duty gasoline hybrid electric vehicles (GHEVs), and hydrogen
trucks and buses, electricity generation, and stationary homevehicles; the sales of new vehicles; and the operational life
applicationsNthe focus here is on one use in order to gain aof vehicles once purchased.
sense of the potential quantitative significance of a transition  The analysis of Chapter 5 is combined with this estima-
to hydrogen. tion of hydrogen consumption over time. For each particu-

In this analysis, it is assumed that many problems of hy-lar hydrogen-producing technology, an examination is made
drogen use in vehicles are solved: low-cost and durable fuebf the economic, environmental, energy security, and do-
cells are available; high density of energy storage on ve-mestic resource use implications, under the pure case as-
hicles allows reasonable range and quick refilling of the sumption thatll of the hydrogen is generated through that
vehicles; vehicles have the same functionality, reliability, individual technology. This analysis is conducted for both
and cost associated with their gasoline-fueled competitors; the OcurrentO state of technology development and the Opos-
hydrogen-fueled vehicles are as safe as gasoline-fueleaible futureO state of technology development.
vehicles. (These problems are discussed more fully in  Although the analysis is conducted on the basis of the
Chapter 3.) pure cases of 100 percent of the hydrogenOs being generated

This vision is not a prediction of the diffusion of hydro- from a particular technology, the committee does not believe
gen technologies into the fleet of vehicles, depending as itthat the system would evolve that way. If there is a success-
does on such a large number of factors that are inherenthyful transition to hydrogen, the committee expects hydrogen
uncertain. However, it is offered to allow some specificity in to be produced using multiple technologies. The committee

has chosen in this study not to create a single scenario in

which the proportions of production using the various tech-
- nologies are postulated. But the interested reader can exam-

1with respect to vehicle cost for the three vehicle types considered injne the implications of such scenarios by taking weighted

the anaIys_isNhydr(_)gen vehicles,'conventional gasoline-fue_led vehicles, averages of the impacts estimated from the pure strategies.
and gasoline hybrid electric vehicles (GHEVs)Nthe committee has as- . . .
sumed that vehicles having equivalent performance will have equal cost. . In de,\/eIOpmg the analyses’ t_he commlttge made quantita-
This cost equivalence is a goal for the auto industry. In making this as- tive estimates of some of the Impacts believed to be most
sumption, however, the committee has not conducted its own analysis oimportant, but it was not able to examine all of the possible
projection of whether this goal will be achieved. The advantage of assum-impacts. The environmental impacts examined are associ-
ing equivalence among the three vehicle types is that it permits compari-5tad with potential global climate change caused by carbon

trictly of fuel | t ithout jud t to th .. . . .
SOnS SHIETY 0 LS’ SUPPY SYS SmS WITOU! JLCIMEN's 8s fo Te SUCCess Oioxide (CQ) emissions from light-duty vehicles under the
failure of vehicle developments underway. However, the total cost of a

hydrogen economy compared with a hybrid or conventional vehicle econ-Various teclhn0|09y pathways (See Tab_le 5-21in C_hapter 5)-
omy is left undetermined. The committee does not attempt to estimate any impacts on
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global climate change of hydrogen leakage or of changes invulnerability of the energy infrastructures to human error,
the quantities of other greenhouse gases released into thmechanical breakdown, or terrorism. However, the commit-
atmosphere, nor does it examine the impacts on emissions dee does recognize that choices of distributed production
criteria pollutants from vehicles. versus central station production, choices of particular hy-
The economic impacts examined are the costs to thedrogen transportation options, and choices of precise loca-
United States as a whole from fueling the fleet of light-duty tions of new plants can have significant impacts on energy
vehicles. Under the committ@emaintained assumption that  security.
the costs of the vehicles themselves are equivalent to the The committee analyzed several implications relative to
costs of the vehicles for which they substitute, differences indomestic resource use. For biomass production, it examined
the costs of fueling the fleet will translate into differences the amount of land that would be required to grow the crops
in the total costs of driving the fleet of light-duty vehicles. used as feedstocks. For coal-based hydrogen production, it
Costs of the infrastructure to fuel the vehicles are included inexamined the amount of coal that would be used over time.
the supply costs for hydrogen. Therefore, although the com-For technologies involving sequestration, it examined the
mittee does not explicitly separate the infrastructure costsamount of CQthat would be sequestered on a year-by-year
from the fuel costs, the infrastructure costs are part of thebasis and the cumulative quantity sequestered. The commit-
total. However, because the development of infrastructuretee did not try to quantify several other resource use impacts:
may involve large investments concentrated over a smallit did not examine the amount of land that would be required
number of years, calculations should not be interpreted afor wind farms, production facilities, or distribution infra-
capturing the time dimension of the physical investments structure; it did not examine the impacts on water use for
themselves. And the committee does not examine any of thesteam reforming processes or for biomass production; it did
redistributional consequences of a shift to hydrogen. In par-not attempt to examine any labor force issues; nor did it ex-
ticular, such a massive transition will lead to economic op- amine the needs for metals or other materials for fuel cells,
portunities for some established companies, many new comelectrolyzers, or production facilities, or the number of pipe-
panies, and many individuals, while reducing the economiclines, or other infrastructure.
opportunities for some established companies and individu-
als. The committee does not examine these potentially im-

