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Abstract 
 
 
 

The introduction of hydrogen fuel for passenger vehicles faces many technology 

development and policy challenges.  These include the establishment of a hydrogen 

refueling infrastructure, limitations of hydrogen storage technologies, high fuel cell 

production costs, lack of public awareness of the benefits of hydrogen, and production of 

inexpensive hydrogen from low-carbon energy sources.  Of these major challenges, the 

coupled deployment of refueling infrastructure and vehicles, often referred to as the 

chicken-and-egg problem, will require significant technology innovation, policy 

intervention and business initiative. 

  One hydrogen infrastructure development strategy is to install a large number of 

refueling locations within a short period of time, providing a minimal level of refueling 

availability to a significant percentage of the general population before hydrogen vehicles 

are introduced.  This initiation strategy, if coordinated with the mass production of 

hydrogen vehicles, could reduce many of the risks posed to major stakeholders, including 

vehicle manufacturers, fuel providers, government agencies and consumers.  This 

strategy has been modeled on a national scale, relying upon: 1) estimates of a sufficient 

number of early hydrogen stations, 2) a cost analysis of hydrogen stations employing 

onsite steam-methane reformer technology, and 3) a characterization of relative station 

sizes within urban refueling station networks.  Installing 9,200 hydrogen stations within 

major U.S. urban areas and along major interstates would require approximately $5.1 

billion in capital.  As hydrogen vehicles are deployed and infrastructure utilization rates 

increase, the cost of hydrogen is reduced over time.  In an optimistic deployment 

scenario, the average cost of hydrogen could approach $3.50 per kg by 2030. 

Challenges posed by the development of early hydrogen station networks, such as 

variations in the cost of hydrogen between stations of different sizes, the high risk nature 

of upfront capital costs and the uncertainty of future demand, can be addressed by 
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regulatory environments that support long-term development goals and ensure adequate 

stakeholder coordination.  Stakeholders are likely to engage in public-private partnerships 

that focus on urban areas and adapt to regulatory and technological developments.  As 

hydrogen fuel markets become robust, competitive mechanisms could be introduced to 

ensure efficient use of resources and stimulate further technological innovation.  

 

 

 



1 

 
 
 
 
 

Chapter 1 
 
 

1     Introduction   
 
 

1.1 Hydrogen: The Perennial Fuel of the Future 

In 1923, J.B.S. Haldane delivered a talk to a Cambridge University society known as the 

Heretics.  The topic was the future role of science and technology in improving society, 

and the focus was on the biological sciences, but during an aside, Haldane briefly 

summarized much of the substance of today’s conceptualization of a hydrogen economy.  

Among Haldane’s various predictions, which included the rise of the biological over the 

physical sciences, and the capacity for factory-produced synthetic food to make 

agriculture a “luxury”, was a vision of a hydrogen-based energy system that would 

replace England’s reliance on fossil fuel resources.  After acknowledging that England’s 

coal and oil resources would last roughly another four centuries, he began to describe the 

technological transition that would follow: 

 
Ultimately we shall have to tap those intermittent but inexhaustible 
sources of power, the wind and the sunlight.  The problem is simply one of 
storing their energy in a form as convenient as coal or petrol.  If a 
windmill in one’s back garden could produce a hundredweight of coal 
daily (and it can produce its equivalent in energy), our coalmines would be 
shut down tomorrow. . . . Personally, I think that four hundred years hence 
the power equation in England may be solved somewhat as follows: The 
country will be covered with rows of metallic windmills working electric 
motors which in their turn supply current at a very high voltage to great 
electric mains.  At suitable distances, there will be great power stations 
where during windy weather the surplus power will be used for the 
electrolytic decomposition of water into oxygen and hydrogen. (Haldane, 
1923, 23) 
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 Reading Haldane’s vision of a hydrogen future today, it is easy to find details 

inconsistent with our current understanding of hydrogen systems.  However, his overall 

conceptualization, including some details, appears regularly in today’s popular press and 

is the focus of international research agendas.  For example, Haldane may have been 

wrong about resource scarcity bringing about the end of coal and oil; it appears today that 

pollution and carbon emissions will drive the transition away from fossil fuels.  Haldane 

elaborated on his scheme by proposing to store hydrogen as a liquid in “vast vacuum 

jacketed reservoirs, probably sunk in the ground.”  We now know that this is not the most 

economical or efficient storage option for intermittent renewable energy, but it is not a 

bad guess at a solution for a technical challenge that still puzzles scientists and engineers 

today.  Metallic windmills may be a thing of the past, as carbon and glass fiber composite 

materials are a better choice, but we do see landscapes covered with rows of windmills in 

some parts of the United States and in many countries abroad.  Despite its minor 

shortcomings, Haldane’s overall concept of storing excess wind and solar energy as 

hydrogen remains a cornerstone of the long-term vision of a hydrogen economy.  

Moreover, this vision of a hydrogen economy has not lost its appeal; it sounds as 

revolutionary today as it did in 1923.  

Some will protest this comparison: certainly there is more to the hydrogen 

economy than just storing wind and solar energy as hydrogen.  What about fuel cells, 

zero-emission electricity, and distributed generation?  Haldane did not overlook these 

concepts either.  Fuel cells, the advanced energy conversion technology that many 

believe will revolutionize vehicles and electricity production, were also mentioned by 

Haldane.  The first fuel cell was constructed in 1829 by William Grove (Hoffman 1981, 

22), so most of the Cambridge Heretics listening in 1923 were probably familiar with the 

basics of fuel cells, which Haldane referred to as “oxidation cells.”  In addition, Haldane 

noted that his hydrogen-based energy system would make energy “as cheap in one part of 

the country as another, so that industry will be greatly decentralized; and that no smoke 

or ash will be produced” (Haldane 1923).  Today, with distributed generation 

characterized as a disruptive force within the electricity sector (Silberman 2001), and 

with auto industry leaders promising the mass production of pollution-free fuel cell 
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vehicles within the next 10 to 20 years (Walsh and Moores 2005), it seems that Haldane’s 

vision is only beginning to take shape. 

 Not long after Haldane’s 1923 talk in Cambridge, engines operating on hydrogen 

began to be tested in real world applications.  In 1928, Zepplins began to use hydrogen 

both for buoyancy and as a fuel, and in the same year Rudolf A. Erren received his first 

patent for a hydrogen engine.  Many engineers, most of them German or Italian, were 

experimenting with hydrogen engines at this time, but Erren was the most prolific.  The 

term “Errenizing” came to be applied to using hydrogen as a supplementary fuel to 

improve engine combustion.  Erren developed not only multi-fuel hydrogen engines, but 

also a hydrogen rail car for the city of Dresden, an oxygen-hydrogen submarine, and a 

“trackless” oxygen-hydrogen torpedo.  During this time period, more than 1,000 cars and 

trucks had been converted to operate on multi-fuel hydrogen engines, and in 1942, the 

Allies captured at least one German oxy-hydrogen submarine (Hoffman 1981, 27-31).1  

This first wave of interest in hydrogen subsided during WWII, but the use of hydrogen as 

a fuel had clearly moved beyond conceptualization to practical application.   

A second wave of interest in hydrogen and fuel cells would began to emerge in 

the 1960s, after Francis T. Bacon succeeded in his 25-year effort to construct the first 

practical fuel cell in 1959, which quickly drew the attention of the United States space 

program.  This second wave peaked in the 1970s, with a focus on hydrogen as an energy 

carrier for nuclear energy, and in response to increased concerns over air pollution.  The 

term “hydrogen economy” was coined during a meeting at the General Motor Technical 

Center in Warren, Michigan in 1970, and government support for research on hydrogen 

in the United States reached $24 million by 1978 (Hoffman 1981, 34-45).  Conceptually, 

this second wave contributed to the idea of a hydrogen economy by offering a framework 

of technological change in which hydrogen (along with nuclear energy) was seen as the 

next step in the evolution of energy systems.  This subtle form of technological 

determinism is perhaps best summarized by the solids-to-liquids-to-gases paradigm of 

transitions between dominant fuel types (Grübler et al. 1999).  A more blatant appeal to 

                                                 
1 Erren presented the oxy-hydrogen submarine design to the British Admiralty several years before the war, 
but they chose not to pursue their construction and later allowed German engineers to study Erren’s ideas in 
England, where he had applied for naturalization (Hoffman 1981, 31). 
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evolutionary biology can be seen in Marchetti’s musings on politics and the role of 

hydrogen in the primordial soup (1977).  Despite these compelling theories, when oil 

prices stabilized after the second energy crisis in the early 1980s, interest and support for 

hydrogen and fuel cells waned. 

Today we are experiencing what might be identified as a third wave of 

enthusiasm for hydrogen energy.  As was the case for the second wave, this enthusiasm is 

a delayed response to advances in fuel cell technology that were achieved at least a 

decade earlier.  Most of these advances in fuel cell technology were due to Ballard 

Power’s persistent efforts to improve polymer electrolyte membrane fuel cells (Koppel 

1999).  The popular press began touting these advances in the mid 1990s, and by the late 

1990s, major auto companies began openly discussing the mass production of fuel cell 

vehicles (Walsh and Moores 2005).   

Each wave has originated from a small group of technological visionaries and 

dedicated engineers, but what makes this third wave of enthusiasm distinct from previous 

waves is that it has washed into the political arena.  As more and more major industry 

leaders, including GM, Ford, BP and ChevronTexaco, began embracing the concept of 

hydrogen fuel cell vehicles, the momentum built, culminating in the 2001 State of the 

Union address, in which President Bush predicted that “the first car driven by a child 

born today could be powered by hydrogen, and pollution-free.”  This political enthusiasm 

for hydrogen has been linked to concerns over consumption of Middle East oil.  With 

tensions high between Europe and the United States, over issues ranging from the war in 

Iraq to the Kyoto Protocol, President Bush and European Commission President Prodi 

declared in a joint statement at the EU-US Summit on June 23, 2003, “We affirm our 

commitment, on behalf of the United States and the European Union, to collaborate on 

accelerating the development of the hydrogen economy as part of our broadening 

cooperation on energy.… [which will] lay the technical, legal, and commercial basis 

needed to accelerate the commercial penetration and trade of emissions-free hydrogen 

technology worldwide" (Bak 2003).   

It should be noted that George W. Bush is not the first president to proclaim a 

grand plan to free America from its dependence on foreign oil.  While under political 

duress, Nixon invoked the spirit of the Manhattan Project when announcing Project 
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Independence in 1973, some three weeks after the OPEC oil embargo.  Project 

Independence had the goal of making the United States energy independent within a 

decade, largely through increased domestic oil production and reliance on nuclear energy 

(Stobaugh and Yergin 1983, 278).  Four years later, in April 1977, the Carter 

administration introduced the National Energy Plan, which included a wide array of 

policies, but primarily relied upon energy conservation and a crash program to reduce oil 

consumption by producing synthetic fuels from domestic coal and tar sands.  The policy 

goal was to cut future oil imports by half, from a predicted 12 million down to 6 million 

barrels per day by 1985 (Stobaugh and Yergin 1983, 280).  By comparison, President 

Bush’s Hydrogen Initiative is expected to result in the commercialization of fuel cell 

vehicles by 2020, with an anticipated reduction in oil consumption to 5 million barrels 

per day by 2040, some 11 million barrels per day below the projected consumption level 

(DOE 2004, 27; 2005).  

In the years following the 2001 State of the Union address, a flurry of both 

criticism and glorification has surrounded the use of hydrogen as a fuel for vehicles.  In 

what has been described as a backlash (Service 2004), different critics have 

simultaneously muddled and clarified the various issues surrounding hydrogen fuel.  

Some denouncements of hydrogen as an inferior fuel have their basis in the fact that more 

energy is needed to produce hydrogen than can be extracted from it, though this 

observation applies to any type of energy carrier and is a fundamental requirement of 

thermodynamics.  Other criticisms have been more substantive.  In his popular book The 

Hype about Hydrogen, Joeseph J. Romm discusses the challenges to a hydrogen economy 

in an unnecessarily negative tone, but he also makes some useful clarifications and 

reasonable claims (2004).  For example, his assertion that “hydrogen vehicles are unlikely 

to make a significant dent in U.S. greenhouse gas emissions in the first half of this 

century, especially if U.S. energy policy is not significantly changed” (emphasis in 

original) is an important claim, if only because it challenges the conceptualization of 

hydrogen and fuel cells as a technological fix that can substitute for a sound energy 

policy.  Romm’s argument that the “climate can’t wait” for hydrogen, and that the threat 

of climate change justifies increased government support for near-term carbon abatement 

technologies, is well placed.  In other places, Romm’s arguments are less compelling, as 
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he tends to interpret or selectively reveal technical data in a manner that fits his argument, 

rather than offering or referring to objective and thorough analysis.2   

Debate surrounding the long-term use of hydrogen as a fuel for vehicles is more 

subdued than the debate over supporting hydrogen and fuel cell vehicles in the near-term.  

Even Romm, the most widely publicized hydrogen critic, concedes that “hydrogen may 

well be the essential vehicle fuel in the second half of this century if we are to achieve the 

very deep reductions in CO2 emissions that will almost certainly be needed then or if we 

are past the peak of oil production” (2004).  Other critics have described the promotion of 

hydrogen as premature, due to a lack of policy support for the social goals promised by 

hydrogen, such as improved energy security and reduced greenhouse gas emissions 

(DeCicco 2004).  In addition, from the perspective of economics, some have argued that 

other automotive technologies will be more cost effective at achieving air pollution and 

carbon reduction goals, at least in the near-term (Eyre et al. 2002; cf. Garman 2003).  

One of the shortcomings of many discussions of hydrogen in the popular press is 

that they do not address the various difficulties surrounding energy issues in general.  

This is understandable, given the interdisciplinary nature of energy studies, and the often 

lengthy explanations needed to convey details and interrelationships between issues such 

as air pollution, oil security and scarcity, climate change, trade deficits, and the funding 

of terrorist organizations through oil money.  The fact that our present energy system is 

unsustainable is well documented (NCEP 2004; UNDP 2005).  However, considering 

that nearly any viable solution will be difficult to implement tends to serve as a backdrop 

rather than as a preamble to the potential role of hydrogen energy.  One of the major 

arguments for hydrogen is that our current energy resource consumption patterns must 

undergo fundamental changes within the next several decades in order to address the 

issues of climate change, air pollution and oil scarcity.   

                                                 
2 For an upbeat antidote to Romm’s pessimistic view on hydrogen, see Lovins’ discussion on integrating 
fuel cells into buildings as a strategy to provide fuel for early vehicles (Lovins and Williams 1999), or his 
survey of hydrogen myths (Lovins 2003).  For a more reliable source of information to balance Romm’s 
arguments, see the recent study from the National Academy of Sciences (2004).  For elaborations on the 
shortcomings of hydrogen as a fuel, see Shinnar’s appeal for electric over hydrogen vehicles (2003) or 
Moy’s diatribe on the “abnormally dangerous liability” associated with hydrogen (2003).  And for a taste of 
the enthusiasm that can be generated by visions of a hydrogen future, see Schwartz and Randall (2003).  
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This view raises the question: “If not hydrogen, then what?”  This question frames 

the hydrogen debate in a recent article by Sperling and Ogden, who claim that “we should 

embrace hydrogen largely because of the absence of a more compelling long-term 

option” (2004).  The authors base their case for hydrogen on three pillars: 1) the potential 

superiority of fuel cell vehicles over alternative vehicle types, 2) the capacity to produce, 

distribute and utilize hydrogen economically, and 3) the potential to achieve deep 

reductions in greenhouse gases and oil imports.  While these trends may only be realized 

in the long-term, in some 10, 20 or even 30 years, there are few technological alternatives 

that offer all of these benefits.   

