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I. Introduction

Air pollution emissions that prevent many areas of the coun-
try from achieving the Clean Air Act’s (CAA’s) national am-
bient air quality standards (NAAQS)1 could be reduced if
cleaner sources of energy were utilized. Clean energy sup-
plied by domestic sources also could provide benefits to the

overall environment,2 the economy and to national security.
President George W. Bush announced in his 2003 State of
the Union Address that his Administration believes hydro-
gen fuel should help provide for the future energy needs of
the United States.3 The Administration and the U.S. Depart-
ment of Energy (DOE) have declared their goal is to use hy-
drogen in vehicles by 20154 and to implement a “hydrogen
economy,” with the necessary infrastructure to make, trans-
port, store, and use hydrogen as a fuel for fuel cell vehicles
by 2020.5 This will be a substantial challenge because in
2002, there were 518,919 alternative vehicles in use in the
United States, but none used hydrogen.6

Hydrogen usually serves as an energy carrier that is de-
rived from some other primary fuel. The existing infrastruc-
ture for petroleum-based fuels is unlikely to accommodate
hydrogen fuel; a new infrastructure will take many years to
build, and the effort will be expensive and politically diffi-
cult to accomplish. Without the necessary infrastructure, in-
vestors will be wary about supporting this technology.
Moreover, the transport and storage of hydrogen is poten-
tially dangerous; containment methods are prone to leak and
present safety risks.

There are only limited cost-effective ways to use hydro-
gen to power automobiles or stationary internal combustion
engines. The major focus of recent research has been on us-
ing hydrogen in a fuel cell, rather than using it as fuel in an
internal combustion engine, but fuel cells have cost, con-
sumer acceptance, durability, and other problems to over-
come, as discussed below. At this time, it is not known how
long it will take to overcome these obstacles in order to
make the use of hydrogen fuel a reasonable choice. As Ex-
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1. 42 U.S.C. §§7401-7671q, §7409, ELR Stat. CAA §§101-618, 40
C.F.R. pt. 50.

2. The release of air pollutants such as sulfur dioxides (SO2), nitric ox-
ides and nitrogen oxides (NOx) and heavy metals, for example, are
significant sources of water pollution.

3. The 2003 State of the Union Address: Complete Transcript of Presi-
dent Bush’s Speech to Congress and the Nation (Jan. 28, 2003),
available at http://www.whitehouse.org/news/2003/012803-sotu.
asp (last visited Apr. 7, 2004).

4. U.S. DOE, Draft, Multi-Year Research, Development, and

Demonstration Plan, Executive Summary iii (2003), avail-
able at http://www.eere.gov/hydrogenandfuelcells/mypp/pdfs/exec_
summary.pdf (last visited Apr. 9, 2004) [hereinafter Multi-Year

Research Plan].

5. Hydrogen Economy Fact Sheet: U.S.-EU Summit, Coopera-

tion on the Development of a Hydrogen Economy (2003),
available at http://www.whitehouse.gov/news/releases/2003/06/
20030625-6.html (last visited May 11, 2004).

6. Stacy C. Davis & Susan W. Diegel, Transportation Energy

Data Book: Ed. 23, at 6-3, tbl. 6.1 (2003) [hereinafter Davis &

Diegel]. See also tbls. 6.2, 6.3.
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xon-Mobil Corporation’s Manager of Fuels Development
has stated: “The verdict is still out on whether hydrogen will
ever become a mainstream fuel.”7

II. Using Hydrogen as a Fuel

Hydrogen and other alternative fuels have become a subject
of intense interest because of concerns about global warm-
ing, the fear that petroleum reserves may dwindle within a
few decades, the potential disruption of petroleum supplies
due to the instability of petroleum suppliers, and the desire
to utilize fuels cleaner than fossil fuels to protect the envi-
ronment. Hydrogen-based energy technologies are being
pursued, in part, because of concerns about the need to re-
duce dependence on foreign oil in the United States.8 How-
ever, even at maximum levels of hydrogen use, U.S. petro-
leum needs cannot be supplied by domestic sources because
the public is not yet ready to take the steps necessary to sig-
nificantly reduce the nation’s oil dependence. The historical
progression of the fuels used in the United States has been
from wood to coal, to petroleum, to natural gas, and perhaps
now to using hydrogen as an energy carrier.9 These fuels
represent a molecular progression with the ratio of hydrogen
to carbon atoms increasing. This progression usually results
in reduced air pollution and less carbon dioxide (CO2) pro-
duced during the combustion process, but this is nullified by
the increasing amount of fossil fuel that is combusted to
meet the growing demand for energy.

A major benefit of using hydrogen as an energy carrier is
that it can be produced from many energy sources. Coal, pe-
troleum, and natural gas are the most readily available po-
tential sources of hydrogen. Biomass also can be converted
to hydrogen. A goal of scientists and DOE is to obtain hy-
drogen using biophotolysis or photofermentation,10 but
such technology is probably decades from development.

Hydrogen also can be produced using renewable sources
of electricity or nuclear power to split water into hydrogen
and oxygen. No CO2 is formed when producing hydrogen
through electrolysis of water using wind, solar, hydroelec-
tric or nuclear fission, to generate the needed electric power,
but some of these technologies are embryonic.11 The tech-
nology to produce hydrogen from renewable or nuclear
sources is currently high in cost and low in efficiency.12

Some of the more potentially viable renewable means of

producing hydrogen include hydroelectric water electroly-
sis and high-temperature thermochemical hydrogen pro-
duction through solar heat.13 Of the renewable technologies,
the cheapest is biomass, rivaling coal in cost per million
British thermal units (Btus), followed by electrolysis; the
most expensive is solar photovoltaic electrolysis.14 Wind-
generated electricity is probably the least expensive way to
produce hydrogen through electrolysis using renewable en-
ergy. Once the nation’s infrastructure that is needed to store,
deliver, and use hydrogen15 is developed, and as technology
improves hydrogen, production methods could be changed
without an adverse effect on the hydrogen infrastructure.

The most common and efficient way of obtaining hydro-
gen today is steam reforming of natural gas,16 but natural gas
is less abundant than coal17 and is not a renewable source.
Coal is an abundant natural resource, but it creates substan-
tial environmental problems when used in the hydrogen-
formation process or when burned directly for energy. Even
if hydrogen could be produced from coal with no release of
conventional pollutants, little is gained from using hydro-
gen if the process results in releases of CO2 to the environ-
ment. DOE plans to sequester and store CO2 that is a by-
product of processing hydrocarbons to obtain hydrogen, but
the technology to do this effectively on a large scale has not
yet been proven.

Given the amount of energy it takes to produce hydrogen
from other energy sources, it may be more efficient to use
these energy sources directly rather than accepting the costs
and inefficiencies in converting the hydrogen in fossil fuel
to molecular hydrogen. However, the efficiency of a fuel
cell in comparison to the internal combustion engine may
help to mitigate the energy losses that occur during the con-
version process used to produce hydrogen.

III. Overview of Hydrogen Technology

Currently, hydrogen is used primarily to make ammonia
fertilizer by synthesizing ammonia (NH3) and to
hydrocrack petroleum in oil refineries in order to produce
light gasoline and distillate fuel oil.18 Hydrogen also is
used in methanol production, metals processing, and in
the electronics industry. Some businesses currently use
stationary hydrogen-powered generators as back-up
power; a few use hydrogen-fueled generators as their
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7. Jeffrey Ball, Green Dream: Hydrogen Fuel May Be Clean But
Getting It Here Looks Messy—Auto Oil Companies Wrestle With
Huge Costs to Build Delivery Infrastructure—Cautiously Topping
the Tank, Wall St. J. (Eastern Ed.), Mar. 7, 2003, at A1.

8. Multi-Year Research Plan, supra note 4, at I; U.S.

DOE, Draft, Multi-Year Research, Development, and

Demonstration Plan, Program Benefits 2-1 (2003), avail-
able at www.eere.energy.gov/hydrogenandfuelcells/mypp/pdfs/2.0_
program_benefits.pdf (last visited May 11, 2004) [hereinafter
Multi-Year Program Benefits].

9. Brian Cook, An Introduction to Fuel Cells and Hydrogen Technol-
ogy, Heliocentris, Dec. 2001, at 2, available at www.FuelCell
Store.com/products/heliocentris/INTRO.pdf (last visited May 11,
2004).

10. Idaho National Engineering and Environmental Laboratory, Bio-
technology Processes for the Production of Hydrogen, at http://
energy.inel.gov/fossil/hydrogen/bioproduction.shtml (last visited
Nov. 1, 2003). See also U.S. DOE, A National Vision of Amer-

ica’s Transition to a Hydrogen Economy—To 2030 and Be-

yond iv (2002) [hereinafter National Vision].

11. Multi-Year Research Plan, supra note 4, at 3-5.

12. National Vision, supra note 10, at 4.

13. Multi-Year Research Plan, supra note 4, at 3-5.

14. James J. Mackenzie, The Keys to the Car: Electric and Hy-

drogen Vehicles for the 21st Century 67 (World Resources
Institute 1994) [hereinafter The Keys to the Car].

15. Venki Raman, The Hydrogen Fuel Infrastructure for Fuel Cell Vehi-
cles, in Challenges for the Chemical Sciences in the 21st

Century: Energy and Transportation 66 (2003) [hereinafter
The Hydrogen Fuel Infrastructure].

16. National Vision, supra note 10, at 4.

17. Future Options for Generation of Electricity From Coal: Hearings
Before the Subcomm. on Energy and Air Quality of the House
Comm. on Energy and Commerce, 108th Cong. 10 (2003) (prepared
statement of Hon. Ralph M. Hall (R-Tex.)), available at http://www.
Energycommerce.house.gov/108/Hearings/06242003hearing968/
print.htm. (last visited May 4, 2004).

18. Davis & Diegel, supra note 6, at 6-12, tbl. 6.8. These two uses ac-
count for 75% of U.S. hydrogen consumption. See also American

Chemical Society, Chemistry in the Economy 286 (1973).

19. The Hydrogen Energy Economy, Hearings Before the Subcomm. on
Energy and Air Quality of the House Comm. on Energy and Com-
merce, 108th Cong. 61 (2003) (statement of Gregory M. Vesey,
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main source of power.19 The current level of hydrogen
production and use is about 9 million tons per year in the
United States and 40 million tons per year worldwide.20

There were 81 gaseous hydrogen plants in the United
States in 2003, and 10 liquid hydrogen plants. Most of
these plants produce hydrogen as part of another process,
e.g., petroleum refining, ammonia production, and
methanol production.21

Whether hydrogen use becomes significant depends on
the success of the public and private entities involved in
making the hydrogen economy a reality. Optimism prevails
at DOE, but critics see the barriers to widespread commer-
cial use of hydrogen as an energy carrier to be insurmount-
able during the next few decades. Technical, institutional,
environmental, and market barriers exist for the produc-
tion,22 storage,23 delivery,24 fueling, and use of hydrogen.