portant consequences HYDROGEN FOR LIGHT-DUTY PASSENGER CARS

S . AND TRUCKS: A VISION OF THE PENETRATION
The energy security implications examined are related to

. . . OF HYDROGEN TECHNOLOGIES
the imports of energy, in particular, petroleum and natural
gas. The committee examined the impacts on the use of Starting with the assumption that the many problems re-
gasoline, impacts that can be expected to translate directly tdated to the use of hydrogen in vehicles are solved, a plau-
impacts on the imports of crude oil or petroleum products. sible but optimistic vision of the penetration of hydrogen
Impacts on the use of natural gas were examined. An in-technologies into the fleet of vehicles was created. In this
crease in demand would cause an increase in price, which iwision, as described in Chapter 3, the committee assumes
turn could increase domestic supply. Thus, it is not clearthat GHEVs initially begin capturing market share from con-
what fraction of this increase in natural gas use would trans-ventional vehicles, reaching 1 percent in 2005 and growing
late into increases in natural gas imports. However, it isby 1 percentage point per year until hybrids reach 10 percent
assumed that most of this increase in natural gas use wouldharket share in 2014. With the introduction of hydrogen
translate directly into increases in natural gas imports, con-vehicles in 2015, initially the market share of GHEVs grows
sistent with projections iinnual Energy Outloo2003 by 5 percentage points per year, while that of hydrogen ve-
(EIA, 2003). The committee did not try to quantify other hicles grows by 1 percentage point annually. During this
impacts on energy security associated with changes in theeriod, the market share of conventional vehicles declines
by 6 percentage points annually. As hydrogen vehicles con-
tinue to grow in popularity, with their market share increas-
- ing, the market share of GHEVs peaks in 2024 at 60 percent
2Criteria pollutants are air pollutants emitted from numerous or diverse and then begins declining by 2 percentage points annually_
stationary or mobile sources for which National Ambient Air Quality Stan- After reaching a 10 percent market share in 2024, hydrogen

dards have been set to protect human health and public welfare. The origi- _, . S . .
nal list of criteria pollutants, adopted in 1971, consisted of carbon monox- vehicles begin increasing their market share by 5 percentage

ide, total suspended particulate matter, sulfur dioxide, photochemical oxi- points per year until capturing a 60 percent market share in
dants, hydrocarbons, and nitrogen oxides. Lead was added to the list i?034. In that year, hybrids capture 40 percent of the market,
1976, ozone replaced photochemical oxidants in 1979, and hydrocarbonsand conventional vehicles are no longer purchased. From
were dropped in 1983. Total suspended particulate matter was revised "that point on, hydrogen vehicles increase their market share

1987 to include only particles with an equivalent aerodynamic particle di- . . .
ameter of less than or equal to 10 micrometers,(PM separate standard by 10 percentage points per year, until hydrogen vehicles

for particles with an equivalent aerodynamic particle diameter of less thanu!t'mat_ely capture 100 pgrcent of t.he mar.ket. f_or new ve-
or equal to 2.5 micrometers (BN was adopted in 1997. hicles in 2038. The committee considers this vision to repre-
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sent an optimistically fast rate of penetration of hydrogen zon#) Thus, the ratio of miles per kilogram for new hybrid
vehicles into the marketplace. vehicles to miles per gallon for gasoline-fueled vehicles re-
In order to examine the impacts of the hydrogen introduc- mains constant over time, with all fuel economies growing
tion, the committee examined a case in which no hydrogensteadily. This assumption about the relative efficiencies is
vehicles are introduced, but hybrids capture the entire mar-designed to provide an optimistic view of the fuel efficiency
ket share that would have been captured by hydrogen veof hydrogen vehicles.
hicles. In this case, the time path of conventional vehicles In the committe® analysis, both the number of new cars
remains the same as in the commiBealausible but opti-  sold and the total vehicle miles traveled increase at 2.3 per-
mistic vision. For every additional hydrogen vehicle in this cent per year, consistent with the Energy Information Ad-

analysis, there is one fewer hybrid electric vehicle. ministratior® (EIAB) Reference Case forecast of growth in
The market shares of new vehicle sales of the three classegehicle miles traveled for light-duty vehicles(This fore-
of vehicles in the vision are shown in Figure 6-1. cast rate of increase is consistent with recent historical trends,