The debate over hydrogen as the fuel of the future will probably continue for 

some time.  Viable alternatives do exist, such as biofuels, synthetic fuels produced from 

coal or tar sands,3 and electricity used directly in battery electric vehicles,4 but each of 

these has shortcomings.  Biofuels such as ethanol or biodiesel are promising as domestic 

energy resources, and cellulosic ethanol would be associated with significant GHG 

reductions.  However, these fuels are capable of supplying only part of total U.S. fuel 

demand, due primarily to land use restrictions (cf., Greene, Celik et al. 2004).  Synthetic 

fuels with properties similar to gasoline or diesel could be produced cheaply and in large 

quantities using advanced gasification technology, and the carbon dioxide emissions from 

the production process could be captured and stored at relatively low marginal cost 

(Chiesa et al. 2005; Kreutz and Williams 2005).  These fuels have the advantage of being 

combustible in internal combustion engine vehicles, and would therefore not require 

major changes in automotive technology.  The uncertainty surrounding large-scale and 

long-term carbon capture and storage methods is probably the major drawback of this 

alternative.   

It has been suggested that advanced battery technology will continue to mature 

and will eventually overcome problems of vehicle range, recharge times and battery cost 

                                                 
3 Gasification of coal, biomass or other carbonaceous fuels can also produce hydrogen as a main product.  
In one variation of the scheme proposed by Williams (2005), hydrogen is produced as a byproduct along 
with a liquid synthetic fuel such as DME that can be burned in internal combustion engines.  In this 
configuration, gasification technologies can serve as a bridge to the hydrogen economy, providing an 
inexpensive intermediary liquid fuel while building expertise in hydrogen production and handling. 
4 Plug-in hybrid vehicles, capable of running on electricity for some 20 to 30 miles before switching to 
gasoline or some other fuel, also appear promising (Suppes et al. 2004). 



 8

(MacCready 2004).  This esteem for the potential of battery technology has endured for 

some time.  For example, Haldane speculated on battery technology developments in 

1923 in reference to stationary energy storage, suggesting to his audience that “even 

tomorrow a cheap, foolproof, and durable storage battery may be invented” (Haldane 

1923).  Battery electric vehicle technology is sufficiently developed for niche 

applications such as short-range neighborhood electric vehicles, but it is unclear whether 

or not inexpensive, midsized electric vehicles with a range of 250 to 300 miles will ever 

be developed.   

Trends in energy policy come and go, and this is as true for alternative fuels as it 

has been for other energy issues.  After the Carter administration’s failed effort to launch 

a coal and oil shale-based synfuels program, the late 1980s and early 1990s saw the rise 

of methanol as the fuel of the future.  Soon afterwards battery electric, ethanol and 

natural gas vehicles entered the spotlight (McNutt and Rogers 2004; Sperling 1995).  

These past efforts on the part of government to encourage the introduction of alternative 

fuels have all failed, but it is possible that hydrogen will prove to be an exception.  The 

current political climate appears to be favorable for hydrogen, but political support alone 

will not provide sufficient momentum to begin the transition to a hydrogen economy. 

1.2 Assessing Hydrogen Energy Systems 

How will we know if hydrogen is to become the fuel of the future?  In reality, this 

technological trajectory5 will persist if there is sustained support on several fronts, 

including political support, continued technological innovation and improvement, a 

tangible sense of economic viability, and widespread public acceptance.  In theory, 

technology assessment methods can provide valuable insights into the types of 

technologies (or technological trajectories) that have the greatest capacity to improve 

public welfare, and thereby influence both political support and public acceptance 

through sound techno-economic analyses.  A variety of research projects have assessed 

the costs and performance of hydrogen infrastructure and vehicle technologies, but 

                                                 
5 Dosi (1982) uses the concept of technological trajectory to describe the direction of advancement of 
technological developments within a particular technological paradigm or research program. 
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research on how these systems fit into broad economic and political contexts is more 

limited.   

The present analysis places hydrogen infrastructure technologies into this type of 

broader context, primarily through the use of scenario analysis that draws upon and 

integrates results from previous technology assessment studies.  In addition to drawing 

upon other studies, this analysis relies upon an original assessment of the potential 

structure of hydrogen station networks.  A brief review of hydrogen assessment studies is 

presented before discussing the unique contributions of the present research. 

 A variety of studies assessing hydrogen as an energy carrier were carried out 

during the second wave of enthusiasm during the 1960s and 1970s (Bockris 1980; 

Gregory and Pangborn 1976; Winter and Nitsch 1988), with an emphasis typically placed 

on long-term and large-scale nuclear or renewable energy systems.  More recent analysis, 

resulting from increased interest on the part of both government and industry, has focused 

on hydrogen as a near-term fuel for vehicles that is both economically viable and 

environmentally benign.  This interest began to build in the early 1990s: the Spark M. 

Matsunaga Hydrogen Research, Development, and Demonstration Act (PL 101-566) was 

passed in 1990; the first annual meeting of the National Hydrogen Association took place 

in 1991; in September of 1992 the U.S. Department of Energy’s Hydrogen Technical 

Advisory Panel presented a five-year program plan; and in 1993 the Clinton 

administration announced the Partnership for a New Generation of Vehicles.6  Numerous 

studies and experiments have been undertaken to test and validate different components 

of hydrogen vehicle and infrastructure systems, and results of many government 

supported projects have been distributed through the Department of Energy’s annual 

Hydrogen Program Review (DOE 2005).  These research projects have covered a wide 

range of topics within the areas of hydrogen production, storage, transportation, safety 

and utilization. 

 As detailed information on specific hydrogen infrastructure components and 

conversion processes became more reliable, some researchers began to model integrated 

hydrogen systems on a larger scale.  Two research centers in particular, Princeton 

                                                 
6 The Partnership for a New Generation of Vehicles (PNGV) was not exclusively geared toward hydrogen, 
but included fuel cell technology research.  For more on PNGV, see Sperling (2001) and Lynn (2004).    
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University’s Center for Energy and Environmental Studies (now dismantled), and 

Directed Technologies Inc. (DTI), in Arlington, Virginia, began reporting similar techno-

economic analyses supporting the viability of near-term hydrogen infrastructure systems 

while working independently and in isolation from each other (Ogden 1998).  

Researchers at Princeton had been studying solar hydrogen systems before 

accomplishments at Ballard Power revived widespread interest in fuel cell technology 

(Ogden and Williams 1989), and researchers at DTI were doing work for both auto 

companies and the U.S. Department of Energy on hydrogen safety and hydrogen 

infrastructure (Thomas 1997; Thomas et al. 1997).  More detailed and elaborate analyses 

from these same researchers would later build stronger arguments for hydrogen as an 

alternative fuel (for example, Myers et al. 2002; Ogden 1999; Ogden et al. 2004; Thomas 

et al. 1998).  The results of these and other studies contributed to a growing belief that 

hydrogen fuel cell vehicle technology could be realized in the short-term.  As a U.S. 

Department of Energy workshop in October of 1999 concluded, “There are no technical 

showstoppers to implementing a near-term hydrogen fuel infrastructure for direct 

hydrogen fuel cell vehicles” (Ohi 2000).    

A large number of systematic and comparative analyses of advanced vehicles and 

fuels have built upon these early studies.  Hydrogen fuel cycles have been the focus of 

intensive scrutiny (Brinkman et al. 2005; Delucchi 2003; Wang 1999), and detailed life 

cycle analyses of hydrogen production systems have been carried out (Spath and Mann 

2001, 2004).  More detailed, thorough and consistent analyses of hydrogen infrastructure 

costs have been undertaken (H2A 2005), the possible structure of long-term hydrogen 

systems is better understood (Mintz et al. 2002; Ogden and Kaijuka 2003), and 

comparisons of alternative fuels and vehicles have become more elaborate (Johansson 

and Åhman 2002; Weiss et al. 2000).  Some studies have focused on strategic approaches 

to introducing hydrogen fuel, such as integration with the buildings sector (Lovins and 

Williams 1999), or using marine vehicles as a niche market for hydrogen fuel (Farrell et 

al. 2003).  Researchers have begun to incorporate hydrogen technologies into top-down 

models of large-scale energy systems (Barreto et al. 2003; Geffen et al. 2004; Laitner et 
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al. 2004), and other studies have developed bottom-up models of hydrogen infrastructure 

development (BKI 2001; Joffe et al. 2004; Johnson et al. 2005; Ogden 1999).7 

 The report published by the National Academy of Sciences in 2004 has been the 

most high profile and widely discussed assessment of hydrogen infrastructure and vehicle 

technologies (NAS 2004).  Though widely portrayed in the media as being critical of 

hydrogen, the report presents an ambitious scenario of hydrogen penetration into the 

transportation sector, with nearly 100 percent conversion of the sector by 2050.  The 

report concludes that there are four major challenges to introducing hydrogen vehicles: 1) 

the development of inexpensive and durable fuel cell and hydrogen storage systems, 2) 

the development of a hydrogen infrastructure for vehicles, 3) reductions in the cost of 

hydrogen from renewable resources, and 4) the development of carbon capture and 

storage technologies for use with coal-derived hydrogen systems.  Among the many 

recommendations discussed in the report was an appeal for greater emphasis on transition 

issues and systems analysis.  The present study focuses on the second challenge 

highlighted in the NAS report, the development of a hydrogen infrastructure, and clarifies 

a number of transition issues, especially that of providing sufficient early hydrogen 

refueling availability.     

1.2.1 The Hydrogen Infrastructure Challenge  
The hydrogen infrastructure challenge is interesting because it is complicated.  The array 

of technological components that could be incorporated into a hydrogen infrastructure is 

vast, the types of energy resources that could be drawn upon are numerous, the variety of 

potential stakeholders is unprecedented among energy carriers,8 and the economic and 

political implications are multifaceted.  These complications are further magnified by the 

end use phase of a hydrogen refueling infrastructure, namely the automobile, which is 

associated with a unique set of technological, political and economic issues.  The 

hydrogen infrastructure challenge has often been posed as a type of chicken and egg 

                                                 
7 For a discussion of top-down or economic, and bottom-up or engineering models, see Audus (2000). 
8 Potential stakeholders in the development of a hydrogen infrastructure include: fuel providers (e.g., 
primary energy feedstock producers, hydrogen producers, electric utilities, hydrogen storage and 
transmission companies, hydrogen and gasoline retail outlets), vehicle manufacturers, various government 
agencies (at local, state, federal and international levels), non-government organizations, consumers, 
technology suppliers, universities, research institutions and private investors.    
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problem, where vehicles cannot be produced until stations are established, and stations 

cannot be established until vehicles are produced.  However, a closer examination of the 

various barriers underlying this simple description reveals far-reaching economic, 

political and technological implications (Sperling 1988). 

 Major aspects of the hydrogen infrastructure challenge, portrayed in Figure 1-1, 

can be discussed in terms of three general types: physical, economic and policy related.  

The physical and economic aspects are the most well defined, as a result of the large 

number of techno-economic analyses that have been carried out on hydrogen systems.  

How these systems interact with geography and competitive markets, and how 

technological pathways might unfold over time, are aspects less well understood.  Sound 

arguments have been made for the long-term economic viability of a hydrogen-based 

transportation fuels sector, but how the transition to this end-state might occur is poorly 

understood.  This situation is summarized in the 2004 National Academy of Sciences 

report as follows:  

 
The committee’s analysis indicates that at a future, mature stage of 
development, hydrogen (H2) can be produced and used in fuel cell 
vehicles at reasonable cost. The challenge, with today’s industrial 
hydrogen as well as tomorrow’s hydrogen, is the high cost of distributing 
H2 to dispersed locations. This challenge is especially severe during the 
early years of a transition, when demand is even more dispersed. The costs 
of a mature hydrogen pipeline system would be spread over many users, 
as the cost of the natural gas system is today. But the transition is difficult 
to imagine in detail. (NAS 2004, 3) 

 

 There are several reasons why overcoming these challenges will require policy 

support and government intervention.  The introduction of any new fuel would require 

the establishment of basic codes and standards and other normal regulations associated 

with fuels or retail goods.  In contrast, the policy aspects indicated in Figure 1-1 concern 

the promotion of hydrogen for the sake of social welfare and environmental impact 

reduction benefits.  Government has a direct interest in protecting these public goods by 

supporting innovations in “green” energy technologies (Norberg-Bohm 2000).  Business 

strategy has been included as an aspect because effective policy responses will likely be 

formed in collaboration with industry, and in response to various stakeholder interests.  
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Climate change and energy security are indicated as two of the major policy issues 

motivating government support for hydrogen energy.  Regulation is included in a broad 

sense, referring to a wide range of policies that could be implemented to support 

hydrogen infrastructure development.  

Various studies have examined barriers to the introduction of alternative fuel 

vehicles.  Sperling provides a discussion of the chicken and egg problem in his review of 

alternative fuel vehicle technologies, fuels and policies (1988), and at least two major 

studies conducted through the Institute of Transportation Studies have examined 

consumer expectations of evolving refueling station networks (Kurani 1992; Sperling and 

Kurani 1987).  The topic of refueling availability has also been addressed from an 

economic perspective by Greene (1998), and from a logistic and traffic flow perspective 

by Nicholas et al. (2004).  The results of these studies suggest that if 10 percent of 

existing refueling stations could provide and alternative fuel, many concerns over fuel 

availability would be overcome.  They also suggest that the cost to the consumer of 

limited refueling availability increases rapidly with coverage below 10 percent, and 

exponentially below 5 percent (also see: Greene and Leiby 2004).  The issue of early 

refueling availability is expanded upon in Chapter 4, which makes a unique contribution 

to these previous studies. 

 

 

Figure 1-1. Aspects of the hydrogen infrastructure challenge. 
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In addition to limited refueling availability, there are several other barriers to the 

introduction of alternative fuel vehicles.  Singh and Mintz discuss various market and 

institutional barriers, and calculate first-cut estimates of costs associated with vehicle 

production, vehicle servicing, alternative fuel station markup, refueling trip time and fuel 

price (1997).  On a national scale, these estimates suggest a cost barrier that peaks at 

about $5 billion, followed some 6 years later by benefits on a similar scale, as indicated 

in Figure 1-2.  The researchers estimated that between 1995 and 2010, the cumulative 

costs associated with these barriers would be $35 billion, and cumulative benefits would 

be $80 billion (both in 1990$).  These costs were based upon AFVs attaining 80 percent 

market share by 2010, with methanol and propane vehicles dominating the stock of 

AFVs.  The benefits were largely due to reduced costs associated with petroleum fuel 

consumption (46 percent of total benefits), as well as reduced criteria pollutant emissions 

(23 percent of total benefits).   

 

 

Figure 1-2. Transition costs and benefits of alternative-fuel vehicles 1995-2010 (1990$)   
(Singh and Mintz, 1997). 

 

 

 The transition indicated in Figure 1-2 obviously did not occur within the time 

period indicated, and a similar transition barrier remains today.  The types of AFVs 

proposed today may be different, and the cost analysis associated with different barriers 
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may be more developed, but the general pattern of costs and benefits is likely to remain 

unchanged.  A nationwide transition would require a period of excessive upfront costs, on 

the order of billions of dollars per year, followed sometime later by a period of 

substantial benefits.  In a more recent study, Leiby and Rubin suggest an initial cost 

barrier equivalent to $1.00 per gallon of fuel, dropping gradually to $0.50 per gallon by 

2010.  Their cost analysis is more elaborate than that carried out by Singh and Mintz, and 

includes factors such as vehicle manufacturing costs and economies of scale, the costs of 

limited vehicle diversity, and the costs of limited refueling availability.  The researchers 

conclude that these cost barriers will prevent any significant deployment of AFVs 

without “sustained, expensive market interventions” (2004, 201).  Chapter 5 builds upon 

this analysis of barriers by presenting four policy issues related to the structure of early 

hydrogen station networks. 