A. Production

Hydrogen can be created from different fuel sources, some
renewable, some nonrenewable. These sources are not all
equally technologically advanced, and they create different
types and quantities of pollution when hydrogen is gener-
ated.25 It is unknown whether any single technology can
produce the amount of hydrogen necessary to meet U.S. en-
ergy needs. DOE’s National Hydrogen Energy Roadmap
(Roadmap) predicts that when hydrogen is well established
as an energy carrier, the U.S. hydrogen demand will be 40
million tons per year,26 which is the present worldwide pro-
duction level. To fully replace gasoline in light-duty vehi-
cles in the United States would require 110 million tons of
hydrogen per year.27 The Roadmap projects that a demand
for hydrogen fuel for approximately 25 million homes or

100 million automobiles (fuel cell-powered) would require
140 large coal or biomass gasification plants, or 100 nuclear
plants whose power was dedicated to producing hydrogen,
or 1 million small neighborhood electrolysis systems. A
fleet of 100 million fuel cell-powered automobiles might re-
quire 67,000 vehicle refueling stations (which is one-third
of the number of gasoline stations today) to meet consumer
expectations.28 The Roadmap’s forecast implies that hydro-
gen will supply a fraction, though a sizeable one, of the total
U.S. energy demand.

Hydrogen can be developed from coal29 using one of sev-
eral methods. Heavy oils, petroleum coke, biomass, and
municipal waste also can be used to produce hydrogen. The
primary method of obtaining hydrogen from coal is through
coal gasification, which is costly.30 It involves combining
coal with oxygen and steam to produce “syngas,” which
contains primarily hydrogen and carbon monoxide (CO),
and then putting the syngas through a process that converts
it into CO2 and hydrogen.31 That mixture is then separated
through pressure swing adsorption (PSA), a technology that
adsorbs the hydrogen onto a porous material and releases it
at lower pressures.32 The hydrogen produced by coal gasifi-
cation contains contaminants that must be removed before it
can be used in a hydrogen fuel cell. To accomplish this result
requires catalysts that resist poisoning by the contami-
nants.33 Cost-effective technologies need to be developed to
produce clean hydrogen.

The National Academy of Sciences stated in their Vision
21 Review that, by 2015, when the go/no go decision is sup-
posed to be made on developing a hydrogen economy, coal
technology will not be ready.34 Nevertheless, the coal indus-
try is working to perfect integrated gasification combined-
cycle (IGCC) plants. In 2000, the National Coal Council re-
ported that IGCC plants can compete with natural gas plants
when gas costs $4 per million cubic feet (mcf); gas prices in
2003 generally exceeded $5 per mcf.35 IGCC plants heat
coal, water, and oxygen under high pressure to produce a gas
of hydrogen and CO that can, with minor modifications, be
used in gas-fired electric power plants. The IGCC plants
also produce chemicals and diesel fuel as part of the conver-
sion process. The relative amounts of syngas used to pro-
duce electricity or chemicals depend on market demand.36
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President, ChevronTexaco Technology Ventures), available at http://
energycommerce.house.gov/108/Hearings/06242003hearing968/
print.htm (last visited May 4, 2004) [hereinafter Hydrogen Economy
Hearings]. Ballard Power has developed “stand-alone back-up
power generators” that use natural gas as a fuel and convert it to hy-
drogen-rich gas. Cook, supra note 9, at 11-12.

20. Hydrogen Economy Hearings, supra note 19, at 57 (prepared state-
ment of Francis R. Preli Jr., Vice President Engineering, UTC Fuel
Cells). UTC has manufactured 225 stationary 200 kilowatt (kw) fuel
cells for customers all over the world.

21. Davis & Diegel, supra note 6, at 6-11, tbl. 6.7.

22. U.S. DOE, Multi-Year Research Plan, Technical

Plan—Hydrogen Production 3-2 to 3-17 (2003) [hereinafter
Multi-Year Hydrogen Production].

23. Office of Solid Waste and Emergency Response (OSWER),
U.S. EPA, Emerging Issues in the Management of Waste

Streams Related to Fuel Cells 14 (Strategic Monitoring and
Trends Project, Analytical Paper No. 1, 2003) [hereinafter
OSWER Report].

24. U.S. DOE, Multi-Year Research Plan, Technical

Plan—Hydrogen Delivery 3-33 (2002), available at www.eere.
energy.gov/hydrogenandfuelcells/mypp/pdfs/3.2_delivery.pdf (last
visited May 4, 2004) (problems include “lack of infrastructure,”
“cost and energy efficiency,” “infrastructure trade offs,” and barriers
(id. at 3-35)) [hereinafter Multi-Year Hydrogen Delivery].

25. See Multi-Year Program Benefits, supra note 8, at 2-9.

26. U.S. DOE, National Hydrogen Energy Roadmap 11 (2002),
available at http://www.eere.energy.gov/hydrogenandfuelcells/pdfs/
national_h2_roadmap.pdf (last visited June 16, 2004) [hereinafter
Hydrogen Energy Roadmap].

27. National Research Council, The Hydrogen Economy: Op-

portunity, Costs, Barriers, and R&D Needs xvi (prepublica-
tion copy 2004) [hereinafter The Hydrogen Economy].

28. Id. at 11, 14. Hydrogen refueling stations are not cost effective as yet.
There were between 10-15 hydrogen refueling stations in the United
States as of May 2003. Hydrogen Economy Hearing, supra note 19,
at 30 (testimony of Hon. David K. Gorman, Ass’t Secretary for En-
ergy Efficiency and Renewable Energy, U.S. DOE).

29. Multi-Year Program Benefits, supra note 8, at 2-10.

30. DOE Highlights Growing Hydrogen Program, Clean Coal To-

day, Fall/Winter 2003, at 6.

31. Id.

32. Id.

33. American Physical Society, The Hydrogen Initiative,

Executive Summary 6 (2004), available at http://www.aps.org/
public_affairs/loader.cfm?url=commonspot/security/getfile.ofm&
pageID=49633 (last visited May 11, 2004) [hereinafter The Hydro-

gen Initiative].

34. Review of DOE’s Vision 21 Research and Development

Program—Phase I (National Academy of Sciences 2003), avail-
able at http://www.nap.edu/openbook/0309087171/html/R1.html
(last visited May 11, 2004) [hereinafter Vision 21 Review].

35. DeWitt John & Lee Paddock, Clean Air and the Politics of Coal, Is-

sues Sci. & Tech., Winter 2004, at 63, 68.

36. U.S. DOE, Coproduction of Power, Fuels, and Chemicals 1
(2001) [hereinafter Topical Report No. 21].
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IGCC plants provide lower cost, more efficient, and less
polluting energy conversion than conventional hydrogen
production from coal.37 Industry, however, may be unwill-
ing to invest in expensive technology, such as IGCC, which
provides significant reductions in CO2 emissions, unless
there are governmental restrictions on CO2 emissions.

The most common method used today to produce hydro-
gen is steam methane reforming (SMR) of natural gas,38

which is used to make about one-half of the 49.5 million
tons of hydrogen produced worldwide each year and more
than 90% of the hydrogen produced in the United States.39

Natural gas processing plants, known as reformers, use
steam and catalytic processes to separate natural gas mole-
cules into hydrogen and carbon-based compounds includ-
ing CO2.

40

The process of producing hydrogen from fossil fuels re-
quires more energy than is contained in the hydrogen. Why
is a process with a net energy loss being pursued? The an-
swer is that hydrogen fuel has a value greater than the coal,
natural gas, or electric power used to produce it. With coal
presently costing about $0.82 per million Btu and gasoline
selling for over $15 per million Btu, this process could be vi-
able.41 But costs must be reduced if hydrogen is to compete
with gasoline. Current hydrogen production technologies
produce hydrogen at four times the cost of gasoline.42 When
used in a fuel cell, which is significantly more efficient than
an internal combustion engine, the high cost of hydrogen is
partially offset.43 Some experts believe hydrogen can be
competitive with gasoline selling at prices in the $2 per gal-
lon range,44 which is not occurring.

Hydrogen also can be produced through electrolysis,
which decomposes water into hydrogen and oxygen using
electricity. The process involves electrolyzers that are the
opposite of fuel cells. Water and electricity are the inputs,
and hydrogen and oxygen are the output. Electrolyzers op-
erate at about a 70-80% efficiency. The market value of hy-
drogen is about eight times the cost of base load electricity
from a coal-fired generating plant needed to produce it,45 but
high capital costs for electrolyzers limit their current use to
niche markets where high costs for electricity are accept-
able. These markets include manufacturers of semiconduc-
tors, specialty metals such as titanium, and glass manufac-
turers.46 When electrolyzers are combined with fuel cells,
they also are economical for users needing backup power,
such as data processing centers or communications systems
for whom electric power at four times the cost of primary
power (on a kilowatt (kw) basis) is acceptable.47

The long-term value of the electrolysis process is its po-

tential for dealing with the intermittent nature of electric
power produced by solar or wind systems.48 Electricity,
when not needed by the grid, can be used to produce hydro-
gen which is then available to produce electricity on de-
mand. If the value of the hydrogen as fuel is greater than the
value of the electricity used in its production, it makes eco-
nomic sense to produce it. The challenge is to find excess
electric capacity at a competitive price, because replacing
the gasoline used in the United States with hydrogen pro-
duced by electrolysis would require more electricity than is
sold in the country today.49

Another way of producing hydrogen that is in the early
stages of development is photobiological hydrogen produc-
tion. This process uses genetically engineered microorgan-
isms to make hydrogen.50 Certain algae can split water into
hydrogen and oxygen without needing the expensive cata-
lysts currently used to produce hydrogen in fuel cells, but
commercially viable processes are not yet available.51 There
is also some support for research concerning hydrogen pro-
duction from water power, fusion,52 and biomass.53

In addition, hydrogen can be produced using electricity
generated by nuclear power.54 Nuclear power does not gen-
erate conventional pollutants or greenhouse gas (GHG)
emissions nor does it require imported fuel. However, pub-
lic tolerance for nuclear power is low, and mistrust of nu-
clear power would likely preclude the construction of the
many new nuclear power plants needed for a hydrogen
economy based on this technology. But some members of
the U.S. Congress support nuclear power.55 The major
problem with nuclear energy is its cost. New nuclear power
may cost twice as much per delivered kw hour (kwh) as
wind power, 5 to 10 times as much as co-producing elec-
tricity and heat using natural gas, and 3 to 30 times as much
as reducing demand for electricity through end-use effi-
ciency improvements.56

B. Delivery of Hydrogen

Hydrogen can be produced from large-scale industrial pro-
cesses using natural gas at a cost less than gasoline per unit
of energy. However, while relatively inexpensive to pro-
duce, hydrogen is inherently difficult and expensive to
transport, store, and distribute.57 Methods for delivery and
storage of hydrogen from centralized production facilities
include pipelines, tanker trucks, and trains. Pipelines can
move either hydrogen, hydrogen mixed with natural gas, or
other fuels that can be converted to hydrogen at the destina-
tion site. Hydrogen can be shipped as a high-density gas or
as a liquid, and each method of shipping has advantages and
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37. Id.; Vision 21 Review, supra note 34.