Once new automobiles are sold, they are driven for manybut the committee recognizes that it could be subject to alter-
years® Thus, the fraction of miles driven by each class of ation by many factors.) The total vehicle miles traveled for
vehicles lags well behind the market share of new vehicleeach type of car is proportional to the number of each type
sales. Figure 6-1 shows the fractions of all miles assumed t@n the road, adjusted so that new cars are assumed to be
driven by each class in the commit@eision, in additionto  driven more than older cars are.
the fractions of new vehicles sold by each class. The frac- Taken together, the assumptions about new-car sales,
tions of all miles are calculated as the fractions of all ve- new-car fuel economy, proportions of the different types of
hicles on the road, adjusted by the assumption that newvehicles, and vehicle miles traveled allow the committee to
vehicles are driven more than old vehicles are. estimate the amount of hydrogen and of gasoline that would

During the years in which it is driven, each type of ve- be used for light-duty vehicles if those assumptions in the
hicle must use the fuel for which it is was designed. And, optimistic vision came to pass. Figure 6-3 shows the con-
in the committe® analysis, it also assumed that the fuel sumption of hydrogen by light-duty vehicles estimated for
economy of each vehicle is determined at the year the ve+this vision. By the year 2050, light-duty vehicles would be
hicle is sold, and that the fuel economy remains constantconsuming 101 billion kilograms, or 111 million tons, of
during the lifetime of the vehicle. hydrogen per year. The consumption can be compared with

Figure 6-2 shows the fuel economy assumed for the threghe current U.S. industrial production of hydrogen of about
classes of vehicles over time. New and existing conven-8 billion kilograms annually (see Chapter 2). In the com-
tional vehicles are assumed to achieve, on average, 21 milemitted3 vision of the possible penetration of hydrogen ve-
per gallon (mpg) of gasoline in 2002. However, this averagehicles into the marketplace, light-duty vehicles could be con-
fuel efficiency is assumed to increase by 1 percentage poinsuming 8 billion kilograms of hydrogen annually by the year
per year during the entire time horizon. No assumptions are2027.
made about whether this increase is determined by regula- In contrast, gasoline consumption would continue to rise
tions such as changing corporate average fuel economy starenly until the year 2015, after which it would begin declin-
dards, improved technologies, market forces, or some com-ng until it reached zero in 2050. This trajectory of gasoline
bination of factors. The committee notes that historic trendsconsumption is shown in Figure 6-4. Note that this figure
in light-duty-vehicle fuel economy, on a fleetwide basis, includes two scales, measuring gasoline use in millions of
reached a plateau in the mid-1980s (EPA, 2003). barrels per day (right scale) and in quadrillion British ther-

New GHEVs are estimated to have a 45 percent highermal units (Btu) per year (left scale).
fuel economy than that of conventional vehicles in any year  Figure 6-4 also displays two other trajectories of gasoline
(see Chapter 3 for a discussion of efficiency differences); consumption. The first shows an estimate of gasoline con-
new hydrogen vehicles are estimated to have 2.4 times thesumption in the absence of either hybrid electric vehicles or
fuel economy of conventional vehicles (or a 66 percent hydrogen vehicles. It shows that gasoline consumption
higher fuel economy than that of GHEVS). (For both types would continue increasing at rates consistent with historical
of vehicles, the average fuel efficiency is assumed to increase
by 1 percentage point per year during the entire time hori-

4Note that the increase in vehicle fuel efficiency (for all three types of
vehicles) is assumed in all of the analyses and is independent of the choice
of supply technology, that i§currenOor (possible futured
3In the committe®& analysis, automobiles are driven for 14 years, with 5New car sales have grown less rapidly. But the comrfitestimates
annual vehicle miles (per car from the given vintage) declining as the ve- are most sensitive to vehicle miles. Therefore, the model was calibrated to
hicles get older. New vehicles are assumed to be driven 15,000 miles annuvehicle miles data from the EIA. Estimates were made for year 2000 ve-
ally; 5-year-old vehicles, 14,490 miles; 10-year-old vehicles, 7,758 miles; hicle miles traveled to be 2523 billion miles for light-duty vehicles, using
14-year-old vehicles, 603 miles. This decline reflects both the scrapping ofthe estimate frorAnnual Energy Outlook 200&IA, 2003).
vehicles over time and the reduced mileage of older vehicles. 6Quadrillion Btu = 1@° Btu.
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experience, taking into account the increased mileage per It should be noted that none of the estimates in Figures
gallon of conventional vehicles. The second trajectory 6-1 through 6-5 depends on which technologies are used to
shows the estimated consumption of gasoline if hydrogenproduce hydrogen, but rather on whether hydrogen vehicles
vehicles were never adopted and hybrids captured the entirare introduced into the marketplace and on the rate at which
market share that would have been captured by hydrogenhey are adopted. However, the environmental, energy secu-
vehicles. In the discussions that follow, the committee con-rity, economic, and domestic resource use implications de-
siders the impact on gasoline consumption of a transition topend significantly on which technologies are used to gener-
hybrid vehicles. Thatimpact can be seen as the difference irate the hydrogen. These issues are examined in subsequent
Figure 6-4 between the gasoline consumption and the consections of this chapter.
sumption with hydrogen and hybrid vehicles.