 Barriers to the introduction of AFVs are multifaceted, but fuel availability is 

arguably one of the most difficult barriers to overcome.  Flynn highlights this fact in his 

review of efforts to introduce natural gas vehicles (NGVs) in Canada, placing an 

emphasis on the lack of investment in public refueling stations and concluding that “the 

failure to build profitability at existing stations in order to sustain investment in 

additional refueling facilities, was, in hindsight, the most significant factor in limiting the 

growth of NGVs” (2002, 615). 

These transition barriers, combined with the anticipated future costs to society of 

oil dependency and climate change, are the basis of a compelling argument for 

government intervention in alternative fuel vehicle markets and in technology innovation 

efforts.  The importance of government intervention in infrastructure development is 

summarized by McNutt and Rogers in their historical review of government efforts to 

introduce alternative fuel vehicles, and the significance of this history for hydrogen 

vehicles:  

 
Infrastructure development may be the limiting factor.  It is hard, and 
perhaps impossible, to see how private sector infrastructure investment 
will be made in the timeframe and scale needed to achieve success without 
clear stimulus from government.  This is true even assuming hydrogen 
technology performance and cost goals are achieved.  High risk and costly 
investments are needed to overcome the chicken and egg issue.  A national 
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policy framework to bring about fuel infrastructure development will 
almost certainly have to be part of the longer term plan. (McNutt and 
Rogers 2004, 178)   
 

1.2.2 Research Characterization 
The present study contributes to our understanding of the hydrogen infrastructure 

challenge primarily by focusing on the physical aspects of early stations networks, and 

extending this analysis (to a limited degree) to discuss economic and policy aspects.  The 

approach is to simulate the early phases of hydrogen infrastructure development using a 

bottom-up model of technology change and hydrogen vehicle and station deployment 

patterns.  The goal of this simulation is to explore a speculative question: how might an 

early hydrogen infrastructure be established?  Rather than providing a definitive answer, 

the present analysis unravels this question further, making it more familiar and 

manageable.  Moreover, aspects of this analysis may also improve our understanding of 

challenges facing other alternative fuels that would require major infrastructure 

development. 

The simulation centers around a major assumption: that a large number of 

hydrogen stations are installed during an initiation process that precedes the mass 

production of hydrogen vehicles, making hydrogen refueling available to a significant 

fraction of potential vehicle purchasers.  This initiation process is proposed as one 

approach to overcoming the barrier of refueling availability.  The present study does not 

attempt to justify this approach as a superior or optimal strategy.  However, analysis 

results from the present study suggest that something resembling the initiation process 

may be viable from a technological, economic and political perspective.  Regardless of 

the degree to which this strategy may be viable in the real world, the concept of an 

initiation process as a strategic response to the infrastructure development challenge is 

intriguing enough to warrant further research, and is therefore the central topic of the 

present analysis.    

Additional confirmation that the initiation process is an idea or policy decision 

worth pursuing in greater detail comes from other studies that have embraced similar 

concepts of early hydrogen infrastructure development.  For example, two studies have 

proposed covering Europe with a limited number of hydrogen stations before the mass 
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production of hydrogen vehicles (E4Tech 2005; Wurster 2002), and representatives of 

General Motors have suggested that minimal coverage could be established in the United 

States with $10-$15 billion in capital for hydrogen stations located in major cities and 

along interstates (McCormick 2003).  The methodology of these studies is similar to that 

presented in Chapter 4, which builds upon research originally presented in 2002 (Melaina 

2002).  The original concept of initiation was discussed in an article in Environment in 

2000 (Melaina and Ross 2000).  

The type of analysis underlying the present study, in which technological change 

is assumed or “forced” to meet a predetermined pathway, is developed as a type of 

scenario analysis.  Coates (2000) describes two classifications of scenario analysis.  In 

the first type of scenario some future state is envisioned, and brainstorming and planning 

ensues to identify potential choices or policy responses that would address circumstances 

encountered within this hypothetical state.  In the second type of scenario, a policy 

decision or choice is assumed to have been made, and the consequences are explained 

and explored through scenarios.  The first type stimulates thinking and evokes problem 

solving strategies, while the second type examines the consequences of a hypothetical 

course of action.  Rather than exploring a range of possible futures (for example, 

Silberglitt et al. 2003), this second scenario approach assumes that some type of will, 

intent or definitive choice has been realized.  This is a normative scenario, also referred 

to as a strategic, policy or intervention scenario approach (de Jouvenel 2000; van Notten 

et al. 2003).  Another proposed scenario classification makes a distinction between 

intuitive scenarios, based largely on qualitative information and considered an art form by 

its practitioners, and formal scenarios, based upon quantitative analysis, analytic methods 

and various simulation or forecasting techniques (van Notten et al. 2003).   

Based upon these two classifications, the present analysis may be characterized as 

a formal intervention scenario approach.  The initiation strategy is a type of intervention 

to overcome the hydrogen infrastructure challenge, simulated using both established and 

novel analytic methods.  This type of analysis differs from many other formal scenario 

studies of energy use in transportation in that it focuses on a single policy or business 

decision – the implementation of the initiation process – rather than on a collection of 

potential transportation policies (for example, DeCicco and Mark 1998; Greene et al. 
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2005).  In reality, the initiation process would be pursued within a complex policy 

environment, but it is examined in isolation in the present study for the sake of clarity and 

due to the great analytic capacity required to model the interaction of multiple policy 

initiatives or business strategies.  

1.2.3 Dissertation Overview 
Each of the four central chapters (2-5) address different aspects of the initiation process.  

The methods and styles of the chapters vary considerably, but each tends to build on the 

previous chapter; taken together, they provide a unique perspective on the early phases of 

hydrogen infrastructure development.  The four central chapters can be summarized as 

follows.  Chapter 2 explores the role of innovation in vehicle refueling technologies and 

systems.  The chapter reviews the history of gasoline infrastructure development to 

provide general guidelines for innovations in future hydrogen refueling systems. Chapter 

3 involves analysis of one of the issues discussed in Chapter 2: the geographic dispersion 

of refueling station networks.  The analysis characterizes relative sizes of refueling 

stations within urban areas and examines the effects of station size distributions on the 

capital costs of early networks of hydrogen stations employing onsite steam methane 

(SMR) reformer technology.  The results of this analysis are an important component of 

the dynamic model of early hydrogen infrastructure development presented in Chapter 4, 

which focuses on infrastructure costs as well as rates of technology deployment.  

Scenarios of hydrogen vehicle and infrastructure technology deployment are projected to 

2040, along with projections of total infrastructure capital costs and the levelized cost of 

hydrogen.  The scenarios involve infrastructure development on a national scale, and 

focus on the use of onsite SMR technology in early hydrogen stations to simplify the 

analysis.   

Chapter 5 discusses key policy challenges to early hydrogen infrastructure 

development.  These policy challenges originate from model results presented in Chapter 

4.  They include the following: 1) the geographic dispersion of station networks, 2) 

variations in the cost of hydrogen between early stations, 3) policy responses to ensure 

early demand for hydrogen fuel, and 4) regulatory methods of guiding network expansion 

once demand is established.  Accompanying these four challenges are two proposed 

policy responses: 1) forming effective public-private partnerships, and 2) formulating 
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policies that guide the timing and scale of the initiation process.  Rather than being 

solutions, these policy responses are discussed as additional challenges to early hydrogen 

infrastructure development. 

Ideally, the decision to initiate a hydrogen infrastructure would be backed by 

rigorous and detailed technology assessment studies that compare and contrast a variety 

of near and long-term options concerning government policies, business strategies and 

technological developments.  The present study contributes original analysis and novel 

methods to these technology assessment efforts.  The most original analysis is the 

characterization of relative station sizes presented in Chapter 3 and the estimation of 

minimal hydrogen station coverage presented in Chapter 4.  Chapters 1 and 5 also make 

original contributions to the study of hydrogen systems, but they are more qualitative, 

and therefore less likely to be considered technology assessment.   

To date, the technical assessment of hydrogen energy systems is inconclusive 

regarding our ability to identify with certainty the fuel of the future.  Given the many 

uncertainties surrounding issues such as future oil prices, fuel cell technology 

development, hydrogen storage, and the potential of competing technologies, this state of 

uncertainty may endure for some time.  It is the author’s belief that at least some of the 

analysis presented in the following chapters is useful in understanding alternative fuels in 

general, regardless of the energy carrier or carriers employed as we transition away from 

petroleum-based fuels.  It is possible that the recent enthusiasm for hydrogen will wane in 

coming years, due to either technological roadblocks or loss of political support.  

However, if this does occur, history suggests that another wave of enthusiasm will 

probably emerge at some point in the future.    
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Chapter 2 
 
 

2        Refueling Innovations in Gasoline History and Hydrogen Futures 
 
 

2.1 Introduction 

When Henry Ford began mass-producing the Model T in 1908, there were no more than a 

handful of gasoline refueling stations operating in the United States.  Most early 

motorists purchased gasoline in steel cans from general stores, or by the pitcher in 

automobile repair garages where it was ladled from wooden barrels.  Only a small 

number of affluent motorists in large cities were accustomed to refueling at drive-in 

service stations.  But as motor vehicle sales boomed between 1910 and 1925, the types of 

methods used to dispense gasoline to vehicles diversified, and within the course of a 

decade or two, gasoline pumps and refueling stations had become common roadside 

fixtures.  While in 1910 most drivers were accustomed to pouring gasoline into their 

vehicles from cans, urban motorists in 1920 could choose from any number of refueling 

outlets scattered throughout every major U.S. city.  During this time period, new 

refueling outlets could literally appear overnight.  Some were no more than improvised 

shacks made of corrugated steel; others were elegant, prefabricated structures, complete 

with ionic columns and glass windows, that could be assembled onsite in a single day.  

Gasoline pumps installed in front of general stores or along curbsides, and even drive-in 

filling stations, were soon found at ten or twenty-mile intervals along many rural roads.  

As one commentator remarked in 1926, “…the whole country is literally honey-combed 

with filling stations” (Lovejoy 1926).   

But even in 1908, a decade or two before the gasoline station became a common 

roadside establishment, gasoline was much more available than is hydrogen today.  As 

early as 1900, canned gasoline could be purchased in most general stores, and excess 

gasoline production within the kerosene industry easily flooded the fledgling 
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transportation fuels market.  In addition to cans, gasoline was also stored in barrels at 

vehicle repair garages, and some wealthy motorists received gasoline deliveries to home 

storage systems.  By 1905, these and other pre-gasoline station delivery methods 

supported approximately 78,000 internal combustion engines in the U.S. (U.S. Census 

1976).  By comparison, one century later, there are approximately 100 hydrogen stations 

worldwide (Baker 2005), and the number of fuel cell vehicles being tested on roadways is 

expected to approach 600 by the end of 2005 (Adamson 2005).   

However, this slow beginning for hydrogen stations and vehicles has been gilded 

by an impressive degree of enthusiasm.  Vehicle manufacturers have announced 

optimistic goals for mass-producing hydrogen vehicles, and several government agencies 

have either announced or are examining plans to install extensive networks of hydrogen 

refueling stations.  For example, major oil companies such as Shell, ChevronTexaco and 

British Petroleum are investing in hydrogen station demonstration projects, and the state 

of California has released a Hydrogen Highways Project with a detailed plan to install 

100 hydrogen stations across the state by 2010 (CAEPA, 2005).  General Motors has set 

a goal to be the first auto manufacturer to produce one million fuel cell vehicles, and 

Larry Burns, Vice-President of R&D and Planning at General Motors, has proclaimed, 

“The 20th century was the century of the internal combustion engine vehicle.  The 21st 

century will be the century of the fuel cell” (GM 2002, 119)  Following this lead, 

President Bush predicted in his 2003 State of the Union address that “the first car driven 

by a child born today could be powered by hydrogen, and pollution-free.”  

A closer look at the early history of gasoline infrastructure development may 

provide some insights into the types of technological innovations needed to successfully 

introduce hydrogen.  In particular, parallels can be drawn between innovations in early 

gasoline delivery systems and potential innovations in hydrogen delivery systems.  The 

goal of drawing these parallels is not necessarily to identify particular gasoline delivery 

methods that could be mimicked by hydrogen systems, but rather to characterize general 

guidelines for future innovations in hydrogen refueling technology.  These guidelines 

provide some insight into how a future hydrogen infrastructure might be initiated, but 

they also confirm that this process will be much more challenging than was the 
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introduction of gasoline in the early 20th century, requiring more intensive technological 

development, stakeholder coordination and government intervention.  

The lack of a refuleing infrastructure for hydrogen has been described as a 

chicken-and-egg problem, which involves a three-way bind between consumers, vehicle 

manufacturers and fuel providers: consumers will be reluctant to purchase hydrogen 

vehicles until a sufficient number of hydrogen stations have been installed, vehicle 

manufacturers will not produce vehicles that consumers will not buy, and fuel providers 

will not invest in a hydrogen infrastructure until there is sufficient demand for hydrogen 

fuel (Sperling 1988, also see Chapter 1).  This dilemma is not unique to hydrogen, and 

applies to any alternative fuel that cannot be introduced through blending with existing 

gasoline and diesel fuels.  Overcoming this three-way bind will require unprecedented 

stakeholder coordination, and shifting the momentum of the petroleum fuel and 

automobile industries toward hydrogen will require major technological changes and 

innovations.   

In 2001, vehicle manufacturers sold some 17 million internal combustion engine 

vehicles in the United States, and fuel providers dispensed some 130 billion gallons of 

gasoline to support the nation’s fleet of 222 million light-duty vehicles (Davis 2003).  

Designing and manufacturing new vehicles is costly and time consuming, especially if 

they include novel technologies.  With nearly 170,000 stations, the existing gasoline and 

diesel distribution network is vast (see Chapter 3), and a significant number of these 

stations would have to provide hydrogen fuel before consumers are comfortable 

purchasing hydrogen vehicles.  Only after this infrastructure development point has been 

reached, and after consumers begin to embrace hydrogen vehicles, will the costs of these 

vehicles begin to drop as a result of mass production.  Significant capital, management 

and labor resources will be required to establish this early hydrogen infrastructure, and it 

will be some time before enough hydrogen vehicles are deployed to realize positive 

returns on these investments, assuming that advances in hydrogen vehicle technology 

result in both adequate cost reductions and vehicles that consumers want to buy.9       

                                                 
9 Three other commonly mentioned challenges to be overcome for the successful introduction of hydrogen 
vehicles are: producing cheap low-carbon hydrogen, reducing the cost and improving the performance of 
fuel cells, and improving the performance of hydrogen storage technologies (NAS 2004).  
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In addition to these capital investments and technological advances, overcoming 

the hydrogen infrastructure challenge will require a high degree of coordination of all 

involved stakeholders.  To minimize stranded costs, a large number of hydrogen vehicles 

must be deployed soon after the installation of an early hydrogen infrastructure.  And 

consumer awareness, refueling availability and vehicle performance must be adequately 

developed before the first generations of hydrogen vehicles are made publicly available. 

Delays or inaction on the part of fuel providers, vehicle manufacturers or vehicle 

purchasers would impose losses on each of the other stakeholders.  Given the high risks 

and potential public benefits involved, government intervention will be justified to help 

coordinate technology rollout plans and facilitate the efficient allocation of both public 

and private resources.   