38. Multi-Year Program Benefits, supra note 8, at 2-10.

39. Joseph J. Romm, The Hype About Hydrogen 72 (2004) [herein-
after The Hype About Hydrogen].

40. Chip Schroeder, Hydrogen From Electrolysis, University of Califor-
nia-Davis Conference on Transportation and Energy 5 (Aug. 1,
2003) [hereinafter Schroeder].

41. Schroeder, supra note 40, at 8.

42. The Hydrogen Initiative, supra note 33, at 1.

43. Daniel Sperling & Joan Ogden, The Hope for Hydrogen, Issues Sci.

& Tech., Spring 2004, at 82, 84.

44. The Hydrogen Initiative, supra note 33, at 1.

45. Id. at 4.

46. Id. at 5.

47. Id. at 6.

48. Schroeder, supra note 40, at 2.

49. The Hype About Hydrogen, supra note 39, at 76.

50. Multi-Year Program Benefits, supra note 8, at 3-5, 3-7, 3-8.

51. The Hydrogen Initiative, supra note 33, at 7.

52. Multi-Year Program Benefits, supra note 8, at 2-11.

53. National Vision, supra note 10, at 4.

54. Multi-Year Program Benefits, supra note 8, at 2-10, 2-11.

55. See Hydrogen Economy Hearings, supra note 19, at 5 (prepared
statement of Hon. C.L. “Butch” Otter (R-Idaho)).

56. Craig Lambert, The Hydrogen-Powered Future, Harv. Mag.,
Jan./Feb., 2004, at 30, 34 [hereinafter Lambert].

57. David W. Keith & Alexander E. Farrell, Rethinking Hydrogen Cars,
301 Science 315 (2003).
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disadvantages. Delivery is especially important to the de-
velopment of a hydrogen-based economy because it now is
about five times more expensive to deliver hydrogen to dis-
persed small users than it is to produce hydrogen.58 Technol-
ogy advances that reduce delivery costs are needed. Hydro-
gen enjoys an inherent advantage of being the fuel that is the
most concentrated energy carrier. A kilogram (kg) of hydro-
gen (2.2 pounds) carries about the same energy as a gallon of
gasoline (6.2 pounds).59 But because hydrogen is a light
weight gas, its energy value on a volume basis is low.

1. Pipelines60

The use of natural gas pipelines to transport hydrogen was
first suggested in the 1930s, by the German turbine designer
Franz Lawaczeck.61 Today there is some use of pipelines to
transport hydrogen. A company called Air Products main-
tains a few hundred miles of hydrogen pipelines throughout
the world, including in the United States.62 That company’s
pipelines transport nearly 2,000 tons of hydrogen per day.63

In transporting hydrogen through pipelines, it can either
be mixed with natural gas or the pipelines can be used for
hydrogen alone. There are problems with each method: us-
ing pipes designed for natural gas to move hydrogen can
cause what is known as embrittlement. To use pipelines for
hydrogen transport requires either new materials resistant to
embrittlement to be developed or some other way of suc-
cessfully using the current pipes will have to be discovered.
If pipelines are used to move both natural gas and hydrogen
simultaneously, methods will have to be developed to sepa-
rate the two fuels once they reach their destinations. Metha-
nol, natural gas, or ethanol could be transported by pipeline
to a site and converted to hydrogen onsite. Conversion of
these fuels to hydrogen, however, is currently limited by
the cost.64

The cost of building a new infrastructure to pipe hydro-
gen would be enormous, and the absence of such an infra-
structure is one of the most significant barriers to hydro-
gen’s viability as a widely used fuel.65 The easiest way to
transport hydrogen long distance (1,000 miles) is in liquid
form,66 but hydrogen is rarely used in that form and cooling
it to a liquid and then returning it to a gas requires additional
energy, making the process inefficient and costly.67

2. Road, Rail, and Waterway Options

Hydrogen potentially could be transported in compressed
gas or cryogenic liquid trucks, tube trailers, barges, or rail
cars.68 However, the amount of hydrogen that could be

transported would be smaller than the amount that pipelines
could carry.69 Hydrogen could not be carried as far because
the size and weight of the hydrogen-containing metal cylin-
ders limits its practical transportation to 100 miles,70 though
distances of 1,000 miles are possible with the use of super-
insulated tankers, rail cars, and barges transporting liquid
hydrogen.71 If trucks are used to deliver hydrogen, the en-
ergy density of liquid hydrogen is low so it would require
five times more trucks of hydrogen than of conventional
fuel to supply a refueling site72; a 27-ton tanker truck can
carry only enough hydrogen for about 60 fill-ups.73 Thus, a
great deal of additional diesel fuel would likely be con-
sumed in delivering hydrogen. The high costs of hydrogen
delivery may make on-site production a viable alternative;
this is discussed below.

C. Storage of Hydrogen

Storage dilemmas may ultimately be the biggest obstacle to
successful widespread hydrogen use,74 especially for use in
mobile sources.75 Viable hydrogen storage requires a tech-
nology breakthrough, and it is hard to know when the
needed scientific discovery will occur.76 Hydrogen can be
stored and delivered in several forms: low pressure or com-
pressed gas,77 cryogenic liquid,78 recyclable liquid chemical
carriers,79 or stored in a solid in which hydrogen molecular
are either absorbed into a solid or chemically bound up in
the storage medium.80 To liquify hydrogen requires it to be
cooled below -423 degrees Fahrenheit (F) (-253 degrees
Celsius (C)), which requires a significant energy input, and
hydrogen is lost through evaporation.81 Compressed gas
storage is the most “mature” technology for hydrogen stor-
age, and storage tank technology is advancing, allowing
greater compression of hydrogen in storage tanks.82 The
compression process, however, requires significant en-
ergy.83 To store hydrogen as a gas requires new materials
that do not have embrittlement problems, do not leak, and
that can safely store the fuel at high pressure.

Solids that can be used as carriers for hydrogen include
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complex metal hydrides (among these, DOE is focusing on
alanates),84 chemical hydrides (pursued because of their
safety and smaller volume, but they are expensive partly be-
cause the spent fuel must be recycled),85 carbon nanotubes
(the most promising carbon materials for hydrogen stor-
age),86 graphite nanofibers, or new metal-organic frame-
work (MOF) materials.87 To use solid chemicals requires
new cost-effective technologies to be developed.88

Each storage method has its own strengths and weak-
nesses and, while compressed gas storage may be the most
developed technology, none has emerged as a clear choice.89

Storage of hydrogen as compressed gas, solid metal hy-
drides, and chemical hydrides is problematic “because hy-
drogen molecules will migrate into the matrix of the
metal.”90 At this time, the technology is too inefficient to be
a desirable method.91

In 2003, there were only 14 storage terminals in the
United States for gaseous hydrogen storage and 3 storage
terminals for liquid hydrogen.92 When hydrogen is pro-
duced in centralized facilities, most commonly by steam
methane reforming of natural gas, it must be delivered and
stored at the refueling station as a liquid or gas. If delivered
as a liquid, a vaporizer is used to convert the hydrogen to a
gas and a compressor is used to increase its pressure. Re-
search vehicles using hydrogen are designed to have fuel de-
livered at high pressure of typically 3,600 or 5,000 pounds
per square inch (psi).93 Because of the high cost and techni-
cal difficulties of delivering and storing hydrogen, a better
approach is to produce the hydrogen near the point of end
use.94 But on-site production of hydrogen is more costly
than producing it in industrial facilities where the economy
of large scale operations lowers the cost of hydrogen pro-
duction. Service stations dispensing hydrogen could use

on-site electrolyzers to produce hydrogen with on-site com-
pression and storage of gaseous hydrogen or use on-site nat-
ural gas reforming with on-site compression and storage.95

The hydrogen produced on-site can be stored in storage
tanks on-site or in the vehicles.96

DOE has given attention to storage of hydrogen on-
board automobiles for use in fuel cells. Low temperature
storage in a motor vehicle does not appear to be a useful
option. A liquid oxygen system loses up to 1% a day by
boiling and up to 30% during filling. Moreover, insula-
tion must be sufficient to keep the hydrogen at a near ab-
solute zero temperature.97

Compressed gas storage is the technology of choice but,
at this time, it is inadequate. In order for hydrogen-fueled
automobiles to have enough range to be useful to consumers
(300 to 400 miles),98 hydrogen would have to be stored at
350-700 bar, a pressure much higher than is used today in
industry.99 The hydrogen stored on-board a vehicle would
have to be stored in such a way that it would fit in a small
enough space not to take away interior or storage space,
and it would have to be light.100 DOE and others have sug-
gested that hydrogen on-board storage technology first be
tested on vehicle fleets (like delivery vehicles or buses) be-
cause they are used locally and are refueled centrally.101

Three kg of hydrogen would be required for a 100-150 mile
range.102 For 300 to 400 mile driving ranges, the expecta-
tion of the average automobile owner, 5 kg of hydrogen
would have to be stored on-board a small vehicle.103 Cur-
rent prototype vehicles use carbon-fiber tanks to store hy-
drogen at 5,000 psi, but this is inadequate to support long
distance travel. Tanks are available that can operate at
10,000 psi, and some have been tested at 20,000 psi.104

Such tanks could be used to increase the distance vehicles
could travel on a tank of fuel.