In order to put the figures showing gasoline use in con- ~ A ppAN DIOXIDE EMISSIONS AS ESTIMATED IN THE
text, the committee can plot the projections from the EnergyCOMMITTEEOS VISION
Information Administration (EIA, 2003) of U.S. oil con-
sumption, production, and imports along with the com-  As noted in Chapter 5, one of the important goals of the
mitteed estimates of gasoline consumption in the three caseshydrogen program is to reduce the emissions of carbon diox-
This superposition of the gasoline consumption estimateside into the atmosphere, given the impacts of possible global
with the EIA projections of oil supply, demand, and imports climate change associated with releases of greenhouse gases.
appears in Figure 6-5. This figure shows that automotive Therefore, it is important to estimate the amount by which
consumption of gasoline is a large fraction of total oil con- shifts from gasoline in automobiles to hydrogen for fueling
sumption but is less than 50 percent of total U.S. use of crudevehicles would change C@missions. In order to put the
oil and petroleum products. Thus, a transition to hydrogencommitted3 estimates in context, Figure 6-6 shows EIA pro-
in light-duty vehicles could lead to a large reduction in oil jections of U.S. carbon emissions in the form of,(lfdoken
imports, although the United States would continue to im- down by energy-consuming sectors and by fossil fuels. The
port crude oil or petroleum products to be used in large EIA projects that by the year 2025, the United States will be
trucks, airplanes, and other industrial uses. emitting more than 2200 million metric tons of carbon, over
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FIGURE 6-5 Gasoline use cases based on the comf@itesimistic vision compared with Energy Information Administration (EIA)
projections of oil supply, demand, and imports, ZEOB0. SOURCE: EIA (2003) for EIA projections.
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FIGURE 6-6 Projections by the Energy Information Administration (EIA) of the volume of carbon releases, by sector andrby fuel, i
selected years from 1990 to 2025. SOURCE: EIA (2003).

one-third of which is projected to be from petroleum use ogy was utilized. At one extreme, the use of coal without se-
(EIA, 2003). The projections show that the entire transporta-questration or of distributed electrolysis using grid-supplied
tion sector, not simply the light-duty vehicles, will account electricity would lead to little or no further reductions in CO
for 37 percent of these emissions. Thus, gasoline use in lightreleases than would occur through a transition to GHEVs.
duty vehicles is an important component of the release of Distributed generation of hydrogen by electrolysis using
CO, into the atmosphere, comprising roughly two-thirds of photovoltaics or wind turbines when they were available,
the carbon emissions from the transportation sector (EIA,and using grid-supplied electricity when the wind turbines
2002), but it is not the dominant component. or photovoltaics were not supplying electricity, could fur-
In Chapter 5, the committee presented estimates of thether reduce CQemissions by a moderate amount (on the
amount of CQ that would be released into the atmosphere order of 100 million to 150 million metric tons per year by
per kilogram of hydrogen produced for each of the techno-2045). The reductions in G@missions from the possible
logical pathways considered; it also gave estimates of thefuture technologies could be somewhat greater than those
amount of CQ that would be released into the atmosphere obtainable using the current technologies, but the differences
per gallon of gasoline used. These estimates can be appliedetween the two are not great. However, distributed elec-
to the committe® estimates of gasoline consumption and trolysis using electricity exclusively from wind turbines could
hydrogen consumption over time in order to estimate thebring CQ, emissions down to zero by 2050 if it were possible
impacts of a transition to hydrogen on the carbon releasedo generate all of the hydrogen by this means. The commit-
into the atmosphere. These estimates appear in Figures 6-fte shows this particular technology for the possible future
and 6-9 for current hydrogen production technologies and instate of technology development and shows wind turbines
Figures 6-8 and 6-10 for possible future technologies. combined with grid-supplied electricity for the current state
Figures 6-7 through 6-10 show that a transition from con- of development.
ventional fueled vehicles to hybrids alone, without the intro- ———
duction of hydrogen-fueled vehicles, would reduce carbon "The committee shows the particular techno.logi.es in this way because
emissions by 200 million metric tons annually by 2050. A Iﬁr thg current state o_f_technology de\{elopment it will be less costly to have
= ) e grid-based electricity used with wind-based electricity, and for the pos-
further transition from GHEVs to hydmgen vehicles would sible future technologies it would be less costly to have an entirely wind-
have sharply different impacts, depending on which technol-based system without the use of electricity from the grid.
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FIGURE 6-8 Estimated volume of carbon releases from passenger cars and light-duty trucks: possible future hydrogen pecbduction te
nologies (fossil fuels and nuclear energy), ZEW50. See Table 5-2 in Chapter 5 and discussion in text.
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FIGURE 6-9 Estimated volume of carbon releases from passenger cars and light-duty trucks: current hydrogen productiors$echnologi
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Estimated volume of carbon releases from passenger cars and light-duty trucks; possible future hydrogen production