One strategic response to this infrastructure challenge would be the rapid 

installation of a large number of stations within a short period of time, effectively 

providing a level of refueling availability sufficient for a large number of potential 

hydrogen vehicle purchasers.  After this threshold number of stations has been installed, 

vehicle manufacturers could begin the mass production of hydrogen vehicles.  This 

strategy is referred to as an initiation process, and is distinct from alternative 

development pathways, such as the smooth and incremental parallel evolution of both 

vehicles and infrastructure over time. Though this initiation process is not the only 

available option for early hydrogen infrastructure development, it appears to be more 

feasible than relying upon market forces alone to overcome the hydrogen infrastructure 

challenge, and therefore warrants further examination (see Chapter 1).10   

The first generalization that can be made in comparing the history of gasoline and 

projections of a hydrogen future is that both involve large-scale fuel distribution systems 

and rapid vehicle deployment rates.  Visionaries of a future hydrogen economy typically 

propose that hydrogen vehicles will be widely adopted within a relatively short period of 

time.  Figure 2-1 compares the historical consumption of gasoline during the 20th century 

with the optimistic scenario of hydrogen vehicle deployment made by the National 

Academy of Sciences (NAS 2004), which has been extended an additional 50 years 

                                                 
10 Alternative strategies have been proposed to facilitate the introduction of hydrogen fuel.  For example, 
see Farrel and Keith, 2002. 
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beyond the original projection to 2050 (dotted line).  The bottom horizontal axis begins in 

the year 1900 for gasoline, and the top horizontal axis begins in 2000 for hydrogen.  The 

vertical axes are roughly equivalent, showing billions of gallons of gasoline and billions 

of kilograms of hydrogen.11  The NAS study assumes an average fuel economy of about 

78 mpg for all hydrogen vehicles in 2050, which is about 3.5 times the average fuel 

economy of today’s light duty vehicle fleet.  The number of vehicles consuming 100 

billion kilograms of hydrogen in 2050 is therefore approximately three times the number 

of vehicles that consumed 125 billion gallons of gasoline in 2000.  

The hydrogen infrastructure expansion required to support this optimistic 

deployment scenario would occur more rapidly than any growth observed in the history 

of gasoline vehicles.  As indicated in Figure 2-1, significant vehicle growth for both 

hydrogen and gasoline vehicles is shown beginning about 15 years after the turn of each 

century.  Domestic gasoline consumption slumped during the depression and WWII, but 

subsequently regained robust growth until the first oil crisis in 1973-74, with the 

strongest growth seen in the 1965-1973 period.  The rate of growth in hydrogen fuel use 

projected by the NAS between 2030 and 2040, as well as the corresponding growth in 

vehicles, is not paralleled in the history of gasoline consumption.12  In addition, the 

growth in hydrogen infrastructure under the NAS scenario would occur at the expense of 

gasoline production, which would decline at a greater rate and on a larger scale than the 

abandonment of horse-drawn carriages in the 1920s and 1930s. 

As was the case for gasoline, the introduction of a hydrogen infrastructure will 

unfold in a series of phases characterized by different technological innovations and 

levels of stakeholder engagement.  Coincidentally, the phases of early gasoline 

infrastructure development precede those that would be required to fulfill the NAS 

hydrogen infrastructure development scenario by about one century.  Just as the major 

technological developments needed for rapid expansion of the gasoline infrastructure 

were complete by about 1920, major hydrogen infrastructure elements would have to be 

                                                 
11 One kilogram of hydrogen has an energy content of 142 MJ on a higher heating value basis, while a 
gallon of gasoline has an energy content of about 132 MJ on a higher heating value basis.  
12 This direct comparison of technological rates within the two centuries is not completely justified.  
Modern capacities for manufacturing and material production are greatly improved over those realized in 
the 1920s.  In addition, pressures for change in the energy sector, as a result of energy security, resource 
scarcity or climate change, for example, are currently unprecedented and will likely increase in the future.   
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in place before the “take off” point of hydrogen demand in Figure 2-1, which is projected 

to occur around 2020-2025.  And just as some petroleum companies had started the shift 

from kerosene to gasoline as early as 1910, major contemporary energy and auto 

companies will have to have started taking concrete actions toward a hydrogen economy 

well before this 2020-2025 takeoff point.   
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Figure 2-1. Two centuries of fuel use. A comparison of historic gasoline use and the 
optimistic scenario of hydrogen use projected to 2050 by the National Academy of 
Sciences (2004). The dotted line is an extension of the NAS projection. 

 

 

Three distinct development phases can be identified in the history of gasoline 

infrastructure development: 1) establishing the foundations of the gasoline industry, 2) 

initial deployment of novel gasoline delivery technologies, and 3) expansion of gasoline 

delivery networks beyond the takeoff point.  These phases can provide a framework for 

discussing the history of gasoline, and they can also be projected onto potential hydrogen 

futures.  Elements of the first phase can be seen in hydrogen studies and corporate 

strategies today, while the second phase is analogous to the initiation process described 
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above.  Details of the third phase, the expansion of hydrogen infrastructure networks, are 

highly uncertain, but they will depend to some degree upon the patterns of development 

that emerge during the first two stages.   

These three phases structure the following discussion of parallels between 

gasoline and hydrogen infrastructure development.  Within each phase, potential 

innovations in hydrogen infrastructure technologies can be compared to developments in 

the history of gasoline.  First, early hydrogen production will piggyback on existing 

energy infrastructures, such as petroleum, natural gas or electricity infrastructures.  This 

is analogous to the growth of gasoline production and delivery out of the kerosene 

industry.  Second, a variety of transitional hydrogen delivery systems will likely emerge 

to meet the refueling needs of early hydrogen vehicles.  These innovations may share 

characteristics with the numerous gasoline dispensing methods that emerged as 

precursors to the traditional service station.  These early gasoline delivery methods are 

characterized as dispersed refueling methods, and consist of various low-cost and low-

volume methods that spread rapidly across large geographic regions.  And third, networks 

of hydrogen delivery systems will evolve through multiple modes of delivery as the 

demand for hydrogen increases in any given area or region.  This third phase is 

comparable to the succession of various gasoline delivery methods over time: first in 

cans, then by barrel, then in tank wagons and rail cars, and eventually by pipeline.  Each 

phase is discussed in turn below, with section 2.2 addressing infrastructure foundations, 

section 2.3 addressing early fuel delivery methods, and section 2.4 addressing network 

expansion.   

2.2   Infrastructure Foundations: Taking Root 

Nearly one hundred years ago in downtown Seattle, Mr. John McLean mounted a thirty 

gallon tank on a wooden post, attached a flexible hose, and began selling gasoline to 

passing motor vehicles.  The year was 1907, and Mr. McLean was soon dispensing 

gasoline to some fifteen vehicles per day from the first urban gasoline station in the 

history of the United States (Witzel 1993).  Although there are a variety of claims to the 

first gasoline station, this particular station was unique for at least two reasons.  First, it 

was located near an urban center and along a major transit route, Holgate Street, just off 
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the Alaskan Way.  Remote bulk storage facilities had sold gasoline directly to vehicle 

owners before 1907.  For example, the Automobile Gasoline Company’s 1905 bulk plant 

in St. Louis dispensed gasoline from a gravity-fed garden hose attached to a large water 

heater that had been converted into a storage tank.  However, before McLean, no one had 

actually brought flowing gasoline to the vehicles.  Second, Mr. McLean, a sales manager 

for Standard Oil of California, had an innovative solution to the problem of storing and 

delivering large volumes of gasoline within an urban area: a small pipe connected his 

retail station to a nearby petroleum refinery.  This first simple station would have taken 

minimal effort to construct, but it relied heavily and directly on petroleum refining 

technology that had been evolving through decades of innovation.  Mr. McLean’s first 

refueling station was not a new technological invention, but rather the extension of a 

preexisting infrastructure to provide a new type of energy service.  

The success of McLean’s first retailing station was due to its function as a link 

between two previously disparate technological trends: 1) the emerging popularity of 

personal transport, in particular the rise of gasoline vehicles, and 2) excess gasoline 

production capacity as an unavoidable byproduct of kerosene production.  Demand for 

transportation services and the supply of fuel to power those services were not new 

components of urban life in 1907.  Both transportation technologies and their fuels had 

passed through a series of evolutionary stages during the last half of the 19th century, but 

few would have predicted in 1907 that gasoline vehicles would prove to be the dominant 

transportation mode of the 20th century.    

In many cities, the rise of gasoline vehicles disrupted a trend toward electric-

powered mass transit.  Dense urban areas began to form in the mid-1850’s, partly due to 

the introduction of horse drawn streetcars mounted on rails.  By 1880, streetcars in many 

cities began to be replaced by cable cars, which were first powered mechanically by 

stationary steam engines and were later electrified.  The success of electric streetcars led 

to the introduction of subway lines, and then electric interurban railway systems, which 

dominated urban mass transit until the rise of motor vehicles.  By 1902 there were some 

22,000 miles of trolley car track serving 2 billion urban passengers each year, and by 

1920 some 40,000 miles of electric interurban rail carried passengers between cities.  

New York City built 100 miles of subway during this time period, and Los Angeles had 
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installed 975 miles of interurban rail by 1911 (Mohl 1985).  However, these systems were 

expensive and cumbersome, and except in the densest of cities, they could not compete 

with the appeal of the increasingly inexpensive personal mobility offered by motor 

vehicles.  The horseless carriage would soon become an essential element of city life.  As 

gasoline vehicles overcame competition from steam-powered and battery electric 

vehicles, kerosene production for lighting would shift to gasoline production, while urban 

electricity production would be directed to buildings and industry instead of 

transportation.  

As a result of the growing demand for heat and light, and through no intent of 

design or planning, an energy infrastructure capable of producing gasoline for early 

internal combustion vehicles had been established before 1900.  Similar latent production 

capacity can be seen today in the potential to produce hydrogen by piggybacking on 

natural gas, electricity or petroleum refining infrastructures.  However, in general, the 

introduction of hydrogen as a fuel for vehicles will be much more challenging than was 

the introduction of gasoline for internal combustion engine vehicles.  This is conclusion 

is supported below by a closer examination of the transition from kerosene to gasoline, 

the existing options for hydrogen production today, and the relative appeal of early 

gasoline and future hydrogen vehicles. 

2.2.1 Kerosene Days 
The petroleum industry’s first five decades, beginning with Colonel Drake striking oil in 

1859 and continuing through the breakup of Standard Oil in 1911, were dominated by the 

sale of a single petroleum product: kerosene.  As the largest corporation of the industrial 

era, Standard Oil had become a centerpiece of the American business landscape.  But 

discontent with industrial trusts had been growing for several decades, and President 

Theodore Roosevelt stirred up even greater contempt and focused it toward the ‘Mother 

of all Trusts’, Standard Oil, which was legally dismantled in the Supreme Court’s 1911 

ruling in favor of the United States against Standard Oil (Yergin 1992).13  However, 

                                                 
13 After the Federal ruling against Standard Oil, the divided sections of Standard Oil largely maintained 
their pre-1911 business practices, and stock in the respective Standard Oil companies continued to increase 
in value.  However, the ruling did hasten innovation in gasoline production, delivery and retailing methods, 
weakening Standard’s ability to force out competition (Yergin 1992).    
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Standard’s rise to power had largely occurred before the exploitation of oil fields in 

Texas, California or Saudi Arabia, and before Ford began mass-producing the Model T in 

1908.  By 1911, real growth in the petroleum industry had hardly begun.   

When kerosene production began to give way to gasoline production in response 

to the rise of motor vehicles, the U.S. petroleum industry was ready for another major 

expansion period.  Domestic markets for kerosene and lubricants began to show signs of 

saturation during the first decade of the century, and international oil producers had  

become more competitive.  In addition, coal-based town gas and electrical lighting were 

becoming cheaper and superior alternatives to kerosene lamps in urban areas.  

Coincidentally, the introduction of motor vehicles and the corresponding increased 

demand for gasoline arrived just in time to sustain continued growth in the petroleum 

industry.  Gasoline accounted for less than 10 percent of the volume of products 

recovered from the distillation of crude oil in 1904, but this fraction steadily increased, 

exceeding 40 percent by the 1930s.  This shift occurred at the expense of kerosene 

recovery, which accounted for nearly 50 percent of crude oil in 1904 but dropped to as 

low as 5 percent by 1930 (Williamson et al. 1963b). 

The kerosene legacy played an important role in the petroleum industry’s rapid 

shift away from lighting and toward the production and delivery of fuels and lubricants 

for vehicles.  The elaborate kerosene production and distribution infrastructure was 

composed of more than one hundred refineries and vast networks of bulk storage 

facilities and tank wagons.  Kerosene distribution had evolved into an extensive and 

highly decentralized system long before large volumes of gasoline were required for 

motor vehicles, and providing gasoline through this existing delivery system was 

relatively simple, at least initially.  In 1906, Standard Oil operated nearly 3,573 bulk 

stations in the United States (Williamson et al. 1963a).  These interim storage facilities 

received barrels or tank wagons of petroleum products directly from refineries, and 

redistributed them to the local population.  Due to the poor conditions of local roads as 

well as a loosely applied Standard Oil policy, the delivery radius from any given bulk 

station was about 12 miles before the 1920s.  The result was a large number of dispersed 

and relatively small bulk stations, most of which operated with only one or two horse-

drawn wagons.   
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Given that there were about 36 million people, or about 42 percent of the total 

population, living in urban areas in 1906, there were on average approximately 10 

Standard Oil bulk stations per 100,000 urban residents.  Four years later, the 1910 census 

reported 50 cities having populations greater than 100,000 persons, and only 1,157 urban 

areas with populations between 5,000 and 100,000 persons.  Given that Standard Oil 

alone was operating 3,573 bulk stations in 1906, these numbers suggest that many bulk 

stations were serving rural areas and that many large urban areas were being serviced by 

multiple bulk stations.   

Gasoline was accessible to both urban and rural populations in low volumes 

before the introduction of the automobile, and was supplied in relatively large volumes to 

obscure niche markets in manufacturing and industry.  Any limitations in distribution 

were due to lack of demand rather than lack of production capacity: early records suggest 

that about 7 million barrels of gasoline were produced yearly as early as 1905, and only 

600,000 of these barrels were consumed by roughly 78,000 registered motor vehicles.  

Most of this gasoline was being used as a solvent in cleaning establishments or chemical 

and industrial plants, and it was not uncommon for refineries to simply dump gasoline 

into nearby rivers if demand did not justify the cost of delivery (Pogue 1939; Williamson 

et al. 1963a).  There was a brief effort by petroleum companies, and Standard Oil in 

particular, to create a market for “stove naphtha” for use in household stoves and space 

heaters (Williamson et al. 1963a).  Despite a concerted marketing effort and a limited 

degree of success, this product was eventually considered too explosive for household 

applications (Fanning 1936).  A gasoline market did develop on farms for use in 

stationary engines, and later in gasoline-powered tractors, both of which proved superior 

to the use of steam engines and resulted in gasoline being delivered along with kerosene 

to many rural areas.   

The early availability of gasoline is suggested in a 1900 New York Times article 

discussing the relative merits of electric, steam, and gasoline vehicles, where the author 

weighs in on the side of the gasoline vehicle in noting its, “practically unlimited area of 

operation, as the gasoline with which it is operated may be bought at any country drug 

store” (Walker 1900). 
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The shift in refinery product fractions from kerosene to gasoline was 

accompanied by a related shift in the types of outlets through which petroleum products 

were sold, as indicated in Figure 2-2.  While kerosene generated the majority of sales in 

1909, and was retailed through grocery, general, and hardware stores, gasoline had 

become the primary source of revenue by 1929, and was mostly distributed through 

automobile repair garages and filling stations.  This shift indicates a nearly complete 

realignment of the petroleum fuels marketing sector over a 20-year period.  

Some studies suggest that a similar shift could occur for hydrogen, which can be 

produced by piggybacking on existing natural gas or electricity infrastructures, and can 

be supplied from existing petroleum refineries and some chemical production facilities 

(NAS 2004; Ogden 1999).  However, given the wide range of potential sources of 

hydrogen, this shift will likely be more complex than the shift from kerosene to gasoline.  