Another approach is to use chemical hydrides, com-
pounds that contain hydrogen, which can release hydrogen
gradually and then be recharged. Hydrogen can be stored in
vehicles as a chemical hydride for $8 per kwh, as a complex
metal hydride for $16 per kwh, or as liquid hydrogen for $6
per kwh. DOE’s goal is to get storage costs to $4 per kwh
by 2010.105 When stored using present technology, the en-
ergy content of the vehicle’s hydrogen supply remains be-
low what is needed to give the vehicle the range needed for
consumer acceptance.106 Moreover, metal-based com-
pounds add too much additional weight for most motor ve-
hicle use.107
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IV. Overview of Fuel Cell Technology

The most promising technology utilizing hydrogen is the
fuel cell. Fuel cells can provide the benefit of electric vehi-
cles while offering rapid acceleration and a range compara-
ble to conventional motor vehicles.108 The hydrogen fuel
cell was first created in 1839 by Sir William Grove.109

Grove’s fuel cell was not very practical; it produced only
about one volt of electricity, the platinum electrodes were
prone to corrosion, and the materials used were not stable.110

Francis Bacon developed a practical alkaline fuel cell in the
1950s, using electrodes of “porous sintered nickel pow-
der.”111 Hydrogen fuel cells have been used in some capacity
for over 35 years, and DOE has been promoting hydrogen
power to Congress as a potentially viable energy option for
over 25 years.112

Fuel cells can be used for both stationary source and mo-
bile source applications. Fuel cells produce direct current
electricity, which must be converted to alternating current if
it is to be transported via the power grid.113 Hydrogen fuel
cells combine hydrogen and oxygen to produce water114 and
electricity.115 The process is silent and usually is pollutant-
free.116 Using devices called reformers, gasoline, methanol,
or natural gas can be converted to hydrogen and CO2 and the
hydrogen is used by the fuel cell to produce electrical en-
ergy.117 Methanol reformers operate at the lowest tempera-
ture and pressure and, therefore, are the lowest cost reform-
ers.118 Using reformers minimizes the problems involved in
the storage and transportation of hydrogen. However, build-
ing vehicles with reformers and fuel cells is difficult, and the
technology to utilize this approach is not commercially
available. Because using hydrogen fuel directly is easier
than using a reformer to convert another fuel to hydrogen,
most vehicle fuel cell research has been directed toward us-
ing hydrogen stored in the vehicle to run direct-hydrogen
fuel cells. Direct-hydrogen vehicles have the potential to
provide the best fuel economy of any known practicable
propulsion technology.119

Hydrogen fuel cells are significantly more thermally effi-
cient than internal combustion engines which have about
30% conversion efficiency.120 Efficiency might be some-
what lessened over the life of a fuel cell if corruption from
CO2 or other substances occurs, and the technology to pre-
vent corruption has not yet been developed. Fuel cells are

currently 40-50% efficient at full power, 60% efficient at
one-quarter power, and up to 80% efficient for combined
heat and power applications.121 However, there are techni-
cal limitations to efficient operation of fuel cells, and their
use is not yet cost effective. None of the fuel cell types used
for stationary source application exceed the efficiency of a
modern gas-fired electric power plant.122

Fuel cells are classified according to the kind of electro-
lyte used at the core of the fuel cell in the cell’s mem-
brane.123 They operate like “open batteries,” producing
electricity as long as they are supplied with fuel and oxygen
(which may come from the air).124 The five types of fuel
cells are the following: (1) phosphoric acid fuel cells
(PAFCs); (2) alkaline fuel cells (AFCs), which are the oldest
technology; (3) solid oxide fuel cells (SOFCs); (4) proton
exchange membrane (PEM) fuel cells; and (5) molten car-
bonate fuel cells (MCFCs).125 All current fuel cell types
have problems with cost, reliability, and durability.126

Some stationary PAFC units are in use as back-up genera-
tors, power grid support, and in buses,127 however, they are
expensive to produce and are not as promising a technology
for passenger vehicles as PEM fuel cells.128 PEM fuel cells
have been used in fuel cell concept cars by major automo-
bile manufacturers since the late 1980s.129 One of the major
obstacles to commercialization of these fuel cells is the cost
of the platinum catalysts necessary to make the fuel cell
work.130 PEM-powered vehicles can convert hydrogen to
electricity at 40-60% efficiency, which is about twice the ef-
ficiency of the standard internal combustion engine.131

Ballard Power, a Canadian company, has made advances in
PEM fuel cells by reducing the amount of platinum required
for the catalysts and increasing the power density of the
cells.132 Los Alamos National Laboratory and Texas A&M
University also have reduced the amount of platinum re-
quired in PEM fuel cells, and Los Alamos has been able to
reduce catalyst poisoning from trace fuel impurities.133

PEM fuel cells are easily compromised by CO, and there-
fore require high purity hydrogen. They must have an exter-
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nal reformer if they are to be fueled by natural gas.134 PEM
fuel cells work at low temperatures, about 150 degrees F,
which make them ideal for motor vehicles because they can
reach full power seconds after start-up; other types of fuel
cells operate at high temperatures and take more time to
warm up than motorists would tolerate, which is why they
are best used in stationary fuel cells.135

AFCs produce power and potable water. The National
Aeronautics and Space Administration (NASA) has used
pure hydrogen and pure oxygen in AFCs onboard the space
shuttle for the past 30 years.136 In flight, astronauts drink
pure water that is the byproduct of the fuel cell reactions.137

Fuel cells are more reliable in space because they are not
subject to corruption from atmospheric components, partic-
ularly CO2, that shorten fuel cell life.138 AFCs are not as suc-
cessful on earth because CO2 in the atmosphere “poisons”
the electrolyte by reacting with the hydroxide ions from the
electrolyte to form a carbonate, which reduces the concen-
tration of hydroxide ions in the electrolyte.139

MCFCs and SOFCs are used for stationary electric power
combined-cycle and cogeneration and in large trucks.140

MCFCs operate at high temperatures (1,200 degrees F or
higher). This allows them to produce hydrogen directly
from natural gas, ethanol, or methanol.141 These direct fuel
cells do not require an external reformer to generate hydro-
gen which lowers overall costs and increases efficiency
above that of PEM fuel cells.142 Their high temperature op-
eration allows nickel rather than costly platinum to be used
as the catalyst and the MCFC is able to resist CO poisoning
better than PEM fuel cells. Their high temperature operation
allows for cogenerating heat.143 They are not suitable for
transportation applications because they are slow to reach
operating temperatures and a 250 kw unit is the size of a rail-
road car and weighs 40 tons.144 SOFCs also operate at high
temperatures using ceramic as the electrolyte. Their advan-
tage is they have higher electric efficiencies than PEM fuel
cells, they do not need an external reformer, and they pro-
duce useable heat.145 SOFCs have been used as stationary
electric power sources, but they continue to have technical
and cost problems that limit commercialization.146

Some researchers advocate burning hydrogen in internal
combustion engines as a transitional step toward full use of
hydrogen in fuel cells.147 Hydrogen used in internal com-
bustion engines does not have to be purified to the extent re-
quired for fuel cell use, hence, it is less costly to produce.148

DOE expects this combustion technology to play a role in
the hydrogen economy,149 because it may be a lower cost
technology that could be implemented sooner than fuel cells
and could help facilitate development of a hydrogen deliv-
ery infrastructure.150

California’s Low Emission Vehicle Program may give a
boost to hydrogen fuel cell cars. It requires, beginning in
2003, that 10% of passenger cars delivered for sale in Cali-
fornia from medium or large sized manufacturers to be zero
emission vehicles (ZEVs).151 Regulatory changes in 2003,
allow manufacturers the option to produce fuel cell vehicles
to meet ZEV requirements.152 The initial target is to have
each manufacturer deploy up to 250 fuel cell vehicles by
2008.153 In 2004, the California Air Resources Board
(CARB) announced that Ford Motor Company, General
Motors Corporation (GM), Toyota Motor Corporation, and
Daimler-Chrysler Company each should have a demon-
stration fuel cell electric vehicle by the end of the year.154

California also created the Fuel Cell Technical Advisory
Panel to assess fuel cell technology and the California Fuel
Cell Partnership, composed of CARB, the California En-
ergy Commission, automobile makers, fuel cell develop-
ers, fuel companies, and government agencies.155 The Cal-
ifornia Fuel Cell Partnership has several purposes, includ-
ing demonstration of fuel cell electric vehicles, hydrogen
infrastructure, fuel cell vehicle commercialization and
public awareness.156

A few automobile models have been produced that use a
hydrogen fuel cell, but they generally are not commercially
available. The only hydrogen-powered fuel cell car govern-
ment-certified for use on public roads is the Honda FCX.
Automotive companies with fuel cell vehicle programs in-
clude Daimler-Chrysler, Ford, GM, Honda, PSA Peugeot-
Citroen, Renault, Nissan Motor Co., Ltd. and Toyota.157

Toyota built a fuel cell vehicle that was leased to Japan’s
Ministry of the Environment, but it had to be recalled for
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safety reasons when hydrogen leaked and was not detected
by the vehicle’s sensors.158

Daimler-Chrysler’s fuel cell car prototype is called the
NECAR 5.159 It runs on liquid methanol, which a fuel pro-
cessor converts into CO2 and hydrogen before using the hy-
drogen in its fuel cell.160 It is twice as thermally efficient as
an internal combustion engine and therefore emits less CO2

than a similar fossil-fueled vehicle.161 A hydrogen fuel cell
van, a Mercedes Sprinter, from Daimler-Chrysler was deliv-
ered to the United Parcel Service (UPS) on October 9,
2003.162 It has a 55 kw electric engine, a 150-kilometer (km)
range, and a top speed of 120 km per hour.163 GM has spent
more than $1 billion on its fuel cell program and success-
fully reduced the size, weight, cost, and complexity of the
fuel cell stack.164

Several states are performing hydrogen research, espe-
cially California, Illinois, and New York. California is the
most involved state in research on hydrogen technologies; it
has several projects underway.165 In the private sector, many
companies, including coal, oil, and automobile companies,
have been involved in hydrogen research.166 A few compa-
nies are entirely devoted to hydrogen technology.167 A num-
ber of universities and research facilities are heavily in-
volved in researching and developing new hydrogen tech-
nologies. For example, the University of Michigan is in-
volved in fuel cell-powered automobiles,168 the National
Fuel Cell Center at the University of California developed a
fuel cell automobile,169 and Texas A&M is involved in fuel
cell research.170 Some nonprofit organizations are involved

in consultations with DOE, and are listed as contributors in
several government reports and studies on hydrogen.171

Various foreign governments, including Japan, the Euro-
pean Union, Singapore, Korea, China and Canada, have
been involved in hydrogen technology research.172

The first fuel cell vehicles to be used commercially are
likely to be buses.173 Georgetown University, in Washing-
ton, D.C., obtained three hybrid electric buses, one in 1994
and two in 1995.174 These three buses, the Generation I fuel
cell transit buses, used 50 kw PAFCs, fueled with methanol,
which is converted into hydrogen that is used in the fuel
cell.175 Methanol was selected because it was easy to obtain
and use.176 The Generation II fuel cell transit buses were in-
troduced in 1998 and 2000, and used a PAFC and PEM fuel
cell, respectively, each 100 kw.177 These two buses use
methanol to produce the hydrogen on-board, and they cap-
ture energy using regenerative braking to give the buses
surge power from traction batteries.178 A traction battery is a
battery that supplements the fuel cell power; traction batter-
ies store energy they recover in a process called regenerative
braking, and they provide surge power,179 the extra power
needed to accelerate and climb hills.180 Both Generation II
buses seat 40 passengers, have a 350-mile range, low emis-
sions, and the power system weighs less than 2 tons.181 The
Phase III bus is still in the development stage; it will run on
hydrogen only and will not be a hybrid.182