technologies (electrolysis and renewables), 28080. See Table 5-2 in Chapter 5 and discussion in text.
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Steam reforming using natural gas in a central station ortechnologies. These estimates appear in Figure 6-11, which
distributed facility could reduce C@missions on the order includes estimates for both current and possible future tech-
of 200 million metric tons per year by 2050, in either state of nologies. This figure also includes the EIA projections of
technology development. Also, sharp reductions in, CO natural gas supply, demand, and imports in order to put the
emissions would occur if all of the hydrogen was generatedestimates from the commiti@evision in context.
using biomass as a feedstock, or nuclear power as a heat Figure 6-11 shows that if all of the hydrogen were gener-
source, or if the COfrom a coal-based or a natural-gas- ated using one or more of the natural-gas-based technolo-
based technology was separated and sequestered. gies, the increase in natural gas consumption would be a

At the other extreme, if all of the hydrogen could be significant fraction of the projected domestic production. It
generated using biomass as a feedstock and all of thalso shows that, according to EIA projections, the United
CO, could be separated at the point of hydrogen productionStates will be importing a significant fraction of this natural
and sequestered, there would be negative net emissions ajas in the years 2010 through 2025. Given the magnitude of
CO, into the atmosphere after 2036. That is, on net, thethe use of natural gas for hydrogen production, it can be
process would take significant amounts of Gt of the reasonably expected that most of the additional consump-
atmospheré. tion will result in additional imports of natural gas once the
United States gets beyond a transition period. However,
SOME ENERGY SECURITY IMPACTS OF THE during the transi_tion perioq (thrpugh 2030), natural gas im-
COMMITTEE VISION ports Woulq pot increase significantly. _

The additional use of natural gas can be compared with

As noted, a second important goal of the hydrogen pro-the reduced use of gasoline. Figure 6-12 provides this com-
gram is to improve energy security by substituting secureparison for the current technologies, and Figure 6-13 pro-
domestic resources for imported energy resources, particuvides the comparison for possible future technologies. Both
larly those that may be traded in unstable international mar-of these graphs plot, on the same scale, the gasoline reduc-
kets. Figure 6-4 shows that a transition to hydrogen in light- tions associated with the penetration of hydrogen vehicles in
duty vehicles could sharply reduce the use of gasoline andplace of hybrid electric vehicles, and the natural gas use in-
thus could reduce the importation of oil. Some of the tech- creases for the central station natural-gas-based technolo-
nologies would use domestic resources without increasinggies, with and without sequestration, and the distributed re-
the importation of other energy from potentially unstable forming of natural gas.
parts of the world. Technologies based on coal, biomass, Figures 6-12 and 6-13 show that the increases in natural
nuclear power, or entirely on renewables, such as wind tur-gas use, measured in quads, are of similar magnitude to the
bines and photovoltaics, would not lead to significant en- decreases in gasoline use, although the natural gas increases
ergy imports. A transition to hydrogen could improve energy with the possible future technologies will be somewhat
security if the hydrogen were generated from such domesticsmaller than the decreases in gasoline use will be. These
feedstocks. figures suggest that it is unlikely that a transition to hydro-

Other technologies, however, would use natural gas, agen based on natural gas would significantly increase energy
commodity which, although produced domestically, is also security.
imported in significant quantities and would be subject to It must be stressed, however, that the issue raised here
some of the same international market instability that occurswould not be relevant for the other domestically produced
in the petroleum markets. Additional uses of natural gasresources or if large new sources of domestic natural gas are
would lead to additional imports. In this case, whether en-found. Technologies based on coal, biomass, nuclear power,
ergy security is improved or harmed depends on whether theor the two renewabléswind turbines and photovoltaids
security benefits from reduced oil imports are greater thanwould not result in such compensating increases of energy
the security costs of increased natural gas imports. imports. A transition to hydrogen using these feedstocks

In order to examine this issue, estimates were developectould thus improve energy security.
of the amount of natural gas that would be used if all of the A sharp reduction in gasoline use would require impor-
hydrogen were generated using one of the natural-gas-basetnt adjustments in U.S. petroleum refining. These adjust-

ments themselves could have energy security implications.