And if a hydrogen infrastructure is initiated within a carbon-constrained future, early 

infrastructure technologies must facilitate the introduction of low-carbon hydrogen 

produced from renewable energy sources, nuclear reactors or fossil conversion facilities 

with carbon capture and storage capability.  The range of early hydrogen production 

options is reviewed in more detail in the following section. 
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Figure 2-2. Percentage of total sales of petroleum fuels by outlet type (Williamson et al. 
1963b, 227 & 469). 
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2.2.2 Early Sources of Hydrogen 
The volumes of excess gasoline production capacity available within the early kerosene 

infrastructure were large, but installed hydrogen production capacity today is nonetheless 

comparable, even on a per person basis.  The amount of hydrogen produced in the United 

States in 2004 was about 8.2 billion kg per year, representing about one percent of total 

U.S. energy consumption and about 28 kg per person per year (NAS 2004).  Between 

1915 and 1919, when gasoline sales were beginning a period of strong exponential 

growth, gasoline consumption per person approximately doubled from 15 to 35 gallons 

per year.  This is similar to hydrogen use today per person on an energy basis.  However, 

gasoline was considered a waste byproduct before the rise of motor vehicles, and less 

than half of the gasoline consumed in 1915 was being used by vehicles.  Today, 

essentially zero hydrogen is used for transportation purposes, with the exception of space 

flight.  Approximately 83 percent of hydrogen produced today is consumed onsite, with 

the other 1.4 billion kg being shipped as “merchant” hydrogen.  Although hydrogen is 

produced in large quantities today, existing production capacity is in high demand 

compared to gasoline one hundred years ago.   

However, the installation of additional hydrogen production capacity is a 

relatively simple matter, much like gasoline in the early 1900s.14  This is because 

hydrogen can be produced from natural gas and electricity, both of which have highly 

developed infrastructures in most developed countries.  The cheapest method of 

producing hydrogen today is by conversion of natural gas, typically via steam methane 

reforming (SMR), which is a mature technology used in the petroleum industry.  The 

other major production method is electrolysis, the splitting of water into hydrogen and 

oxygen gases using electricity.  Although electrolytic hydrogen can be produced 

anywhere electricity is available, it tends to be expensive due to the cost of electricity.  

Both of these processes can be scaled down for onsite production units located at the 

refueling station.  Onsite production eliminates the high cost of transporting hydrogen 

from central production facilities, which is projected to be about $1 per kg of delivered 

hydrogen.  In addition to onsite production, hydrogen can be supplied in the near-term via 
                                                 
14 As demand for gasoline expanded rapidly with the mass production of vehicles around 1910, there were 
some concerns over shortages, but they were soon alleviated by improvements in refining technology.  In 
particular, the Burton cracking process increased the amount of gasoline extracted from a barrel of oil.  
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tank truck delivery from nearby facilities that have excess production capacity, such as 

petroleum refineries and some chemical manufacturing plants (Ogden 1999).   

Each of these near-term hydrogen production and delivery options relies on fossil 

fuels as a primary energy resource, and would therefore produce greenhouse gas 

emissions.  In the case of electrolytic hydrogen produced from a typical or average grid 

system, the full fuel cycle greenhouse gas emissions would be greater than those from 

conventional gasoline vehicles when compared on a per mile driven basis.  And even fuel 

cell vehicles running on hydrogen produced from natural gas would have greenhouse gas 

emissions comparable to those produced by advanced hybrid-electric vehicles running on 

diesel or natural gas (Wang 2002).  Significant reductions in greenhouse gases will 

therefore require zero or low-carbon hydrogen, which is currently more expensive to 

produce and transport than hydrogen produced from fossil fuel resources.  Major 

candidates for long-term carbon-free hydrogen are renewables, nuclear thermo-catalytic 

plants or coal gasification with carbon capture and storage.  Some studies suggest that 

delivery of renewable energy feedstocks to urban areas (as electricity or biomass, for 

example) will be less costly than remote production from renewables combined with 

hydrogen pipeline delivery (Myers et al. 2003).    

Hydrogen produced from natural gas, or electrolytic hydrogen from renewables or 

low-carbon electricity grids, does result in a reduction of full fuel cycle greenhouse gas 

emissions when compared to conventional gasoline vehicles, and many analysts suggest 

that onsite production will play a significant role in early hydrogen infrastructure 

development (NAS 2004; Ogden 1999).  However, in order to facilitate future 

infrastructure development efforts, it will be necessary to gain experience with advanced 

hydrogen production technologies likely to be implemented in the long-term.  Production 

from natural gas is currently the cheapest source of hydrogen, but due to resource 

constraints it will probably serve as only an intermediate source of hydrogen before long-

term sources are brought online (Singh and J. S. Moore 2002).  The near-term 

development of long-term production technologies is therefore a necessary component of 

the transition to a hydrogen infrastructure.  One of the commonly cited advantages of 

hydrogen fuel is its ability to be produced from multiple primary energy sources, and 
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gaining experience with a variety of conversion technologies will help to ensure a robust 

future hydrogen economy.   

2.2.3 The Appeal of Early Automobiles 
In broad terms, the introduction of gasoline internal combustion engine (ICE) vehicles in 

the early 20th century was a resounding success.  However, early automobiles were 

greeted with skepticism, and competition among viable fuel types – electric, steam or 

gasoline – endured for some time.  The most severe government reaction against the rise 

of automobiles was probably Britain’s so-called Red Flag Act of 1865, which restricted 

motor vehicle speeds to 4 mph in the country and 2 mph in cities, and required a person 

carrying a red flag to precede any motor vehicle by 60 yards, both to warn of the 

vehicle’s approach and to keep the vehicle’s speed to a walking pace (Flink 1988, 2).  

High-speed vehicles powered by explosive gasoline engines were denounced as being too 

dangerous for city streets, as were early electric and steam engine vehicles.  By the turn 

of the century, this early resistance had begun to fade, and it essentially disappeared 

altogether during the nationwide zeal for automobiles in the 1920s.   

The appeal of early automobiles is undeniable: the average rate of growth in the 

number of registered automobiles between 1915 and 1929 was 20 percent per year.  This 

was partly due to significant reductions in the cost of vehicles, and partly due to 

significant increases in economic prosperity.  While vehicles were initially owned 

exclusively by the wealthy, the mass production of the Model T truly provided a “car for 

the masses.”  Production of the Model T ran from 1908 to 1927, and costs dropped from 

about $825 in 1908 to below $300 by the late 1920s (Flink 1988, 37).  In addition to these 

cost reductions, the automobile had become a central cultural artifact of American life.  

As was the case for a variety of energy technologies at the time, the automobile had been 

transformed from a luxury item into a basic everyday necessity (Nye 1999). 

Some historians describe the gasoline vehicle’s triumph over its short-lived 

electric and steam engine competitors as being primarily a matter of technological 

superiority (Flink 1970).  Electric vehicles powered by lead acid batteries were, much as 

they are today, short on range, and therefore unsuitable for activities such as country 

touring.  Steam engines, it is argued, were inherently too bulky and too dangerous to be 

used as prime movers in automobiles.  A less techno-centric view of these early 
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competing technologies, discussed in detail by Kirsch in regards to early electric vehicles 

(Kirsch 2000), suggests that in addition to inherent technological capability, the evolution 

of automobile technology was a matter of human decisions, preferences and social 

contexts.   

In addition to the inherent properties of specific vehicle technologies and the 

social contexts into which they were introduced, the availability and convenience of 

gasoline refueling gave ICE vehicles a distinct advantage over electric vehicles, mostly 

due to vehicle expense and the time required to recharge batteries.  And though steam 

engine vehicles could run on gasoline or kerosene, they also required clean water, adding 

a degree of vulnerability to the supporting infrastructure.  For example, a 1914 epidemic 

of hoof-and-mouth disease in New England resulted in the removal of all horse troughs, 

which had been a reliable, plentiful and convenient source of clean water for steam 

engine vehicles (Kirsch 2000, 173).  If the success of early automobiles did depend upon 

their relation to broader social contexts and larger technological systems, rather than or in 

addition to their inherent technological characteristics, gasoline vehicles had a distinct 

advantage over electric vehicles in terms of fuel availability, and they were superior to 

steam engine vehicles in not being dependent on the availability of large volumes of 

clean water.  

As an alternative to horse-drawn carriages or mass transit, the motor vehicle was a 

novel technology offering a higher quality of personal mobility at relatively low cost.  It 

is not clear, however, what advantages contemporary consumers will find in comparing 

hydrogen vehicles to gasoline vehicles.  There is uncertainty surrounding whether it will 

be possible to reduce the cost of fuel cell stacks, which must be brought down to about 

$50-100 per kW for competitive mass production.  In addition, hydrogen storage and 

electric drive systems will carry significant costs (Das 2004; Lipman and Delucchi 2003; 

NAS 2004).  Studies indicate that significant social benefits would result from the 

introduction of hydrogen vehicles (Ogden et al. 2004), but the fraction of motorists who 

value these benefits enough to pay the full incremental costs of vehicle production may 

be small.  A subsidy or incentive program will therefore be required to ensure the 

successful deployment of early hydrogen vehicles.  To sell large numbers of hydrogen 

vehicles over time, costs will either have to become comparable to those of conventional 
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vehicles, or hydrogen vehicles will have to offer distinct consumer benefits not offered by 

less expensive conventional vehicles. 

One proposal for increasing the value of fuel cell vehicles to consumers is the 

utilization of onboard electricity production to allow new vehicle designs and novel 

electric-powered amenities and functions – making fuel cell vehicles a new type of 

“mobile electricity” (Kurani et al. 2003).  Similarly, it has been proposed that fuel cell 

vehicles may offer power production capability for commercial or residential buildings.  

This integration of buildings and vehicles may be offered either as an additional vehicle 

capability, for those wanting off-grid capability for their homes, or as a potential source 

of revenue, for those willing to lease their vehicles as sources of electricity production 

(Lovins and Williams 1999).  While both of these options are technically feasible, they 

would require a significant amount of individual learning on the part of vehicle 

consumers, and institutional reorganization on the part of utilities.  Due to these 

organizational and learning barriers, these strategies may be limited in their ability to 

increase the value of the first few generations of hydrogen vehicles. 

An option for producing low cost hydrogen vehicles is the development of fuel 

efficient, hydrogen-powered internal combustion engine vehicles (Szwabowski et al. 

2002).  Sufficient onboard storage and associated range is more of an issue for hydrogen 

ICE vehicles than fuel cell vehicles, due to the need to compensate for reduced fuel 

conversion efficiency.  But design options such as hybridization could improve fuel 

economy, effectively increasing vehicle range, and innovative vehicle configurations 

could be developed to adapt to the bulkiness of large hydrogen storage tanks (James et al. 

1997; Jaura et al. 2004).  However, these advanced vehicle designs would incur 

additional incremental costs.  If inexpensive and uncompromised hydrogen ICE vehicles 

were deployed in large numbers, they could provide the demand needed to accompany 

early hydrogen infrastructure development.  And concurrent deployment of fuel cell 

vehicles would result in manufacturing cost reductions, as well as foster novel 

applications of mobile electricity to improve the appeal of fuel cell vehicles.   

This state of flux in hydrogen vehicle design parallels developments in the early 

20th century: gasoline vehicles were still being developed as the gasoline infrastructure 

was taking shape.  However, unlike early gasoline vehicles, which were competing with 
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steam and electricity-powered vehicles, future hydrogen vehicles will compete with 

advanced gasoline and diesel vehicle technologies, which will improve in terms of 

performance, emissions and efficiency in response to competition.  Therefore, hydrogen 

infrastructure development will not only be generally more difficult than early gasoline 

infrastructure development, but the successful deployment of inexpensive and appealing 

hydrogen vehicles will also be more difficult than the early introduction of gasoline 

vehicles.  Vehicle design and manufacturing challenges are not the focus of the present 

study, but efforts to address these issues would be a necessary and complementary 

component of any effort to overcome the hydrogen infrastructure challenge. 

2.3 Early Development: Breaking Ground 

The many challenges and barriers to the initiation of a hydrogen infrastructure can be 

eased, at least in part, by innovative fuel delivery methods.  Early non-station gasoline 

delivery technologies were highly innovative, and successfully provided gasoline for 

nearly two decades before gasoline stations became the dominant refueling method.  

Hydrogen system studies suggest that similar innovations, such as piggybacking on 

existing energy infrastructures through onsite production, will also be required during 

early infrastructure development stages.  A summary of the 100-year history of gasoline 

retailing situates this early innovation period in an historical context.  The various 

innovations in early gasoline delivery and dispensing are reviewed, and general 

innovation characteristics are proposed to serve as guidelines for developing early 

hydrogen delivery systems.  In particular, attributes of dispersed gasoline delivery 

methods, such as low capital costs, low capacities, high mobility, and distribution in 

parallel with other services, are feasible for some early hydrogen systems and could 

enhance particular applications.   

2.3.1 One Hundred Years of Gasoline Retailing  
Returning to the first gasoline station in U.S. history, it is clear that Mr. McLean’s 1907 

Seattle station was successful due in part to a steady supply of gasoline from a nearby 

refinery, but it was also successful because it had a steady supply of customers.  Reports 

that this first station was soon serving some 200 vehicles per day are not unlikely: by 
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1907 there were 142,000 registered motor vehicles consuming over 71 million gallons of 

motor fuel per year in the United States (U.S. Census 1976; Pogue 1919, 20; Williamson 

et al. 1963b, 194).  McLean’s first gasoline station rode to success on the first wave of the 

American automobile craze, but this success story poses as dilemma: how had these tens 

of thousands of early gasoline vehicles managed up to 1907 without a single gasoline 

station?   

Various records suggest that strong growth in gasoline station populations did not 

begin until the early 1920s.  Most records on the number of early refueling stations are 

vague and inconsistent, but two frequently quoted sources suggest there were 15,000 

stations in place by 1920 and 30,000 in place by 1923 (Anonymous 1924; Reiser 1936).  

In 1924, the first year that the survey reported on fueling stations, the U.S. Census 

reported 46,904 stations, and five years later, in 1929, the count had more than doubled, 

to 121,513 stations.  These numbers suggest that the takeoff period for gasoline stations 

occurred around 1920-1925, but exponential growth in vehicles began around 1910, so 

the rise of gasoline filling stations followed rather than preceded the rise of gasoline 

vehicles.   

The explanation for this series of events is that gasoline was made available 

widely and in large volumes through a variety of non-station delivery methods before 

filling stations became the preferred method of refueling.  Many of these non-station 

delivery methods were short-lived innovations, but during a distinct phase in the 

evolution of the gasoline infrastructure they succeeded in making gasoline readily 

available and allowed vehicles to be mass-produced before the rise of filling stations.  

Some of these methods, such as cans, barrels and home refueling pumps, emerged 

concurrently with the introduction of gasoline vehicles; other methods emerged as 

demand for gasoline increased.  Due to the widespread availability of gasoline through 

non-station delivery methods, few motorists were inhibited by inconvenient refueling 

after about 1910 or 1915 – the same period of time in which gasoline vehicles reached 

their takeoff point.  Gasoline vehicle sales had never been seriously inhibited by a lack of 

refueling availability; non-station refueling methods allowed sales to begin exponential 

growth without the support of a vast network of conventional gasoline stations.      
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The significance of these early non-station delivery methods, which are discussed 

in detail in section 2.3.2, becomes apparent when examined within the broader context of 

the history of gasoline retailing.  Figure 2-3 shows major trends in gasoline dispensing, 

gasoline consumption, and the growth of registered motor vehicles during the 20th 

century.  Data points marked as census stations indicate the number of establishments 

identified as fueling stations by the U.S. Census, which has typically defined service 

stations as any establishment deriving more than half of its revenue from the sale of 

motor fuels.  Linear interpolations have been made between these census station values.  

Other reports of filling stations, taken from a variety of sources, including some census 

reports, are indicated in the figure as other stations.  These data include alternative census 

definitions, such as franchise establishments or stations with paid employees, as well as 

non-census sources with alternative filling station definitions.  Values shown for total 

outlets are taken from multiple non-census sources, and indicate records of the total 

number of establishments providing motor fuels, filling station or otherwise.  The total 

outlet values shown after 1990 are from surveys conducted by National Petroleum News.  