DOE is supporting a bus program at the University of Las
Vegas that stores compressed hydrogen and burns it in an in-
ternal combustion engine (ICE). SunLine Transit Agency,
in California’s Coachella Valley, began using a hybrid hy-
drogen fuel cell bus in November 2002, and plans to acquire
additional fuel cell buses in 2004. The California Fuel Cell
Partnership plans to begin operating seven transit buses
powered by direct-hydrogen fuel cells in 2004.183

If fuel cell vehicles are to become an important part of the
transport system, there needs to be a major advance in cell
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membrane technology. Membranes must have high perme-
ability and selectivity in gas separation. They must be
highly conductive and durable in a high temperature corro-
sive environment. Numerous materials have been tested for
potential replacement of the costly platinum currently used
in fuel cells, but there has been no major breakthrough in
membrane technology.184 Fuel cells currently cost 10 times
more than an internal combustion engine of equivalent
power.185 Others claim fuel cells cost about twice the cost of
equivalent power from an internal combustion engine, even
after taking into account the higher efficiency of fuel cells.
Thus, the cost of fuel cells need to be cut dramatically to
be competitive.186

V. The Bush Administration’s Hydrogen Fuel
Program

In 2002, the FreedomCAR program was launched to de-
velop high-efficiency vehicles by focusing on fuel cells and
hydrogen produced from renewable energy sources.187

FreedomCAR is an industry-government cooperative ef-
fort, sponsored by DOE’s Office of Energy Efficiency and
Renewable Energy (EERE), to develop fuel cell vehicles.
The FreedomCAR initiative aims to coordinate energy
companies, automakers, utilities, state and local govern-
ments, and other appropriate interests in an effort to de-
velop hydrogen vehicles and their infrastructure concur-
rently. This initiative has technology-specific goals for
electric propulsion systems, fuel cells, and reformers.188 If
successful, the program could result in commercially via-
ble fuel cell cars being available by 2015.189 The infra-
structure needed for fuel cell cars to operate is to be in place
in 2020.190 The FreedomCAR program includes plans to
develop technology useful in hybrid vehicles, and to im-
prove fuel economy in hybrid and gasoline-fueled vehi-
cles, which will be useful when fuel cell vehicles are devel-
oped.191 The FreedomCAR project involves cooperation
between EERE and USCAR (which includes Daimler-
Chrysler, Ford, and GM).192

On January 28, 2003, in his State of the Union Address,
President Bush announced a federal Hydrogen Fuel Initia-
tive to be funded with an additional $720 million over 5
years from levels authorized for fiscal year (FY) 2003.193

This initiative is aimed at reducing U.S. dependence on for-
eign petroleum by pursuing hydrogen fuel and fuel cell in-

frastructure development.194 In a separate but related ef-
fort, on February 27, 2003, President Bush announced a $1
billion project, called FutureGen, to seek to develop a
coal-based hydrogen and electric plant in 10 years.195

DOE’s Office of Fossil Energy is responsible for this
power plant project that seeks, through gasification of
coal, to produce hydrogen that is competitive in price with
gasoline while producing electricity only 10% more ex-
pensive than current coal-generated electricity. This pro-
cess would create significant amounts of CO2, and one of
the goals for FutureGen is to develop carbon sequestration
technology to store the CO2 deep in bedrock.196 The pro-
gram is to involve a consortium of the coal-fired electric
power industry and the coal production industry that is to
include the owners of at least one-third of U.S. coal and the
producers of one-fifth of U.S. coal-fired electricity.197 It is
to include eastern and western coal producing entities and
all types of coal.198

DOE is the lead agency in the Hydrogen Fuel Initiative,
with other agencies involved including the U.S. Environ-
mental Protection Agency (EPA), the U.S. Department of
Defense (DOD), the U.S. Department of Transportation
(DOT), the U.S. Department of Commerce (DOC), the Na-
tional Institute of Standards and Technology (NIST),
NASA, and the Office of Science and Technology Policy at
the White House.199 DOE’s role is expected to increase due
to its mandate from the White House, as expressed in the
2003 State of the Union Address.200

DOE has several offices working on hydrogen-related
technology and the Hydrogen Fuel Initiative, including the
EERE, the Office of Nuclear Energy, Science and Technol-
ogy, the Office of Fossil Energy, and the Office of Sci-
ence.201 EERE controls most of the hydrogen and vehicle
technology programs202 and is the unofficial leader of
DOE’s efforts to develop useable hydrogen technologies.203

It works with DOT to overcome institutional barriers to a
hydrogen economy by forming technology partnerships
with the private sector, creating codes and standards, and en-
couraging international cooperation.204 EERE’s hydrogen
activities are primarily the responsibility of its Office of Hy-
drogen, Fuel Cells and Infrastructure Technologies Pro-
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gram,205 which is the lead organization for hydrogen pro-
duction, delivery, and storage and fuel cells issues.206 The
goal of DOE’s EERE is to develop a “full hydrogen econ-
omy by 2040.”207 There are nine focus areas in developing
the hydrogen economy208: hydrogen production,209 deliv-
ery,210 and storage,211 fuel cells,212 safety,213 education,214

codes and standards,215 technology validation,216 and sys-
tems integration/analyses.217

Based on the Hydrogen Fuel Initiative, the government’s
role will be funding and encouraging faster hydrogen and
fuel cell technology development—marketing and manu-
facturing are to be left to private companies.218 DOE’s hy-
drogen program is to have four phases. Phase I should last
until 2015.219 In 2015, based on achievement or non-
achievement of specified milestones, DOE plans to decide
whether to pursue full commercialization of hydrogen tech-
nology.220 Phase II, from 2010 to as early as 2020, is Transi-
tion to the Marketplace, with mass marketing beginning in
2020 if a positive commercialization decision is made in
2015.221 Phase III, beginning with the commercialization
decision, is Expansion of Markets and Infrastructure, and
Phase IV, Realization of the Hydrogen Vision, is the transi-
tion to the full hydrogen economy and is currently placed as
2025-2040.222 According to Assistant Secretary David
Garman, the hydrogen initiative receives almost daily atten-
tion from the DOE Secretary and frequent attention from the

Council on Environmental Quality.223 Most of the major
technology-based targets of the Hydrogen Fuel Initiative
are aimed at achievement by 2010.224

DOE’s budget requests in recent years have had a signifi-
cant allotment for hydrogen technology research and devel-
opment (R&D).225 In 2002, the total budget allotment for
hydrogen and fuel cells was $75.6 million; in 2003, it in-
creased to $95.5 million.226 In FY 2004, the Energy and Wa-
ter appropriations bill227 provided $78 million for the devel-
opment of hydrogen technology, but $37 million is specified
expenditures that will not have much affect on advancing
the hydrogen initiative.228

The Administration supports new energy legislation that
includes a hydrogen and fuel cell program, but no new en-
ergy legislation has been enacted. The effort to pass compre-
hensive energy legislation however, is ongoing. The U.S.
House of Representatives’ approved its version of H.R. 6,
the Energy Policy Act of 2003, on April 11, 2003. It con-
tained authorization for the FreedomCAR project and for
the Hydrogen Fuel Initiative.229 H.R. 6 also included new
authorizations for hydrogen R&D and infrastructure. The
U.S. Senate version of the legislation was approved by the
Senate on July 31, 2003.230 The House version of H.R. 6 pro-
vided for the additional $720 million for hydrogen fuel, fuel
cell and vehicle technology research. The Senate version of
H.R. 6 required 100,000 hydrogen-fueled cars to be pro-
duced by 2010 and 2.5 million vehicles to be produced each
year after 2020.231 In November 2003, the conference com-
mittee reported H.R. 6, and the House approved the confer-
ence report on November 18, 2003. However, the legislation
did not pass in the Senate.232

On February 12, 2004, Sen. Pete V. Domenici (R-N.M.)
introduced S. 2095, which is a revised version of the prior
year’s H.R. 6. S. 2095 is estimated to cost $14 billion in
contrast to H.R. 6’s projected $31 billion cost.233 The bill
authorizes $2.1 billion for hydrogen fuel and fuel cell
R&D over FY 2004 to FY 2008.234 As of May 2004, the bill
had not passed and there is not much expectation that it can
be passed.235
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VI. Issues of Concern

There are serious problems in several areas that must be
overcome if hydrogen is to be a viable fuel choice. Some ar-
eas of concern about hydrogen include safety, cost, technol-
ogy development, consumer interest, competing fuels and
techniques, its ability to reduce dependence on foreign oil,
and environmental impacts.

A. Safety

When the hydrogen-filled dirigible, the Hindenburg, burned
in New Jersey in 1937, the publicity helped make the public
leery of using hydrogen.236 Hydrogen is listed as a hazard-
ous material by the DOT.237 It requires little heat to combust
and burns with an invisible flame.238 Hydrogen has a low
density239 and, if stored under high pressure, there is a risk of
explosion if the gas escapes, especially in an enclosed space.
If stored as a liquid, it poses a danger of frostbite to han-
dlers.240 It has a wide “flammability range,” able to burn
when it constitutes between 4% to 74% of air by volume.241

There are safety concerns, including the potential for an ex-
plosion. Hydrogen transport and storage systems need to be
designed with the expectation that they could be a terrorist
target; this will add to the expense.242 If stored as a liquid in a
motor vehicle, hydrogen may start to “vent” if the car is not
used for several days; which is a fire hazard.243 However,
hydrogen diffuses quickly which reduces its safety risk, and
it is not poisonous.244

Much of the focus on making hydrogen safer for use has
been focused on leak detection and prevention. Tighter seals
and various methods of leak detectors have been tested.
However, NASA, the agency with the most experience
dealing with hydrogen, advises its employees working in
proximity to hydrogen to wave straw brooms in front of
themselves as they walk—because the sacrificial broom’s
ignition is the only way of knowing whether hydrogen
is burning.245

Adding a chemical with a strong odor to odorless hydro-
gen gas has been recognized as imperative, but it is unlikely
a suitable substance can be found because hydrogen, the
lightest gas, disperses faster than any chemical mixed with
it, making an additive useless as a leak detector.246 Even if
this problem was solved, it would be difficult to find a chem-
ical that would not corrupt fuel cells’ catalysts.247

Serious liability risks attend any widespread use of hy-
drogen. Though conventional fuels are explosive, hydrogen
has a low ignition temperature and explosions of hydrogen
fuels are more likely to occur.248 An important but unex-
plored potential problem is leakage of hydrogen in an en-
closed structure such as a garage in a home or a commercial
structure. The garages used for the prototype hydrogen ve-
hicles in California have hydrogen sensors on their ceilings
and a duct system to pull in outside air if the sensors detect a
hydrogen leak.249 Because of the potential for an explosion,
insurance costs are likely to be high enough to be a serious
deterrent to the sale and use of hydrogen. Hydrogen use
could be considered an abnormally dangerous activity,
which could affect insurance availability and cost.250 Some
of DOE’s reports seem to place a greater emphasis on “pub-
lic education” as the remedy to the “perception that hydro-
gen is explosive and unsafe,” as though public prejudice,
and not safety, is the obstacle limiting hydrogen use.251

Whether hydrogen is more or less dangerous than gasoline,
it is different. To use hydrogen will require new safety
codes, building codes, zoning changes, and other legal
changes necessary to the creation of a new infrastructure.