Existing refineries swing between summer and winter dif-

ferences in demand for gasoline and distillate fuels. How-

8Less carbon is sequestered in the possible future biomass technologgVver, if gasoline use is reduced to a very small portion of

case than in the current technology case (i.e., carbon emissions become lesgefined products, new refining processes may be needed.
negative). This reductiqn would be the result_of the increasec_i _ef'ficiency OfAIternativer, U.S. refiners might continue importing crude
_hydr_ogen generatl_on with _the new technqlogles. A more efficient processoil, making gasoline for exportation. The implications of
implies that less biomass is needed per kilogram of hydrogen and thus less : .
CO, is removed from the atmosphere and fixed as organic carbon in thesuch a sgenarlo, or of alternative responses, are Worthy of
biomass. examination.
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FIGURE 6-11 Estimated amounts of natural gas to generate hydrogen (current and possible future hydrogen production technologies)

compared with projections by the Energy Information Administration (EIA) of natural gas supply, demand, and impd&g9520 Bee
Table 5-2 in Chapter 5 and discussion in text. SOURCE: EIA (2003) for EIA projections.
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FIGURE 6-12 Estimated gasoline use reductions compared with natural gas (NG) use increases: current hydrogen producti@stechnolo
201ER050. See Table 5-2 in Chapter 5.
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FIGURE 6-13 Estimated gasoline use reductions compared with natural gas (NG) use increases: possible future hydrogen production
technologies, 20BR050. See Table 5-2 in Chapter 5.

OTHER DOMESTIC RESOURCE IMPACTS BASED @iding the EIA forecast of U.S. consumption and produc-
THE COMMITTEEVISION tion of coal?
Figure 6-14 shows that, by 2050, hydrogen production

I_n add|t|c_>n to impacts on natural gas, the co_mmlttee hascould use between 13 quadrillion and 15 quadrillion Btu per
estimated impacts on several other domestic resources: : ; - .
ear of coal, with slightly smaller quantities for possible fu-

Coal-based hydrogen generation would require increase . g . i
U.S. production of coal. Biomass-based hydrogen producfi/ure technologies and slightly larger quantities for technolo

tion would require the use of land. The sequestration gf CO gies involving CQ sequestration. The figure shows that, ‘.”‘t
S ) : least through 2035, the use of coal for hydrogen production
would require infrastructure for sequestration as well as do-

mestic resources into which the sequestereg @0Id be can be expected to be a relatively small fraction of total coal

: : . roduction. However, by 2050, if hydrogen were generated
prominently placed. The committee summarizes here som : . 2
) : ._exclusively using coal-based technologies, its use for hydro-
of the most important of these impacts on such domestic

resources. It continues to maintain the discussion about pur@en production would be a substantial portion of the industry.

. . . : ; Technologies that use biomass as a feedstock require sub-
options in which all of the hydrogen is produced from a given . . )

X ._stantial acreage in order to grow the biomass. In the models

feedstock. The reader should be reminded that, more realis=

tically, if the challenges of hydrogen are mastered, the tran_developed for the study, it is assumed that under current tech-

sition will not be to such a pure system but rather to asystemnology conditions, 4.0 tons of bone-dry biomass can be

) . ) i .. _grown per year for each acre of land and that each ton of
Lﬂgv:;zrgorg::y different supply chains are used to provide biomass has an energy content of 16 million Btu. Under

Hydrogen generation using only coal as a feedstockpossible future technology conditions, it is assumed that the
could be expected to significantly increase the use of Coalgrowmg of a biomass becomes more productive, so that 6.0

in the United States. Figure 6-14 provides those estimates

for both current and possible future technologies that use 9Figure 6-14 shows the EIA projection that domestic production and

C_0a| asa f?edSIOCk’ either With or Witl’.loutzCS'.Bqu(?stra- ~ consumption of coal will remain equal to one another, so there will be no
tion. The figure puts these estimates in perspective by in-net imports of coal.
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FIGURE 6-14 Estimated amounts of coal used to generate hydrogen (current and possible future hydrogen production technologies)

compared with Energy Information Administration (EIA) projections of coal production and us&2P800See Table 5-2 in Chapter 5 and
discussion in text. SOURCE: EIA (2003) for EIA projections.