No comparable data are available on the total number of refueling outlets between 1950 

and 1990. Of these various estimates, census station values are emphasized in Figure 2-3 

because they offer a relatively consistent, long-term indicator of the population of major 

service stations. Additional analysis and discussion of these estimates can be found in 

Chapter 3.  

Though estimates of total gasoline outlets before 1925 are vague and inconsistent, 

it appears that growth in non-station outlets began at least 10 years before significant 

growth in filling station populations.  The second outlet data point shown in Figure 2-3 

(indicated by an empty square), represents roughly 18,500 garages dispensing gasoline as 

a service to accompany vehicle repairs (Williamson et al. 1963b).  However, garages 

composed only a fraction of total outlets available at this time.  Approximately 1.2 billion 

gallons of gasoline were consumed by vehicles in 1916 (U.S. Census 1976).  If these 

18,500 repair garages had been dispensing all of this fuel, they would have been 

delivering, on average, 1000 gallons per day.  This rough calculation suggests that other 

types of outlets were providing significant amounts of gasoline, and the 18,500 garages 

indicated in Figure 2-3 is therefore a low estimate of the total gasoline outlets available in 
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1916.  The second outlet data point indicated in Figure 2-3 (87,500 outlets in 1919) is the 

midpoint of an estimate of 75,000 to 100,000 outlets in operation around 1919-1920 

(Ashton 1932, cited in Williamson, 1963b, 469).  The third outlet data point is 317,000 

outlets in 1927, which includes 52,000 garages, 125,000 drive-in stations (also shown as 

other stations) and 140,000 curb pumps (NPN 1928). 

The trends shown in Figure 2-3 suggest that the early gasoline retailing sector 

became quickly overdeveloped soon after the mass production of gasoline vehicles.  By 

comparison, with 230 million vehicles being served by 120,00-170,000 gasoline stations 

in 2004, it seems likely that 242,000 stations, or a total of 435,000 gasoline outlets, was 

more than adequate for the 31 million vehicles registered in 1939.  This period of over-

development, which continued through the Great Depression, was followed by a period 

of moderate growth between WWII and the first energy crisis in 1973.  A 10-year 

shakeout period followed the first energy crisis, and there has since been a persistent 

decline in the total number of stations, despite continued growth in both vehicle sales and  
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Figure 2-3. One-hundred year history of gasoline stations and outlets, with registered 
vehicles and gasoline consumption shown for reference.   
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gasoline consumption.  Rather than developing at similar rates and in parallel over time, 

the 100-year history of growth in gasoline stations and gasoline vehicles suggests an 

almost inverse correlation, especially since the oil crisis of 1973-74.   

Though gasoline was widely available in the early 1900s, this alone does not 

justify the claim that a large number of hydrogen stations must also be needed for the 

successful introduction of hydrogen vehicles.  However, as an exemplar for introducing a 

new motor vehicle fuel, the history of early gasoline infrastructure development is 

consistent with the concept of an initiation process being required before the introduction 

of large numbers of vehicles.  What is perhaps more interesting is that the introduction of 

gasoline was completed not through establishing a large number of gasoline refueling 

stations, as we understand them in the traditional sense, but rather by supplying gasoline 

through a variety of innovative non-station delivery and dispensing methods, which were 

subsequently phased out as filling stations proliferated.  Characteristics of these non-

station methods and how they evolved over time are discussed in the following section.      

2.3.2 Dispersed Gasoline Delivery Methods 
A wide variety of gasoline delivery methods preceded the conventional gasoline station, 

which did not become the norm for refueling until the mid-1920s.  Six of these early 

delivery methods, categorized here as dispersed methods, tended to share common 

attributes, such as low output capacity, low upfront costs, location flexibility and 

distribution in parallel with other services.  In addition, three types of early dedicated 

gasoline stations preceded the fully developed service station, which dominated gasoline 

refueling for most of the 20th century.  The major difference between dispersed refueling 

methods and dedicated stations is that the latter required land dedicated to the service of 

refueling, while the former did not.  The dispersed methods, in approximate order of 

introduction, are the following: 

1. Canned gasoline 
2. Garage barrels 
3. Home filling pumps 
4. Local parking facilities 
5. Mobile refuelers 
6. Curb Pumps 
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Canned Gasoline.  Cans of gasoline were delivered by truck along with cans of 

kerosene, and retailers placed them on store shelves alongside other petroleum products, 

such as heating oil, greases or wax.  Though delivered cheaply and easily by jobbers (i.e., 

independent distributors) or refiners, gasoline cans sometimes contained as much as five 

gallons of fuel, making them difficult for motorists to handle.  But cans could be 

distributed to both urban and rural locations in low volumes, and at the time, most 

motorists considered them to be a convenient method of acquiring or even stockpiling 

gasoline.  Canned gasoline was retailed as a solvent for cleaning, or as a fuel for 

stationary gasoline engines, before the widespread adoption of motor vehicles.   

Garage Barrels.  While many outlets sold cans of gasoline only occasionally, 

some establishments, such as popular general stores or automotive repair garages, soon 

attracted a steady stream of gasoline purchasing customers and required a higher capacity 

method of storing and dispensing gasoline.  The common solution was to have a barrel of 

gasoline on hand, usually located around the back of a building or in the corner of a 

garage.  Figure 2-4, dating from 1901, shows a storekeeper drawing gasoline into a 

bucket from a barrel with a spigot contained in a lockable outdoor cabinet.  Notice the 

approaching chauffeur and sign proclaiming ‘Gasoline for Automobiles’.  As the locked 

cabinet in the figure suggests, drawing gasoline for motor vehicles was a cumbersome 

and probably a rare activity for this 1901 storekeeper. 

 

 
Figure 2-4. Drawing gasoline from a barrel in 1901 (Vieyra 1979, 4). 
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Delivering gasoline from barrels was not necessarily a user-friendly dispensing 

method.  Both canned gasoline and barrels relied on the “pour-and-funnel” or “drum-and-

measure” dispensing approach.  For barrels, this would typically involve ladling gasoline 

into a pitcher, carrying it to the vehicle and pouring it into the fuel tank through a funnel 

lined with a chamois filter.  The chamois filter was relied upon to remove impurities, a 

precaution that was probably important for environments such as garages where gasoline 

was still used in its more traditional role as a solvent to clean parts, tools or clothing.  The 

pour-and-funnel method was typically messy, dangerous, and inconvenient.  This is 

apparent from Figure 2-5, which shows a group of men testing an experimental filtering 

contraption mounted on a vehicle’s sideboards.  Notice the labor intensity of the task, the 

pitcher and funnel, and the five-gallon can and pool of gasoline below the vehicle.  Early 

motorists apparently accepted a significant amount of inconvenience in refueling their 

vehicles.  

 

 
Figure 2-5. Demonstration of the pour and funnel method. (Courtesy of the Arizona 
Historical Society, Tucson, Arizona) 
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As the number of customers purchasing gasoline increased in any given location, 

can and barrel methods became increasingly inconvenient.  Furthermore, barrel storage 

was inefficient and dangerous due to considerable evaporative losses.  The shift away 

from the pour-and-funnel method occurred with the introduction of a new core 

technology: the gasoline pump.  Dispensing methods that employed pumps, and 

eventually hoses linking the pumps to vehicles, proved to be much more effective at 

storing and dispensing gasoline, eventually eclipsing the can and barrel methods as 

demand for more convenient refueling increased. 

Home Refueling Pumps.  An early alternative to garages and canned gasoline was 

the installation of home refueling outfits, which consisted of a private pump located in the 

garage and connected to an underground tank.  Work by Sim suggests that over 70 

different models of private home and commercial indoor refueling pumps were 

introduced between 1900 and 1915 (Sim 2002).  One of the most famous names in 

gasoline dispensing history, Bowser and Company, published a brochure in 1905 that 

boasted a “dozen different styles” of home refueling outfits, each designed to “meet your 

careful consideration both as to equipment and price” (Bowser 1905).  The pamphlet 

displays a variety of pump and tank configurations, suggesting the existence of a 

discerning and possibly large clientele. 

Figure 2-6 is taken from a 1913 advertisement showing home delivery of both 

gasoline and lubricating oil (‘Zerolene’).  The ad promotes home oil delivery to a 

freestanding 30-gallon oil tank as an additional service to accompany home gasoline 

delivery.  The figure shows a typical configuration: an underground gasoline storage tank 

refilled from the outside and connected by a tube to a simple hand pump inside the 

garage.  In the figure, Standard Oil of California employees are shown pouring both 

products into their respective storage containers.  The emphasis on oil delivery, as 

opposed to gasoline delivery, suggests that most readers were accustomed to the idea of 

home gasoline delivery by 1913. 

Home gasoline outfits removed most concerns about local refueling availability, 

and eliminated the need for special trips to a garage or general store to acquire fuel.  

Though convenient, ownership of a home refueling outfit burdened the homeowner with 

maintenance and an increased risk of fire or spills.  Home refueling may also have limited 
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an owner’s willingness or incentive to shop around for cheap fuel, though home outfits 

were more popular with wealthy motorists, many of whom were probably not concerned 

with fuel costs.  At any rate, the installation costs of home refueling outfits would have 

been a fraction of the cost of most early pre-mass production and luxury automobiles.  

Local Parking Facilities.  Early motoring often centered around the custom of 

touring on weekends or holidays.  Many early motorists, not accustomed to daily driving 

and thus not in need of daily access to their vehicles, stored them vehicles in 

neighborhood or downtown storage facilities for extended periods of time.  This, along 

with more frequent urban driving, led to increased demand for downtown parking 

facilities.  Many of these facilities either dispensed gasoline as an additional service or 

were co-located with a refueling or auto repair establishment.  While some facilities 

contained onsite filling stations open to the public, others refueled parked vehicles using 

push- or hand-carts (Figure 2-7, Figure 2-8 and Figure 2-9).  Gasoline sales would not 

have been the main source of revenue for these facilities, especially if they were located 

in high-end sections of town and catered to wealthy customers. 

 

 
Figure 2-6. Ad for home gasoline and oil delivery (Standard Oil Bulletin, 1913, 
September, p. 10).  
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Figure 2-7. A mobile garage refueler, with various gasoline and lubricating products 
(Standard Oil Bulletin, 1918, Sept, p. 5). 

 

 

Mobile Refueling Methods.  Early gasoline distribution entrepreneurs employed at 

least three types of mobile refueling methods: dispensing tank wagons, mobile stations, 

and wheeled handcarts.  There is little evidence that dispensing tank wagons or trucks 

were a popular refueling method, though at least some tank wagons were equipped with 

hoses and pumps, and most were capable of dispensing via the pour-and-funnel method. 

Mobile stations also met with only limited market success, but not due to a lack of 

innovation: as anecdotal evidence, Eddy’s International Portable Service Station was 

promoted in 1926 as a means of reducing the overhead associated with dedicated filling 

stations (Anonymous 1926).  This particular one-truck mobile station was equipped with 

two 300-gallon gasoline tanks, two automatic visible pumps, eight lubricating oil 

compartments holding fifteen gallons each, a sixty-gallon water tank, an air compressor 

with a sixty-gallon air tank, two thirty-foot dispensing hoses, and four 200-hour storage 

batteries.  Eddy’s mobile station also carried two fire extinguishers, multiple floodlights, 

and a canopy large enough to cover two driveways, one on either side of the station.  

Though elaborate, easily relocated, and probably inexpensive compared to most 

dedicated stations, Eddy’s and other types of mobile stations do not appear to have 

gained significant market share.  
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Of the three mobile refueling methods, wheeled handcarts were perhaps the most 

successful.  The wheeled handcart shown in Figure 2-8, an early Bowser model from 

1912, is clearly a combination or hybrid of four preexisting technologies: a riveted 

storage tank, two bicycle tires, a Bowser hand pump equipped with dispensing hose and 

nozzle, and an elegant cash register.  Later models were custom designed and more 

durable, such as the model being used by the street vendor in Figure 2-9.  New handcart 

models continued to be introduced throughout the 1920s (Sim 2002). 

 

 
Figure 2-8. Bowser handcart from 1912 (Milkues 1978, 14). 

 

 
Figure 2-9. Street vendor with handcart (Williamson et al. 1963b, 220). 
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Curb pumps.  As a complete refueling system composed of a gasoline pump, 

dispensing hose, flow meter and underground storage tank, curb pumps proved to be the 

precursor to modern day gasoline pumps by enduring and adapting across multiple phases 

of gasoline infrastructure development.  The modifier ‘curb’ refers to the placement of 

these early pumps: just beyond the curb of a roadway, in the same relative position to the 

road as a fire hydrant or post office box.  Curb pumps were introduced as early as 1907, 

and dominated refueling in the late teens and early twenties before the rise of gasoline 

filling stations.  Figure 2-10 shows a 1913 Gilbert and Parker curb pump in front of a 

corner store, and Figure 2-11 shows a horse-drawn tank wagon refilling an early Bowser 

curb pump in front of a King auto dealer.  Many curb pumps were located in front of, and 

were often owned by, businesses that either wanted to attract more customers or that 

catered specifically to a motoring clientele.   

Bowser was one of the first companies to sell and begin mass-producing curb 

pumps, and their success resulted in curb pumps being known simply as ‘Bowsers’, 

regardless of the manufacturer.  Other major early pump manufacturers included 

Tokheim, Milwaukee, and Gilbert and Barker.  Multiple models of curb pumps began to 

be produced around 1913.  By 1915, approximately 150 different models had been 

introduced, and more than 380 additional models were introduced between 1915 and 

1920 (Sim 2002).  Though consistent records of total production volumes are not 

available, curb pumps were probably produced both in great variety and in large 

numbers, as they could be mass-produced and delivered at low cost.  A survey carried out 

by Bowser in 1920 reported an average of one curb pump every 0.46 miles along 600 

miles of major roads in New York, Nebraska, Texas and California (NPN 1928).  Popular 

curb pumps had attendants handling the nozzle and pump, and were typically paid by the 

week and discouraged from accepting tips.  As curb pumps proliferated, motorists 

became more accustomed to the convenience of pulling alongside a curb to refuel without 

leaving their vehicle.   

Curb pumps became both more profitable and more common as gasoline 

consumption began to grow exponentially after 1915 (Figure 2-3).  Many early filling 

stations had yet to embrace a service mentality, making curb pumps relatively equivalent 

to filling stations in terms of both convenience and amenity, yet having the advantages of 
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low capital costs, low overhead costs, low labor costs, and typically prime locations.  

Describing this period of curb pump proliferation, Witzel (1993, 34) states, “The gasoline 

pump was everywhere and had become an integral part of the streetside arrangement by 

1920, taking its place on the sidewalk with the mailbox, the street lamp and the fire 

hydrant.  Automobile owners could find fuel just by driving through any major portion of 

town and pulling up next to any one of many pumps lining the boulevard.” A National 

Petroleum News survey estimated that some 189,000 curb pumps had been installed at 

140,000 locations by 1927 (NPN 1928).  The busy refueling center shown in Figure 2-15 

demonstrates that some locations had multiple pumps, some of which were “split-pump” 

stations offering different brands of gasoline.  Eventually, after Standard Oil’s breakup in 

1911, oil companies responded to increased competition by exerting greater control over 

the retail sector, which put an end to the practice of offering multiple brands of gasoline 

at a single location (Vieyra 1979).  