B. Cost

Today, hydrogen at the point of use is more expensive than
gasoline with equivalent energy content. The current cost of
hydrogen fuel is $5 per kg; the goal is $1.50 per kg252 (a kg of
hydrogen is comparable in energy to a gallon of gasoline).253

Hydrogen, however, is projected to be equivalent to gaso-
line in cost per mile traveled when used in a fuel cell vehicle
with its higher fuel efficiency, if produced from an advanced
coal-burning electric power plant producing both electricity
and hydrogen.254 The ultimate goal is for hydrogen to be less
costly than present fuels because of electrolysis improve-
ments, as well as advances in solar and wind production
used to produce the needed electricity.255 Until then, most
hydrogen will be produced from natural gas, which has had
major price increases and can be expected to continue to in-
crease in price.256

Automotive fuel cells cost $1,500 to $10,000 per kw
which must be reduced to $50 to $100 per kw to be competi-
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tive.257 Fuel cells have been successfully used in the space
program for many years where cutting edge technology is
pursued regardless of cost. The price of hydrogen fuel cells
is exacerbated by the fact that the catalyst used in the PEM
fuel cell is the expensive metal platinum. PEM fuel cells use
a platinum electrocatalyst of up to several grams.258 One
study has indicated the cost of platinum is $57 per kw,
which is higher than the cost target for the entire fuel cell
system of the FreedomCAR program.259 Research to find
cheaper catalysts for fuel cells suitable for motor vehicles
has not yet been successful. PAFCs, used in stationary
source applications, might be competitively priced if a sub-
stantial market existed. But without such a market, the price
remains high.260

R&D costs to make hydrogen a viable fuel will be high for
every aspect of the hydrogen economy. There are cost barri-
ers (often tied to technical barriers) for the various technolo-
gies that can be used to produce hydrogen.261 The infrastruc-
ture to deliver and use hydrogen is not in place; new pipeline
systems may have to be created. New materials may be re-
quired to make the pipelines. It is considered less expensive
to produce hydrogen in decentralized locations near the
point of use than to develop the infrastructure to deliver hy-
drogen from large centralized production facilities. Never-
theless, hydrogen fueling stations are costly to build; there is
speculation that they could cost over $1 million per sta-
tion.262 To outfit an existing gas station with the equipment
to convert natural gas to hydrogen would cost about
$400,000.263

While the costs of fuel cell technology remain high, gov-
ernment policies support the continued reliance on existing
technologies.264 For mobile sources, gasoline taxes in the
United States are one-third to one-half what they are in Ja-
pan and Europe. Motor vehicles have substantially reduced
emissions, and hybrid engines and ultra-low emission vehi-
cles have the potential for further reduction at lower costs
than fuel cell vehicles. For stationary sources, environmen-
tal laws make electric power production from old coal-burn-
ing power plants attractive.265 Government subsidies for de-
ploying clean energy technologies are granted in Japan and
Europe, but are more limited in the United States.266 There
are no current federal restrictions on CO2 emissions.267 CO2

trading systems that are beginning in Europe may make
clean technologies a more attractive investment, but they
are not part of the U.S. legal regime.268 Moreover, there are

proven existing technologies for generating electricity,
such as gas turbines, reciprocating engines, and steam tur-
bines that cost much less than fuel cells.269 In addition, ex-
isting electric utilities are skilled at imposing regulatory
barriers, fees, interconnection charges, and insurance re-
quirements designed to increase costs for those seeking to
use fuel cells.270

C. Consumer Acceptance

For nearly a century, the automobile and its supporting in-
frastructure has evolved. Today about 125,000 gas stations
are available in the United States to provide fuel delivered
from a worldwide network of oil wells, refineries, and deliv-
ery systems. This system establishes the consumer expecta-
tions that the Hydrogen Fuel Initiative expects to be met for
hydrogen in 12 years.271 Consumers will be reluctant to use
a new fuel unless it is as convenient, cheap, and as safe to
dispense as gasoline, but current performance of the tech-
nology for hydrogen production, storage, and use will not
meet these expectations.272

The desire for a cleaner environment has led to an interest
in hydrogen, but for the majority of consumers, a fuel’s low
cost and ease of use are the main concerns. Hydrogen now is
neither inexpensive nor easy to use. To date, there is “no
high-volume market for high-purity hydrogen.”273

Moreover, there are no hydrogen fuel standards to assure
consumers they are purchasing fuel that is free of impurities,
e.g., sulfur.274 Without the savings that economies of scale
can bring, the cost of hydrogen will remain high.275 Some of
the companies that testified before Congress on the hydro-
gen economy mentioned how much easier the infrastructure
development would be to implement if hydrogen use was
widespread.276 This is the “chicken and egg” problem that is
often part of developing new technologies.277

In 2002, there were only seven hydrogen refueling sites in
the United States; one was in Arizona, five were in Califor-
nia, and one was in Nevada.278 In 2004, 12 hydrogen fueling
stations are operating in California, and Gov. Arnold
Schwarzenegger (R) plans to have 150 to 200 open by
2010.279 Oil companies believe that to get consumers to buy
hydrogen-fueled vehicles will require that about 30% of the
180,000 gas stations in the United States sell hydrogen.280

California has about 140 natural gas stations open to the
public, and this appears to be inadequate to make natural
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gas-powered vehicles attractive to the public.281 In addition
to few hydrogen stations, hydrogen fueling of motor vehi-
cles is slow and difficult and cannot be done with the speed
and ease demanded by consumers.282 However, there have
been some successful fueling station demonstrations, one
by the Chicago Transit Authority using a high pressure “re-
ciprocating liquid pump”; another was an “energy station”
project that began in Las Vegas, Nevada, in September
2002.283 Refueling infrastructure limitations would be eased
by an evolutionary development of hydrogen vehicles
where fleet applications that could be centrally fueled were
converted to fuel cell vehicles and, subsequently, fuel cell
vehicles were produced for commuter cars in urban areas.

Hydrogen’s potential for leaks and explosions mandate
extensive safety precautions, which consumers are unlikely
to accept unless there is no other option. Insurance costs for
those using hydrogen fuels and fuel cells also may be high.
Citizen support of a hydrogen economy, therefore, is un-
likely to materialize in the foreseeable future.

D. Competing Fuels and Technologies

Methanol, ethanol, biodiesel, and other fuels may work
better and be more successful at replacing conventional gas-
oline and diesel fuel when petroleum becomes more expen-
sive than it is today due to scarcity of supply. Government
funding will not give hydrogen the boost it needs to be com-
mercially successful if another fuel is cheaper, safer, and
easier for the average person to use.

Hybrid technologies are particularly promising, espe-
cially for use in motor vehicles.284 GM, as mentioned above,
devotes part of its hydrogen fuel cell research to hydrogen
hybrids, but electric/gasoline hybrids are more advanced,
and they already are on the market. Electric/gasoline hybrid
vehicles will be competitors in the near future with hydro-
gen fuel cell vehicles.285 The Toyota Pruis has nearly the ef-
ficiency fuel cell vehicles are expected to attain, and hybrid
diesel-electric vehicles are projected to be as efficient as a
fuel cell vehicle.286 As long as gasoline-powered cars are
cost-competitive, the superior range of such conventional
automobiles makes it very difficult for hydrogen-powered
cars to compete.287 At the end of 2002, hydrogen-powered
vehicles had a 200-250 mile range and gasoline vehicles had
a 380-400 mile range.288 In addition, there is likely to be a
lag effect even after hydrogen cars are otherwise competi-
tive as many people will be highly reluctant to give up using
a gasoline-powered vehicle as long as its fuel is affordable.

E. Ability to Reduce Dependence on Foreign Oil

Approximately two-thirds of the 20 million barrels of petro-
leum used daily in the United States is consumed by the

transportation sector.289 Increasing fuel efficiency and di-
versifying the sources of oil could help, but neither offers a
long-term solution to reducing the nation’s dependence on
foreign oil.290 The Hydrogen Fuel Initiative envisions hy-
drogen being commercially used in transportation by 2020,
but this cannot be accomplished without a major improve-
ment in the relevant technology.291

Some members of Congress are concerned that the presi-
dent’s claim that hydrogen would reduce U.S. dependence
on foreign oil is baseless.292 Rep. Henry Waxman (D-Cal.)
has contended that DOE’s studies do not support the presi-
dent’s contention.293 The rate at which hydrogen vehicles
could be added to the nation’s vehicle fleet would not catch
up with the rising demand for oil, due to increases in vehicle
miles traveled and the decline in vehicle fuel efficiency. If
we continue to be dependent on oil, we will remain hostages
to the problems of the Middle East and to other potentially
unstable regions of the world. Very little domestic oil re-
mains; the amount likely to be found in Alaska is disputed,
but the supply is too small to seriously affect the nation’s
need of foreign oil. DOE predicts that approximately 40
million tons of hydrogen per year will be required in the
hydrogen economy, enough to power 25 million homes or
100 million cars.294 This is the current worldwide produc-
tion.295 If natural gas is used to produce hydrogen and the
increased demand for natural gas is satisfied by using im-
ported natural gas, there would be little, if any, reduction in
total energy imports.296

F. Environmental Impacts of a Hydrogen-Based Economy

The environmental benefits of a hydrogen-based economy
cited by many proponents seem too good to be true. They as-
sert that hydrogen when combusted produces only water
and heat.297 Hydrogen used in a fuel cell produces electricity
and water. It is true that hydrogen has the potential for pro-
viding our energy-dependent society with a pollution-free
source of power that also has no GHG emissions. But the
actual impacts on the environment of widespread hydro-
gen production and use are unknown. While combusting
hydrogen produces only water as a byproduct, the common
hydrogen-producing technologies usually involve the con-
version of fossil fuels that can result in adverse environmen-
tal impacts.298
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Hydrogen does have a start-to-finish efficiency dilemma;
it takes more energy to produce hydrogen than is provided
by the hydrogen that is the end product. This net energy loss
is further compounded if the hydrogen has to be frozen or
compressed for storage and transport and then re-heated or
decompressed for use. This means that at least in the short
term a hydrogen-based economy may increase the use of
fossil fuels. Many of the cleaner sources of hydrogen, espe-
cially natural gas, might better be used directly instead of
going through the expensive, energy-consuming conversion
to hydrogen. The argument for conversion to hydrogen is
the versatility of the fuel, but this may not make hydrogen a
rational choice over the direct use of clean sources of energy
in the near term. In the long term, if we are to maintain a high
standard of living in the post-petroleum age, a hydro-
gen-based economy is an alternative that should be consid-
ered. Using renewable energy to produce hydrogen through
electrolysis of water or by processing coal while sequester-
ing CO2 are technologies that may be environmentally ac-
ceptable. However, these approaches have numerous tech-
nical and economic obstacles to overcome if they are to be-
come commercially accepted. More importantly, a serious
hydrogen R&D program may lead to technology advances
that provide options that are not available today.