tons of bone-dry biomass can be grown per year for eachtechnology conditions, by 2050 biomass production would
acre of land. These assumptions allow the committee to deaccount for about 16 percent of this land, even if all of the
velop estimates of the amount of land that would be requiredhydrogen were made using biomass as a feedstock. How-
if biomass were the feedstock for 100 percent of the hydro-ever, if the biomass requires land that currently serves as
gen production. Figure 6-15 provides those estimates forcropland, then by 2050 under possible future technology
both the current and possible future technologies, both withconditions, biomass production could use about 33 percent

and without CQsequestration. of all current cropland.
Figure 6-15 shows that under current technology con-  For those technologies that rely on £@questration, the
ditions, if all of the hydrogen were generated from bio- committee examined the amount of £@at would be se-

mass, in 2050 the United States would be using aboutquestered annually and the cumulative sequestration. The

650,000 mi of land to grow the biomass needed to fuel the models assume that 90 percent of the, @D a given plant

light-duty fleet of vehicles. However, with the possible fu- can be separated and sequestered and that 10 percent of the
ture technologies, the nation would need a substantiallyCO, will escape into the atmosphere. Figures 6-16 and 6-17
smaller amount, about 280,000?mT he difference between respectively provide estimates of the annual and cumulative

the two estimates of land use results from differences in theamounts of CQthat would be sequestered with current tech-

assumed productivity of land and differences in the effi- nologies, for central station natural gas and coal plants and
ciency of the gasifier under the two states of technology midsize biomass plants. Figures 6-18 and 6-19 respectively
development. provide annual and cumulative sequestration estimates for

For comparison purposes, the United States is estimategbossible future technologies.

to have roughly 700,000 Aof cropland and 900,000 Aof Figures 6-16 through 6-19 show the massive amount of
rangeland or pastureland (Vesterby and Krupa, 1997). If theCO, sequestration that would be required, both annually and
biomass can be grown on land that currently serves as rangecumulatively, in order to use fossil fuels as hydrogen feed-

land or pastureland, which the committee believes is unlikely stocks while sharply reducing the amount of G€leased

because of water-use restrictions, then under possible futurénto the atmosphere. By 2050 the United States would need
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FIGURE 6-15 Estimated land area used to grow biomass for hydrogen: current and possible future hydrogen production technologies,
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FIGURE 6-16 Estimated annual amounts of carbon dioxide sequestered from supply chain for automobiles powered by hydrogen: curren
hydrogen production technologies, 2682050. See Table 5-2 in Chapter 5 and discussion in text.
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FIGURE 6-17 Estimated cumulative amounts of carbon dioxide sequestered from supply chain for automobiles powered by hydrogen:
current hydrogen production technologies, ZPO50. See Table 5-2 in Chapter 5 and discussion in text.

2.8

2.6

—8— CS NG-F Seq
2.4 —*— CS Coal-F Seq
—e— MS Bio-F Seq

2.2

2.0

. s

0.6

Metric tons of carbon dioxide annually (billions)

2010 2015 2020 2025 2030 2035 2040 2045 2050

Year

FIGURE 6-18 Estimated annual amounts of carbon dioxide sequestered from supply chain for automobiles powered by hydrigen: possib
future hydrogen production technologies, 2B0@60. See Table 5-2 in Chapter 5 and discussion in text.
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FIGURE 6-19 Estimated cumulative amounts of carbon dioxide sequestered from supply chain for automobiles powered by hydrogen:
possible future hydrogen production technologies, 22QB0. See Table 5-2 in Chapter 5 and discussion in text.

to sequester about 10 billion metric tons of C€umula- IMPACTS OF THE COMMITS EASION FOR TOTAL
tively, if hydrogen was generated using natural gas as a feedFUEL COSTS FOR LIGHT-DUTY VEHICLES
stock, and about twice as much with coal as a feedstock.

. : Finally, the committee considered the economic impacts
These figures also suggest that, except for biomass-based . . . .
. ; . . . of the alternative hydrogen production technologies. Taking
hydrogen, there is relatively little difference in the amount

of sequestration needed between current and possible futur|nt0 account the estimate of the consumption of gasoline over

technologies. Both the rate of sequestration and the cumula: the consumption of hydrogen over time, the cost of

) . asolinel® and the cost of hydrogen from the various tech-
tive amount of sequestration needed can be expected to po : .

nologies, estimates were made of the total cost per year of
very great challenges.