Given the high visibility and ubiquity of urban curb pumps, and the increasingly 

intense competition for customers, many pump manufacturers and oil companies began 

designing ornamental curb pumps, and prominent display of brand names became 

common practice.  Sim, a collector of gasoline memorabilia, documents several trends in 

curb pump designs, including visible pumps, clockfaced pumps, column pumps and globe 

pumps (Sim 2002).  Examples of ornamental curb pumps are shown in Figure 2-13, a 

clockfaced pump, and Figure 2-14, a double-headed visible pump.  The aesthetic appeal 

of ornamental pumps contrasted sharply with earlier models, such as the World War I era 

curb pumps shown being operated by female attendants in Figure 2-12. 

Traffic congestion and concerns over public safety proved to be the demise of 

urban curb pumps.  Long lines of waiting vehicles alongside curbsides became nuisances, 

especially as more and more vehicles took to the road.  As accidents became more 

frequent, curb pumps began to be seen as a significant public hazard.  In the early 1920s, 

certain municipalities began restricting licenses on new curb pumps, and eventually they 

began to ban them outright.  By 1923, fourteen major cities had banned the installation of 

curb pumps (Witzel 1993, 36).  This trend did not spread to rural areas, however, where 

congestion was less of a concern and the curb pump/general store combination continued 

to be the norm for most gasoline dispensing.  
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Figure 2-10. Gilbert and Parker curb pump, 1913 (Witzel 1993, 33). 

  

 

 
Figure 2-11. A horse-drawn tank wagon refueling an early Bowser curb pump in front of 
a King automobile dealer (Milkues 1978, 82). 
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Figure 2-12. Early curb pumps during World War I (Standard Oil Bulletin, 1918, Sept, p. 
11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-13. An ornamental Shell 
clockfaced curb pump (Milkues 1978). 

Figure 2-14. A double-cylinder visible 
pump (Margolies 1993, 10). 
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Figure 2-15. Curb pumps on a busy street corner (Margolies 1993, 121). 

 

 

The early acceptance of curb pumps, despite the risks posed to the public that later 

resulted in their being banned, raises another obstacle hydrogen will face that early 

gasoline dispensing methods did not.  Perceptions of safety or public risk have certainly 

changed over the past 100 years, but is seems reasonable to assume that satisfying public 

concerns over safety will prove to be more challenging for hydrogen than it was for early 

gasoline, if only due to the unfamiliarity of refueling with hydrogen, let alone other 

public perceptions (Schulte et al. 2004). 

2.3.3 Dedicated Gasoline Stations 
Gasoline refueling locations had become abundant by 1915, but many motorists were 

dissatisfied with the service provided by the various types of dispersed refueling 

methods.  Curb pumps located in busy sections of town developed long waiting lines, and 

attendants were known to increase prices on the spot, charging ‘what the traffic would 

bear.’  Garages could also take advantage of their position as key outlets by raising 

prices.  And gasoline quality, in general, was an issue for almost any delivery method, as 
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it was not uncommon for vendors to either use low quality gasoline or dilute their 

gasoline blends with cheaper kerosene or naphtha fuels. 

In response to consumer frustrations with unpredictable fuel prices and service 

quality, company-owned stations began to both embody and project a sense of quality, 

reliability and legitimacy.  An important marketing advantage that company stations had 

over most independents was their ability to standardize and associate brand image with 

quality.15  For example, in 1922, forty percent of Shell Oil Company stations were 

consistent in terms of color schemes, pump equipment, signage graphics and attendants’ 

white uniforms with black bowties (Witzel 1993).  Most company-owned stations began 

to emphasize service and amenities, though some independents outdid company stations 

in this respect, especially on the West Coast.  Gasoline vendors relied on dispersed 

methods such as curb pumps, as did many independents operating dedicated stations, but 

they could not easily compete with company-owned stations’ non-price attributes.  

Motorists increasingly embraced the reliability and predictability of company-owned 

dedicated filling stations. 

The appeal of reliable service, standardized fuel quality, and convenient 

amenities, combined with the increased regulation and eventual banning of curb pumps in 

many cities, resulted in the rapid development of dedicated gasoline stations after 1920.  

In general, dedicated stations were distinct from dispersed methods in having higher 

output volumes, higher capital and operating costs, and land and building structures 

dedicated specifically to refueling and related services.  With dedicated land use, urban 

real estate became a significant cost burden, and oil companies adapted by incorporating 

real estate expertise into their marketing operations.  The increased capital costs of new 

building structures and higher capacity equipment, such as storage tanks, were dealt with 

through various innovations.  Although service, quality and convenience eventually 

became standard attributes for major gasoline stations, several types of early stations 

predated conventional service stations, and some of these types shared attributes with 

earlier dispersed methods.   

                                                 
15 Differentiation between types and qualities of different gasoline blends was a major issue in early 
gasoline marketing, particularly with the introduction (and control of production and distribution) of 
tetraethyl lead as an anti-knock additive around 1923.  
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Four distinct types of dedicated refueling stations, each discussed in turn below, 

include the following: 

 
1. Drive-in stations 
2. Trackside stations 
3. Prefabricated stations 
4. Service stations 
 

Drive-In Stations.  Service, amenities, and aesthetics eventually dominated 

gasoline marketing, and many stations embraced an architectural beautification 

movement in the 1920s.  This emphasis on aesthetics was largely a response to early 

drive-in stations.  These stations were typically little more than small industrial shacks, 

made of sheet metal to reduce the risk of fire, as shown in Figure 2-16.  Because these 

practical buildings were typically located near urban centers, they were considered 

eyesores against a backdrop of more presentable buildings.   Many station operators, 

especially independents, had little interest in the longevity, maintenance, or public 

perception of their stations.  Some stations would literally appear overnight to avoid local 

protests.  

 

 

Figure 2-16. An early drive-in station in Detroit made of corrugated steel (Witzel 1993, 
40).  
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When enclosed vehicles became popular, and driving in inclement weather was 

possible, some station rooftops were extended to provide a canopy.  But many drive-in 

stations remained nothing more than a curb pump and a shack recessed into a side street 

or alleyway.  The poor aesthetics of these early drive-in stations, as well as their lack of 

amenities and sometimes less than friendly service, left many motorists with a negative 

image of the petroleum industry (Witzel 1993).  

Trackside Stations. While an increasing number of new outlets were elaborate 

high-volume service stations, ruthless gasoline price wars simultaneously pushed for 

innovations to further reduce station costs.  Many stations offered cut-rate prices during 

price wars to increase sales, but trackside or “spur” stations, located alongside railroad 

tracks or spurs and refueled directly from rail storage tanks, had an inherent cost 

advantage over other dedicated stations.  This advantage was due to the elimination of 

tank wagon delivery and bulk storage costs, as well as a reduction in overhead costs.  

Trackside stations were first introduced in rural areas around 1925, and later became 

competitors in the increasingly intense price wars in overdeveloped urban markets 

(Mclean and Haigh 1954, 290).  These stations were not as convenient as other stations, 

due to the typically remote location of railroad tracks in urban areas, but low prices were 

successful in attracting cost-conscious customers.  The price of gasoline was not the only 

criterion for motorists, however, and trackside stations failed to capture large markets as 

urban stations increasingly competed on non-price attributes and services. 

Prefabricated Stations. Another filling station innovation was the prefabricated or 

‘prefab’ station.  Offering reduced capital costs, ease of installation, and a high aesthetic 

standard, prefab stations were the entrepreneur’s answer to the allure of gasoline 

marketing profits.  Made entirely of metal parts, these stations were stored in crates in 

warehouses before shipment and could be assembled on site.  A former oil company sales 

manager reflected on these stations: “If you had $500 and were breathing, I could get you 

a station” (Koenig 1984).  Witzel (1993), speaking of a more expensive and elaborate 

prefab model, describes the flexibility of deploying prefab stations: “They were easily 

bolted together at the building site and had the ability to be moved quickly when a station 

location proved unprofitable.  For the economical price of $2,200, one could purchase a 

future gas station on Monday, have it delivered that afternoon and be ready for the first 
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customer to drive through the Ionic columns to get gas on Thursday.”  As early as 1915, 

Shell had devised a steel prefab building that could be erected in a single day, and similar 

stations continued to be adopted well into the 1930s (Howley 1984).  Figure 2-17 is an ad 

posted by a manufacturer of prefab stations in 1925, when strong growth in filling 

stations was just beginning.  The ad succinctly captures the appeal and simplicity of 

investing in prefab stations.  Figure 2-18 shows an elegant steel prefab station from the 

Pure Oil Company. 

 

Figure 2-17. A 1925 ad for Moss Fabricated Steel Service Stations (National Petroleum 
News, 1925, Feb, p. 7). 

 

 

Figure 2-18. A Pure Oil Company steel prefabricated station (National Petroleum News, 
Nov 3, 1926, p. 48G-H). 
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Service Stations. Providing additional services and amenities at gasoline outlets 

was somewhat rare before 1920, but by the end of the 1920’s the service mentality was 

firmly established across the gasoline marketing industry.  Typical services included free 

air and water, a range of tires, batteries and accessories (TBA), oil and battery checks, 

free company maps, clean public restrooms, and one or more helpful, product-promoting 

attendants.  In addition, many station dealers and oil companies embraced a general 

movement to increase the public acceptance of gasoline stations, typically through 

improving station appearance or by hosting community events.  Many stations 

maintained shrubbery and flowers, and dealers prided themselves on having immaculate, 

well-maintained stations.  Some oil companies went so far as to remove large billboard 

gasoline advertisements in order to improve their public image, and it was common for 

station dealers to actively engage their local communities, sometimes going door-to-door 

to promote special offers or products.  Many dealers hosted grand one-day carnivals to 

celebrate the opening of a new station, with prizes and rides, elephants and entertainers, 

and the traditional free gasoline and hot dogs (Witzel 1993).  

The number of architecturally extravagant stations increased in the late 1920’s 

and 1930’s, partly in response to the architectural City Beautiful Movement.  This station 

beautification period was an effort to improve the image of the petroleum industry on 

several levels, and Washington D.C. was often a beneficiary of the petroleum industry’s 

enthusiasm for elaborate stations.  For example, in 1925, the Parkway Filling Station was 

established in one of the most congested parts of the city, occupying a corridor between 

Kenyon Street and Park Road near 14th Street, with “ample room” for pumps, traffic and 

parking for 50 vehicles (Anonymous 1925).  Similarly, in 1931, Standard of New Jersey 

opened an extravagant station with 52 gasoline pumps in Washington D.C. (Williamson 

et al. 1963b, 683).  Like other grand stations across the country, these were clearly 

designed to impress, and were introduced with great fanfare.  Figure 2-19 shows one of 

the first neoclassical gasoline stations established by the Atlantic Refining Company of 

Pennsylvania, and conveys the pains taken by petroleum companies to both provide 

convenience and service and to project an image of reliability, legitimacy and trust.  The 

neo-classical style was only one of several gasoline station architectural styles that 

occurred in different parts of the country at various times. Others included the English 
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Cottage style pioneered by Pure Oil and the Japanese Pagoda stations of the Wadham Oil 

Company in Wisconsin (Jakle and Sculle 1994; Margolies 1993; Vieyra 1979). 

 

 

Figure 2-19. One of the first ‘palace’ refueling stations from the Atlantic Gasoline 
Company. Smithsonian Institute (Witzel 1993). 

 

2.3.4 Competition, Vertical Integration and Retail Profits 
Many factors contributed to the rapid buildup of gasoline stations in the 1920s and 1930s, 

but one factor in particular deserves special mention: retail profits.  During this period of 

rapid buildup, Standard Oil stations tended to be the price leaders for regional and local 

gasoline markets, and most other stations or distributors followed their lead in deciding 

whether to increase, maintain, or cut retail prices.  Due to various different factors, 

Standard stations maintained relatively high prices, even in the face of competition.  The 

result was relatively consistent high profit margins across the gasoline marketing industry 

and, at least for a period of time, resulting in an effective indemnification of investment 

risks taken by new entrants into the retail sector by way of cross-subsidization.  A 

Standard Oil of Ohio manager described this situation in 1928: “The past few years, 

therefore, have been characterized by rather wide margins between retail stations prices 

and the market tankcar price of gasoline…. The result of this wide margin has been the 

attraction into the distribution end of the business of many new people….Price cutting 

has been the method of most of the newcomers” (Ashton 1932).  A general manager of 

Sinclair Oil, testifying in 1927, stated that his district offices had standing orders to 
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follow the prices set by dominant distributors, “usually a Standard Company,” in their 

districts.  Similarly, an independent marketer in 1927 stated frankly, “It is a God’s 

blessing to the industry that they have a Standard Oil Company to set the price” (McLean 

and Haigh 1954).  

This situation is described by Williamson et al. (1963) as an “open invitation” to 

competition.  The combination of low entry costs and high profit margins led to rapid 

over-development, and eventually to significant stranded capital.  L.V. Nicholas, then 

president of the National Petroleum Marketers’ Association, warned the public of this 

over-development trend in 1924, describing it as “a bitter, relentless and devastating 

industrial conflict that will serve no possible good end, and will cost countless millions in 

cash and bankrupt us in public opinion…” (FTC 1928).  As indicated in Figure 2-3, 

gasoline station populations had only just begun to multiply when Nicholas attempted to 

convey this warning in 1924.   

McLean and Haigh (1954) explain station over-development as a result of the 

decision made by many oil companies to invest in wholesale bulk plants and in retail 

stations in an attempt to secure market share and stabilize overall profit margins.  

Companies opting for this type of forward integration typically owned only oil 

production or refining equipment.  The trend during the 1920s had been over-investment 

in oil production and refining capacity; as the price of oil dropped, profits were squeezed 

out of upstream industry sectors.  With more sophisticated refineries requiring very large 

capital investments, securing markets to sell petroleum products had become as important 

as securing a reliable supply of cheap oil.  Operating at high capacity greatly improved 

the economics of refining, and the over-investment in refining capacity in response to 

exuberant growth in the 1920s had resulted in oil producers being hard pressed to secure 

markets for their products.  McLean and Haigh demonstrate that as the effects of supply 

exceeding demand propagated through different levels of the oil industry, the retail sector 

was the last to see eroding profit margins.  Oil companies responded to this shift in 

profits and the need to secure market share both by acquiring existing stations and by 

investing in new stations.   
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2.3.5 Strategic Attributes of Gasoline Dispensing Methods 
A summary of the strategic attributes of each gasoline dispensing method discussed 

above is presented in Table 2-1.  Ten strategic attributes are ranked on four levels, with a 

blank indicating that an attribute is lacking, and an increasing number of plus signs 

indicating a stronger association.  These rankings have been determined based on both 

quantitative data and various historic qualitative descriptions.  They are meant to indicate 

relative and general attributes, rather than absolute and specific characteristics.  The last 

three attributes are more time dependent than the others, and are therefore shown with 

rankings for both 1925, when dedicated stations had become firmly established, and 

1910, when dispersed methods still dominated gasoline retailing. 

 

Table 2-1. Strategic attributes of early gasoline dispensing methods. 
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Highly mobile +++ +++ +++ ++ + +
Easily dispersed, located, or relocated +++ +++ + +++ +++ ++ + +
Low labor, overhead, and O&M costs +++ +++ + + ++ ++ ++ + ++ +
Low upfront capital costs +++ +++ ++ + ++ ++ ++ ++ +
Distributed in parallel with other services +++ ++ + + + ++ + + + +++
Distributed in parallel with auto services + +++ +++ + + ++ + + ++ +++
High capacity + ++ ++ ++ ++ +++ +++ +++ +++
Convenient to motorists (~1925) + + ++ ++ ++ ++ ++ + ++ +++
Not confined to small niche markets (~1925) + + ++ ++ +++ +++ ++ +++ +++
Aesthetic appeal (~1925) + ++ ++ +++

Before dedicated stations
Convenient to motorists (~1910) + ++ +++ ++ ++ ++ +++
Not confined to small niche markets (~1910) ++ +++ + + + ++ +++
Aesthetic appeal (~1910) + + + +++  
 

 

Table 2-1 lists dispensing methods from left to right, in the approximate order in 

which they were introduced historically.  The first few strategic attributes are more 

strongly associated with earlier dispersed methods, while the later attributes are more 

characteristic of dedicated stations.  For example, most dispersed methods were mobile 



 61

and easily located or relocated, and had low capital, labor, and operation and maintenance 

costs.  With the exceptions of home pumps and street vendor handcarts, most early 

methods were deployed in parallel with other services or products.  Dedicated stations 

tended to be high capacity, relatively convenient to motorists, less constrained to niche 

markets, and, eventually, aesthetically appealing.  Curb pumps, and to a lesser extent 

prefab stations, tended to be associated with all of the strategic attributes. 