1. Potential Climate Effects

Hydrogen production is expected to increase the emissions
of the GHG, CO2, if hydrogen is produced using coal, oil, or
natural gas unless the CO2 that is a byproduct is sequestered.
Sequestration in geologic formations is the principal ap-
proach being considered because of the abundance of poten-
tial storage sites in depleted oil reservoirs, unmineable coal
seams, and saline formations.299 However, we have little
knowledge of whether sequestration will be effective for the
long time periods required. Even losses as small as 1% per
year, while difficult to detect, could make sequestration a
costly failure.300 Thus, monitoring sequestration efforts and
the ability to have continuing meaningful oversight of
stored CO2 is a necessary part of a sequestration program.

DOE’s FutureGen project is focused on developing
cost-effective sequestration technology, which does not cur-
rently exist and may be difficult to achieve.301 The cost of
CO2 sequestration will be reflected in the cost of hydrogen
and may cost $1,000 per ton of carbon removed. In contrast,
reducing CO2 emissions by 50% from the electric power in-
dustry is estimated to cost between $75 and $150 per ton of
carbon removed.302 If hydrogen is produced using renew-
able sources of electric power or nuclear power, no CO2 is
released. But, as previously discussed, this approach to the
generation of hydrogen is unlikely to be used in the foresee-
able future. If high-temperature fuel cells are used at station-
ary sources and their waste heat is utilized, overall CO2 sav-
ings may be significant, depending on the alternative pro-
cess to which it is compared. However, the low temperature
fuel cells used for mobile source applications, may not result

in meaningful CO2 emission reductions when compared
with “clean vehicles.”303 According to DOE, a typical vehi-
cle emits 374 grams of GHG per mile traveled. If the hydro-
gen fuel is produced by grid electricity without sequestra-
tion of CO2, the figure increases to 436 grams. If fuel cell ve-
hicles use hydrogen produced by steam reforming of natural
gas, emissions drop to 145 grams because the increased effi-
ciency of fuels cells compared to internal combustion en-
gines helps offset the emissions attributable to the conver-
sion of fossil fuel into hydrogen.304 However, much of the
benefit of hydrogen fuel on GHG emissions also can be ob-
tained by using existing motor vehicle technology. Natural
gas-fueled vehicles emit 310 grams per mile, and hybrid
electric vehicles fueled with natural gas have GHG emis-
sions of 177 grams per mile.305 To control the nation’s car-
bon emissions requires dealing with motor vehicles because
they accounted for 32.8% of U.S. carbon emissions in 2001,
although light-duty vehicles contribute only about 20%.306

The transportation sector has been responsible for nearly
one-third of U.S. carbon emissions for more than a de-
cade,307 but the transportation sector is expected to contrib-
ute one-half of the increase in the U.S. CO2 emissions pro-
jected for 2025.308

CO2 releases can be more effectively controlled by reduc-
ing the amount of fossil fuel combusted; for motor vehicles
this means increasing vehicle miles traveled per unit of fuel.
The Bush Administration’s Global Climate Change Initia-
tive calls for an 18% reduction by 2012 in carbon intensity,
which is the ratio of GHG emissions to economic output.309

Such a reduction, even if achieved, will not prevent in-
creased atmospheric CO2 concentrations because global
CO2 emissions appear to require reduction by an order of
magnitude in order to stabilize atmospheric CO2 concen-
trations.310 CO2 emissions will need to be controlled from
both mobile and stationary sources regardless of effi-
ciency improvements.311

The use of hydrogen also is likely to result in an increase
in the amount of molecular hydrogen (H2) released into the
atmosphere. About one-half the hydrogen in the atmosphere
is produced by photochemical oxidation of methane and
other hydrocarbons, and one-half comes from biogenic pro-
cesses and combustion. One-quarter of the total emissions is
associated with human activities.312

Hydrogen is an indirect GHG that reacts with the hy-
droxyl radical (OH) in the atmosphere and with soil micro-
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organisms. The reactions in the atmosphere increase the
GHG, methane, but the effect of hydrogen emissions on the
soil sink is unknown.313 H2 is, after methane, the most abun-
dant atmospheric trace gas. The effect of increased hydro-
gen releases from human activities on the atmosphere’s ra-
tio of trace gases or on the ratio of deuterium to hydrogen is
largely unknown.314 To complicate matters, the effects of
hydrogen releases on the atmosphere vary with elevation.315

Experience with natural gas indicates that leakage of hydro-
gen will occur, and as the hydrogen economy develops, it
should be anticipated that a small percent of the fuel will be
added to the environment.316 The losses could be more sig-
nificant from refueling, depending on the form in which hy-
drogen is delivered to a vehicle.317 While the environmental
effects will be a function of the amount of hydrogen re-
leased, leakage rates, are unknown. They could be as high
as10-20%, with 3% a more probable estimate, but perhaps a
loss rate of less than 1% could be achieved.318

The dispersion of hydrogen into the atmosphere might
not be as destructive to the biosphere as the addition of water
to the stratosphere that is formed when escaping hydrogen
reacts with oxygen.319 One recent study contends that the re-
sultant increase in water in the atmosphere would lead to
cooler stratospheric temperatures, and the ice crystals in the
stratosphere would deplete ozone.320 Critics of the study
contend that its conclusions “represent unlikely extreme
cases that are not well connected to current or likely future
levels of hydrogen usage or system leakage.”321

Overall, the long-term impacts of a hydrogen release on
the environment are essentially unknown; some contend hy-
drogen is environmentally safe; others worry its production
could be environmentally destructive.

2. Stationary Source Impacts

The standard current process for producing hydrogen is to
use SMR which is a multi-step process. Natural gas (CH4)
reacts with water vapor under high pressure and temperature
in the presence of a catalyst (usually nickel) to form CO and
hydrogen. In the second stage, called the water-gas shift, CO
is exposed to steam to produce CO2 and hydrogen. The flue
gas is now 70-80% hydrogen plus CO2, CH4, water vapor,
and CO. In the third stage, PSA is used to separate the hydro-
gen and the remaining gases are vented to the atmosphere as
air pollutants and GHGs.322

The process used to produce hydrogen will affect the type
and quantity of emissions released into the atmosphere.

However, there is little evidence that producing hydrogen
from existing industrial processes produces pollutants that
are not routinely handled by industry.

If increased supplies of hydrogen are to be produced from
natural gas, natural gas demand will increase. Natural gas
prices already have increased substantially because of the
increased demand for this fuel from electric power plants.323

A hydrogen-based economy could put additional upward
pressure on natural gas prices.

A major effort to develop new natural gas supplies also
could be expected to result in increased drilling with its as-
sociated adverse environmental impacts. One important
pollution problem relates to the disposal of “produced wa-
ter.” For example, coalbed natural gas developers in
Montana and Wyoming are opposing the more stringent wa-
ter pollution control requirements that are pending.324 If
more natural gas is produced and used there will be more
small leaks of this fuel to the environment. Methane, the pri-
mary constituent of natural gas, has 21 times the global
warming effect of CO2.

325

Hydrogen also can be produced from coal using the wa-
ter-gas shift reaction used for conversion of natural gas. This
process is the focus of DOE’s FutureGen program, dis-
cussed earlier. The use of coal for hydrogen production will
depend on technical and cost reduction advances. The most
important unresolved problem is whether effective long-
term carbon sequestration can be accomplished on a large
scale in a manner that is economical and practical.

In addition, water can be used to produce hydrogen
through electrolysis using electricity generated by fossil fu-
els or nuclear power. Since the conversion process is about
70% efficient and electric generation is about 30% efficient,
the overall efficiency is about 20% (.7 x .3). Thus only one-
fifth of the primary energy remains available in the hy-
drogen.326 All of the environmental problems created by
the electric power industry would be part of the hydrogen
production process.327 To replace the gasoline sold in the
United States with hydrogen produced by electrolysis would
require more electricity than is sold in the nation today.328

Environmentalists and many industry representatives
want to encourage the production of hydrogen by electroly-
sis using renewable sources of electricity. At this time, wind
power is the most developed and least costly method of pro-
ducing power from renewable sources. But today, this
source of electricity produces less than 1% of the nation’s
electricity.329 To produce a kg of hydrogen requires 9 kg of
water. The 40 million tons per year of hydrogen, which is the
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amount projected to be needed for an established hydro-
gen-based program in the United States, would require at
least 360 million tons of water or 90 billion gallons.330

Where will the water come from? If wind power from the
Great Plains is to be used for hydrogen production, either
electricity or hydrogen will have to be shipped from where
the power is being generated to where it will be used. This
will require major additional infrastructure.