These estimates can be compared with the available estifuellng the fleet of automobiles. Under the assumption that

. : . ._hydrogen-fueled vehicles have the same production and
mates of the geological sequestration capacities of potential 7 - : : .
. ) o . maintenance costs as those for gasoline-fueled vehicles, dif-
locations. North American storage capacity is estimated at

between 5 and 500 gigatons (GT) 06 Holloway (2001), ferer)ces in the total c_:ost per year of fueling Fhe fleet of auto-
) : . . mobiles translates directly into differences in the total eco-
and the same review article notes that the capacity of a single

aquifer has been estimated at 9 to 43 GT,.CO nomic costs of the transition t9 hydrogen.
L Figures 6-20 and 6-21 provide these total annual costs for
To put the annual volumes of sequestration in context

. 'the current technologies, for fossil fuels, and for renewables
one can compare them with the movement of natural gas.

The EIA (2003) projections for the year 2025 of natural gas and d|str|puted_ e!ectroly5|s, respectively. F|gu.res 6-22 ar_1d
) - 6-23 provide similar data for future technologies for fossil
consumption at 36 quadrillion Btu per year translates to

roughly 0.7 billion metric tons of natural gas moved per year. fuels and nuclear thermal energy and for renewables and dis-

Thus, sequestration of G@rom coal-based or biomass- tributed electrolysis, respectively. In each of Figures 6-20

based hydrogen production in 2050 (see Figures 6-16 and 6t_hr0ugh 6-23, there is a curve displaying an estimation of

18) would require the movement of a mass of, @axe the the annual fuel cost with only conventional vehicles, with no
amount that the EIA projects to be the mass of natural gas
moved in 2025. 10The gasoline cost is estimated as $1.27 per gallon.
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GHEVs and no hydrogen vehicles. A second line providestributed natural gas would be somewhat more costly. But
an estimate of total annual fuel costs if GHEVs ultimately Figure 6-21 shows that if the system were to be based on
capture 100 percent of the market share and hydrogen-fueledistributed electrolysis, biomass, or distributed photovolta-
vehicles are never introduced. The other lines assume thaitcs, the total cost would be substantially greater than would
hydrogen-fueled vehicles capture the market shares ovebe possible with even hybrid vehicles or conventional ve-
time (at the rates shown in Figure 6-1) and that all of the hicles. For example, in 2050 the cost of using these tech-
hydrogen is produced using the particular technology de-nologies would exceed the cost of using gasoline in GHEVs
noted; GHEVs are being phased in and then out of the marby more than $400 billion annually.
ket using the estimates in Figure 6-1. Figures 6-22 and 6-23 show the great importance of pos-
Figures 6-20 and 6-21 show the large impact of the pen-sible future technologies on the total cost of the system. They
etration of GHEVs into the marketplace. These figures sug-show that if the possible future technologies are successfully
gest that by 2050, the movement from conventional vehiclesdeveloped and have costs consistent with the com@ittee
to GHEVs alone could reduce the fuel cost by about $75estimates, all but the biomass and the grid-electric or photo-
billion per year, without the introduction of hydrogen-fueled voltaic-based electrolysis technologies could be operated at
vehicles. costs less than those that would characterize a system of
Figures 6-20 and 6-21 show that most of the current tech-gasoline-fueled conventional vehicles. The central station
nologies would lead to total costs that are higher than thecoal-based and natural-gas-based technologies would be
amount drivers would face if GHEVs ultimately dominated lower in cost than that of operating a system of gasoline-
the fleet. However, central station coal-based or natural-fueled hybrid electric vehicles. But the technologies based
gas-based hydrogen production could keep total costs almosbn distributed electrolysis operating either entirely on grid-
identical to the costs with GHEVs. Hydrogen based on dis-supplied electricity or partially on photovoltaic-supplied
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—-—--CSNG-C !
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FIGURE 6-20 Estimated total annual fuel costs for automobiles: current hydrogen production technologies (fossil fug8p@Bach

line for the various hydrogen production technologies assumes that hydrogen-fueled vehicles capture the market sharés tverdiee
shown in Figure 6-1) and that all of the hydrogen is produced using the particular technology denoted (e.g., CS NG-C, @SdCuatid);
gasoline hybrid electric vehicles (GHEVSs) are being phased in and then out of the market using the estimates in Figuretléet .coato
curves are provided, one displaying an estimation of the annual fuel cost with only conventional vehicles (no hydrogen)oAGEiEVis!

line provides an estimate of total annual fuel costs if GHEVs ultimately capture 100 percent of the market share and igiécbgehicles

are never introduced (GHEVS, no hydrogen). See Table 5-2 in Chapter 5 and discussion in text. NOTE: The cost curvestatioantral
natural gas (CS NG-C) is obscured by the cost curve for GHEVs (GHEVs, no hydrogen), and the cost curve for central station coal
sequestration (CS Coal-C Seq) is partly obscured by the cost curve for coal without sequestration (CS Coal-C).
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