Wind power also could be developed from offshore tur-
bines; Denmark and the United Kingdom have pioneered
this technology.331 Although no offshore facilities currently
exist in the United States, several proposals have been made
to site wind-based facilities at East Coast sites. One major
offshore wind energy proposal to develop a wind energy
project in Nantucket Sound has been the subject of intense
controversy and litigation by local interests.332 The
Nantucket opposition continues in court333 and administra-
tively with the U.S. Army Corps of Engineers (Corps).334

The Corps expects to complete a draft environmental impact
statement in mid-2004, and a final decision on the permit
will not be made until 2005.335 Expansion of wind or solar
power electric-generating capacity, however, would pro-
duce more environmental benefits if it was used as a substi-
tute for electricity generated from old coal-fired power
plants, but this requires wind facilities to be located where
that power can be sent to appropriate grids.336

Solar power can be used to produce hydrogen337 in a man-
ner that is nonpolluting and low in operating costs. More-
over, the energy source is inexhaustible. But, the capital
costs are high for the existing technology needed to produce
hydrogen using photovoltaic energy.338 Because of the
number of technological breakthroughs needed, it is diffi-
cult to predict when cost-effective solar technology will be
available. At this time, solar energy accounts for about
0.02% of the electricity generated in the United States.339 A
World Resources Institute presentation noted that use of
photovoltaics to supply the U.S. economy would require
164,000 square miles of land, an area larger than the state
of California.340

The cost of reducing conventional pollutants from motor
vehicles by using hydrogen fuel will be high. The reason is
that gasoline-powered automobiles have been improved to
comply with air pollution requirements so that their emis-
sions per unit of energy utilized is very low compared to
other industrial sectors or to other transportation modes.341

Continuous improvement in motor vehicle emissions is ex-
pected to continue. Therefore, the benefits, in terms of re-
duced air emissions from a hydrogen-based transportation
sector, will be low when compared with costs. For example,
nitrogen oxide (NOx) reductions from mobile sources using
hydrogen will cost about $1 million per ton of NOx, but
EPA’s Tier 2 standards are projected to cost $2,000 to elimi-
nate a ton of NOx.

342 Inspection and maintenance programs
will cost about $4,000 per ton and programs to scrap old ve-
hicles cost about $10,000 per ton of NOx.

343 NOx control
from electric power production also has costs in the $10,000
per ton range.344 Thus, hydrogen vehicles are a costly way to
reduce NOx but they would benefit the environment by not
having a small portion of the vehicle fleet producing high
emissions, which occurs with gasoline-powered vehicles.345

Many general descriptions of hydrogen fuel cells state
that pure water is the only byproduct created by fuel cell use.
However, according to a spokesman from the University of
California, that is not quite true.346 Fuel cells also can emit a
small amount of nitric oxide, which is a precursor to photo-
chemical oxidants, and a fuel cell also gives off the products
of the degradation of the fuel cell stack.347 If fuel cells are
produced using nanotechnology, the environmental impacts
are largely unknown.348 Fuel cells that create their needed
hydrogen from onboard reformation of gasoline, natural
gas, or methanol would present additional environmental
problems, but the use of such fuel cells do not appear to be
likely at this time.

Perhaps the most significant role for environmental law
to encourage the use of renewable technology in general and
hydrogen fuel cells in particular would be to make emission
requirements for existing facilities more stringent and siting
problems for facilities using existing technologies difficult
to overcome. This approach would help make nonpolluting
technologies more attractive. The CAA’s new source review
program makes it a challenge to site new major sources in
areas that do not meet NAAQS. Proposals to further reduce
the level of emission caps for sulfur dioxide and NOx fur-
ther enhance the attractiveness of nonpolluting energy
sources.349 If fuel cells are to be part of the solution to urban
air pollution, their most promising applications involve sta-
tionary power sources in nonattainment areas where fuel
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cells can achieve higher overall efficiency through co-
generation systems and can use less costly technology.350

3. Disposal and Recycling

EPA’s Office of Solid Waste and Emergency Response
(OSWER) is investigating the ramifications of fuel cell
use351 under the Resource Conservation and Recovery Act
(RCRA) statute.352 In a May 2003 report, the OSWER fo-
cused on PEM fuel cells because they are the closest to
“widespread commercialization.”353 Used fuel cells contain
components that are likely to be hazardous waste under
RCRA based on their characteristics.354 Some components
that are too valuable to be discarded will be recycled.355

However, according to the OSWER, while reuse is the
ideal option, this option is unlikely to occur in the near fu-
ture for most components because of the rapid pace of tech-
nology change and the deterioration of materials used in fuel
cells.356 Recycling methods include manual separation of
fuel cells, chemical recovery to electrochemically recover
precious metals, and mechanical treatment, which in-
volves shredding fuel cell parts and separating them
based on density.357 Disposal options include incineration
and land disposal.358 The OSWER report focused on the
unique problems presented by the major components of the
PEM fuel cell: the proton exchange membrane (8% of the
fuel cell by weight); the electrocatalysts (less than 7% of the
fuel cell by weight); and the bipolar plate (77% of the fuel
cell by weight).359

The proton exchange membrane cannot be reused be-
cause it becomes contaminated and dehydrated in use.360

Recycling the fluorine-containing polymer membranes
(the most commonly used substance is called nafion)
would involve chemical extraction of the membrane from
its position between the electrodes, and a method to ac-
complish this has not yet been developed.361 Incineration is
not a useful option because the membranes contain hydro-
gen fluoride, and management of the combustion byprod-
ucts would be difficult.362

The electrocatalysts are made of platinum and platinum-
group metals, and they are recycled because these metals are
expensive.363 The chemical process used to recover plati-
num and ruthenium (a platinum group metal commonly
used in fuel cells) already has been developed and is less en-
vironmentally damaging than primary production of plati-

num.364 The high cost of platinum drives the search for alter-
native catalyst materials.365

Bipolar plates, which make up most of the weight of the
fuel cell, may be best disposed of through incineration due
to the toxicity of the recycling process and because the
composition of the plates is changing as new technology
develops.366 Graphite, carbon, and steel are current op-
tions for plate composition; steel is the easiest to clean
and reuse or recycle.367 The remaining components of the
fuel cells may have to be disposed of as hazardous waste,
including newly developed materials that are present in
fuel cells about which the OSWER knows little. The
OSWER has concluded that disposal of fuel cell materials
will be very complicated.368

Chemical hydride fuel cells store hydrogen more effi-
ciently than processes that depend on using hydrogen in the
form of a compressed gas or cryogenic liquid. Chemical hy-
dride fuel cells produce hydrogen by catalyzing solutions of
chemicals that may produce hazardous byproducts. RCRA
requirements could hamper chemical hydride fuel cell de-
velopment, according to at least one manufacturer. Other
companies believe that chemicals can be selected that will
not create wastes that are hazardous under RCRA.369

VII. Conclusion

There are a wide range of views about the prospects and tim-
ing of the introduction of fuel cells in passenger vehicles on
a commercial scale. Optimists (especially the EERE) con-
tend that vehicles could be available for sales by 2018, and
we could have a hydrogen economy by 2040370; skeptics ar-
gue that 50 or more years will be required. Hydrogen tech-
nology has changed since the 1970s, but large-scale use will
not occur without major breakthroughs in the technology.371

There are significant cost and technology barriers to a full
hydrogen economy, which, especially in the realm of stor-
age, are not likely to be overcome soon. If hydrogen is to be-
come a commercially used energy carrier, it will probably
develop first for stationary source applications. Its use in
motor vehicles can be expected to first appear in fleet vehi-
cles and, subsequently, in commuter vehicles. Today, hydro-
gen is not a practical choice for motor vehicles and probably
will not attain practicability by DOE’s deadlines. Moreover,
without controls on CO2, either through limits on emissions
or a tax on emissions, an important potential incentive to the
development of a hydrogen-based economy does not exist.

Some critics have questioned why there is an emphasis on
hydrogen but not on hybrid engine vehicles or other poten-
tially cost-effective alternative technologies. The American
Petroleum Institute has expressed concern in congressional
hearings that they are wary of investing in the infrastructure
and wary of the likelihood of the success of hydrogen tech-
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nologies.372 For the next decade, advanced gasoline and
clean diesel engines will deliver more benefits sooner than
hydrogen or fuel cells.373 Moreover, energy efficiency im-
provements have the potential for improving the environ-
ment and decreasing petroleum consumption more quickly
than the Hydrogen Fuel Initiative, and as these improve-
ments are commercialized the benefits of hydrogen fuel
cells become less significant.

A well-to-wheels analysis, that evaluates the energy
losses in producing hydrogen from various hydrocarbons,
indicates the benefits of fuel cells when compared with
other vehicle propulsion systems are modest. The energy re-
quired in Btus per mile are: 2,368 from a fuel cell vehicle us-
ing hydrogen derived from methane, and 2,867 from a com-
pressed natural gas (CNG), spark-ignited, hybrid electric
vehicle.374 The fuel cell vehicle has the additional advantage
of releasing only about one-eighth the CO2 of a CNG vehi-
cle, but only if CO2 is sequestered in the hydrogen produc-
tion process. Conventional pollutants released in producing
the hydrogen may be higher than those released by the oper-
ation of the CNG vehicle.375

Since the release of the National Energy Policy in May
2001, DOE has increased its efforts to launch a workable hy-
drogen economy program to meet the goals identified by the
Administration in the future (2010-2045).376 However,
much of the optimism at DOE about using hydrogen as a
fuel is based on achieving substantial improvements in tech-
nology at every stage of hydrogen production and use. Hy-
drogen may play a role in meeting future energy needs, but a
hydrogen economy may not be a realistic expectation.377

Trying to jump-start the infrastructure needed for a hydro-
gen-based transportation system appears premature, but
some industry proponents argue that infrastructure develop-
ment can dramatically decrease the time required for con-
sumer acceptance of fuel cell vehicles.378

The rush to a hydrogen economy by our political leader-
ship appears to be occurring with inadequate analysis of en-

ergy, environmental, and economic issues. What is needed
now is a serious open discussion concerning energy policy
in general and alternatives to petroleum in particular. A
thorough analysis of the costs and benefits of governmental
efforts to develop the hydrogen economy should be pre-
pared before we spend large sums on this technology to the
exclusion of other, perhaps more promising, approaches.379

Hydrogen-based systems should compete in the market-
place with existing energy systems that continue to improve
and with other new systems, such as fuels produced at bio-
mass plants, that may develop. It is undesirable to select hy-
drogen for special consideration without giving more atten-
tion to the full range of clean energy options. Governmental
efforts should be limited to ensuring that existing and
emerging technologies have an equal opportunity in the
marketplace. Hydrogen should not be favored over other
potential fuels, such as biofuels, by the premature infusion
of large amounts of federal money. Moreover, federal and
state funding should not be spent on hydrogen fuel develop-
ment at the expense of programs aimed at near-term im-
provement in motor vehicle emissions or renewable energy
technologies. A long-term program to develop a hydrogen
economy must not be used to avoid the environmental and
national security benefits that could be achieved quickly by
combusting less fuel through improvements in fuel effi-
ciency or through land use planning efforts.

The nation should pursue a balanced R&D program that
includes hydrogen and non-hydrogen alternatives. R&D in
hydrogen fuel cell technology, hydrogen storage, and distri-
bution systems may increase our long-term transportation
options, which will be important in the coming post-petro-
leum age. Moreover, federal funding of hydrogen research
may be justified because the major benefits of this technol-
ogy in terms of potential increased energy security, pollu-
tion reduction, and GHG reductions are benefits for the na-
tion and are not benefits that the private sector realistically
can recoup from investments that it makes.
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