Gasoline marketing was very different before the dominance of dedicated 

refueling stations, so the relative strengths of the last three attributes in Table 2-1 are also 

shown for dispersed methods in 1915.  Garage barrels and curb pumps, the most common 

dispersed methods in 1915, are ranked high in both convenience and lack of market 

confinement.  While curb pumps were initially quite plain, they quickly diversified into a 

number of different styles and types, many of them elegant and highly ornamental.  

Gasoline cans often had decorative labeling, and were more appealing than were, for 

example, barrels. 

The six dispersed methods discussed in section 2.3.2 comprise most of the total 

outlets shown in Figure 2-3 until about the mid-1920s.  Of the six methods, garage 

barrels and curb pumps supplied the majority of the gasoline consumed by vehicles 

before high-volume dedicated stations became dominant.  The other four methods are 

interesting in that they met with limited or temporary success, and also because they 

provided complementary support to the overall evolution of the gasoline delivery system.  

Despite the various successes of dispersed methods, only the core technology of the curb 

pump endured for use in more mature phases of gasoline infrastructure development.  

Most of the new outlets introduced after 1925 were dedicated stations, which simply 

integrated curb pump technology into station designs.  

The emergence of dispersed dispensing methods may be considered a distinct 

phase in gasoline infrastructure history.  Figure 2-20 portrays five general categories of 

dominant refueling methods occurring in overlapping succession between 1900 and 1970.  

Curb pumps are shown as a distinct type of dispersed refueling, and dedicated stations are 

divided into three types: drive- in, service and self-service stations.  The arrows represent 

bounds on periods of time when each type of method tended to dominate gasoline 

delivery.  For example, curb pumps emerged as a major refueling method around 1910, 
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and briefly dominated during the early boom period before the shift to drive-in stations 

around 1925.  In turn, drive-in stations initially co-existed with and then gave way to 

service stations.  Figure 2-20 also indicates station and outlet populations, vehicle 

registrations, and gasoline consumption.  While dedicated stations were all based upon 

similar technology, the early transition period from 1910-1925 experienced a diversity of 

technological innovations, with curb pumps proving to be a linking technology between 

dispersed and dedicated refueling methods.  In summary, a variety of dispersed refueling 

methods emerged to allow the uninhibited mass production of gasoline vehicles, and 

most were subsequently phased out as large-scale dedicated stations became the 

dominant refueling method. 
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Figure 2-20. Dominant gasoline refueling methods from 1900 to 1970. 

 

2.4 The Boom Years: Expanding Network Territory  

When road networks were improved and expanded into rural areas, early motorists were 

able to visit parts of the country that had previously been inaccessible.  Railroad 

companies had marketed travel by rail as a way to “see America,” but more affordable 
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vehicles and an increased number of roadside services such as motels, filling stations and 

general stores resulted in massive numbers of persons visiting wilderness areas and newly 

formed National Parks such as Yosemite and Yellowstone.  This increased National 

Parks’ revenue, and led to the formation of the National Parks Highway Association in 

1915, which successfully brought about a road system that linked all of the parks by the 

early 1920s.  Flink notes that this road system, though not totally paved, served “as a 

psychological as well as a physical link among the national parks and encouraged people 

to travel to them” (1988, 173).  As noted in Dulles’ history of early American recreation, 

during the roaring twenties vacation by touring had become one of the nation’s most 

popular recreation activities (1965, 308).    

However, long distance touring and family outings to National Parks were not the 

primary trends resulting in the successful diffusion of gasoline vehicles and refueling 

stations into rural areas.  It was the acceptance of the automobile as a vital element of 

farming life that secured and expanded gasoline infrastructure development in rural areas.  

Stationary gasoline engines were an improvement over the stationary steam engines used 

for mechanical power on farms, and gasoline tractors began to overcome mobile steam 

engines around 1908 (Wik 1972, 84).  This niche application of gasoline engines 

facilitated the introduction of motor vehicles to rural areas, and eventually resulted in the 

automobile becoming an indispensable component of farming life.  Expansion into rural 

markets provided a critical boost to the automobile industry in the 1920s, and ensured the 

widespread availability of both gasoline refueling locations and mechanical expertise 

across the country.  

Demand for gasoline by farming households as well as touring urbanites required 

higher volumes of gasoline to be distributed to rural areas.  This expansion occurred 

through existing bulk delivery stations that had been established for fuel oil and kerosene.  

However, in many areas the number of bulk stations decreased as delivery volumes and 

truck loads increased in size, and after pipelines began transporting refined petroleum 

products in the 1930s the number of bulk facilities dropped rapidly.  Reducing delivery 

costs offered a critical competitive advantage in gasoline marketing, but many 

infrastructure development decisions were driven by strategic concerns as much as by 
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economic efficiency.  Similar to electricity transmission lines or water treatment systems, 

petroleum pipelines and large bulk storage facilities resulted in a natural monopoly effect.   

The introduction of hydrogen fuel to rural and remote urban markets will be much 

more challenging than was the introduction of gasoline vehicles.  The cost of providing 

hydrogen in rural areas will tend to be greater than in urban areas, but the availability of 

hydrogen in rural areas will be a key selling point for consumers living in urban areas.  

Given the multifaceted nature of hydrogen infrastructure components, providing 

hydrogen in rural areas will likely involve a diversity of delivery and production 

methods, especially as delivery volumes increase over time and as early production 

sources shift from cities to rural areas.  Two technological innovations that may facilitate 

the introduction of hydrogen into rural areas are hydrogen-based distributed electricity 

generation systems and joint hydrogen and electricity production facilities on the utility 

scale.  In addition to production technologies, the types of storage systems used for 

vehicles and hydrogen delivery will also influence the innovations needed to provide 

hydrogen cost-effectively in rural areas. 

2.4.1 Gasoline Vehicles in Rural Areas 
Before about 1910, a farming family’s introduction to gasoline automobiles would 

typically have been a wealthy urban motorist roaring down an otherwise peaceful country 

road, resulting in frightened livestock and trails of smoke and dust.  The shared use of 

country roads between horses and automobiles soon became a hotly debated topic; of 

particular concern was the safety of passengers in horse-drawn carriages.  Many farming 

communities reacted with resistance, and in some parts of the country urban motorists 

were met not only with spite but occasionally with violence as well, such as ditches dug 

across roadways, tire shredders or barbed wire placed across roadways, and in rare cases, 

armed assault.  In most areas this initial resistance diminished as farming communities 

began to realize the practical value of motor vehicles, but it may have persisted in some 

areas for nearly a decade (Kline and Pinch 1996, 772). 

In contrast to the dangerous joyriding of urban motorists along country roads, 

visits by the local doctor would have demonstrated to farming families the advantages 

offered by gasoline vehicles in comparison to horse-drawn wagons.  On busy days, many 

rural doctors traveled non-stop and across long distances.  Horses were often incapable of 
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meeting such travel requirements, especially during hot summer days.  In November 

1895, an issue of Horseless Carriage featured 89 articles written by doctors praising the 

benefits of using automobiles in their practice.  Flink notes that in both France and the 

United States, “the country doctor was generally the first person to adopt the automobile” 

(1988, 28).  

In addition to this praise from local doctors, many rural families were swayed by 

farmers who had been using steam and gasoline engines on their farms well before the 

arrival of gasoline vehicles.  Coal-powered steam engines had been introduced to 

agriculture in the 1870’s, and performed a diversity of mechanical functions, including 

grinding feed, threshing grain, shredding corn, sawing wood and pumping water.  Large 

gains in productivity provided the incentive for farmers to acquire the mechanical skills 

needed to operate early steam engines, even though early machinery was overly complex, 

expensive and unreliable.  By 1875, steam engines were capable of self-propulsion, but 

their bulkiness and expense kept them from rivaling horse-drawn equipment in mobile 

applications.  Approximately seventy-five thousand farmers were working fields with 

coal-fired steam engines before automobiles were introduced in American cities (Wik 

1972, 19). 

Many farmers found stationary gasoline engines to be superior to steam-engines 

for basic mechanical tasks, such as belt work or pumping, and gasoline engines 

eventually became standard machinery on many Midwestern farms (Flink 1988, 10).  

When urban travelers encountered vehicle problems during country touring expeditions, 

they were often surprised to find rural farmers with a greater understanding of gasoline 

engines than their city mechanics.  The first gasoline tractor was introduced in 1892, and 

approximately 600 were in operation on U.S. farms when the Model T was introduced in 

1908.  The term “tractor” was coined in 1907 to distinguish gasoline tractors from steam-

powered farming equipment, and tractors eventually dominated farming due to ease of 

operation and reliability (Wik 1972).   

Farming families eventually embraced the motor vehicle more wholeheartedly 

than did urban households.  This trend opened a significant market for vehicle 

manufacturers.  In 1908, half of the people in the United States lived either on farms or in 

towns of less than 2,500 people, and markets for luxury vehicles had largely become 
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saturated.  There were six million farms in 1908, and only two percent of them had 

automobiles.  Furthermore, cheap vehicles such as the Model T were within reach of 

most farming families, especially during the relatively prosperous period for agriculture 

that occurred between 1898 and 1918 (Wik 1972, 21).  Eventually, gasoline vehicles 

became a necessity for farmers, and in 1920 a greater percentage of rural households 

owned vehicles than did their urban counterparts: 30 percent of rural households and 24 

percent of urban households had a gasoline vehicle (Fischer 1992, 102).  Although the 

electrification of rural America would not be underway until the 1930s, by the 1920s, 

when the craze for automobiles was in full swing and massive road improvement projects 

were undertaken, urban motorists could tour through the countryside with little concern 

over the availability of gasoline.  

2.4.2 Barrels, Tank Wagons and Pipelines 
Demand for gasoline continued to soar as less expensive vehicles were produced through 

mass production methods.  As demand increased, a series of gasoline delivery modes 

were introduced to increase volume delivered to urban refueling stations.  Intense 

competition at the retail level encouraged the adoption of least-cost delivery modes, with 

tank truck deliveries from refineries to bulk stations, and then from bulk stations to 

service stations, becoming the dominant delivery modes in the 1920s.  Beginning in the 

1930s, product pipelines began bypassing bulk stations, connecting refineries more 

directly to marketing territories.  These delivery modes evolved as a result of strategic 

decisions on the part of large oil companies, most of which benefited from becoming 

more vertically integrated, moving from refining into wholesaling and then into 

marketing.  Many of these decisions were capital intensive, and though they typically 

resulted in reduced costs due to economies of scale, they would have been less attractive 

had they not been accompanied by the advantages of vertical integration.   

Three delivery modes affected by such decisions included can and barrel 

manufacturing, tank wagon delivery, and bypassing bulk plants via product pipelines.  In 

addition, the sustained over-development of gasoline stations through the 1920s and 

1930s was partly due to the investment practices of large integrated oil companies. 

While canned gasoline for vehicles was a relatively short-lived delivery method, 

gasoline shipments by barrel remained a mainstay of the petroleum industry for many 



 67

decades.  Barrels were used for gasoline storage in repair garages servicing the first 

gasoline vehicles; they were considered a bulk delivery method before high volume 

gasoline stations appeared; and they were used for low-volume delivery to rural areas 

throughout much of the early 20th century.  However, the strategic advantage of barrel 

delivery was not as readily apparent to early jobbers as it was to large-scale gasoline 

producers.  McLean and Haigh (1954) note that early jobbers did not make adequate 

investments in can and barrel manufacturing facilities, and that major oil producers put 

forward the capital needed for these facilities.  This forward integration into wholesaling 

petroleum products was due, at least in part, to the desire to secure markets, stabilize 

profits and reduce costs.  Though oil companies profited from the improved efficiencies 

and economies of scale resulting from new barrel manufacturing facilities, it is not clear 

that jobbers were receiving sufficient market signals to have justified their making the 

same investments. 

  A similar situation can be seen in the use of tank wagons by Standard Oil before 

the turn of the century.  Rockefeller insisted on the importance of tank wagons for 

kerosene delivery, even when the value of this delivery mode was not tangible to local 

jobbers.  It became a “policy” of Standard Oil to cover a territory by establishing a 

network of bulk facilities, with tank wagons delivering products to any location within a 

20-mile radius.  This short delivery distance was partly necessitated by the poor quality 

of roads at the time, but limiting delivery distance was also a strategic decision on the 

part of Standard Oil to lock in a low cost, high volume delivery method to secure market 

territory.  While tank wagon delivery did not always result in immediate cost reductions, 

and though tank wagons were not in demand by independent jobbers, they helped 

Standard Oil reduce costs over the long term and effectively suppress competition.   

The delivery of gasoline by tank truck from refineries to bulk plants, and from 

bulk plants to service stations, endured as the dominant delivery mode from the 1920s 

through WWII.  Beginning in 1930, petroleum product pipelines began being laid, and 

delivery costs were reduced significantly by bypassing existing bulk facilities and 

delivering products by tank truck directly from pipeline terminals to service stations.  

Tank trucks grew in size, allowing larger shipments, and after WWII, higher volume 

stations were installed that required less frequent deliveries.  As was the case with barrel 
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manufacturing and bulk storage facilities, investments in these pipelines typically came 

from oil producing companies wanting to secure markets through forward integration.  

Oil companies most likely to invest in product pipelines were those that already owned 

both refineries and networks of gasoline stations.  With adequate supply and demand 

already ensured, reducing costs by connecting refineries to markets with high-volume 

pipelines became the logical next step.  After achieving large cost reductions through 

pipeline delivery, it became more difficult for other oil companies or gasoline station 

dealers to compete in markets located near product pipeline terminals. 

As demand for gasoline increased again after WWII, product pipelines became 

more and more valuable, and bypassing bulk plants became more common.  Figure 2-21 

and Figure 2-22 indicate the thinning of Atlantic Refining Company bulk plants between 

1930 and 1950 in Pennsylvania.  Over this time period, a network of pipelines was 

established connecting Pittsburgh, Harrisburg and Philadelphia.  This pipeline system 

supplied gasoline directly to each major market, and allowed tank truck delivery from 

terminals to either filling stations or remote bulk plants.  With higher volume tank trucks 

covering longer delivery distances, a much smaller network of bulk plants was required.  

In 1930, three refineries and hundreds of bulk plants were serving Pennsylvania, but by 

1950, a single refinery and some fifty to sixty bulk plants and pipeline terminals were 

adequate. 

Pipelines proved to be the least-cost option for delivery of petroleum products to 

urban markets, and they also reduced delivery costs to rural areas.  As indicated in Figure 

2-22, terminals located along the pipeline system delivered petroleum products by tank 

truck to remote bulk plants.  In turn, smaller tank trucks, or clippers, would then deliver 

products from these bulk plants to rural markets.  Higher demand volumes in rural areas 

allowed for larger and fewer bulk plants, and larger tank truck deliveries.  Combined with 

low cost delivery via pipeline, this series of delivery modes proved to be the least-cost 

option for rural markets.  For urban areas located near pipeline terminals, tank trucks 

delivered products directly, bypassing bulk terminals.   
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Figure 2-21. Refinery territories and bulk plants of the Atlantic Refining Company in 1940 (McLean and Haigh 1954, 
280). 
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Figure 2-22. Product pipelines and bulk stations of the Atlantic Refining Company in 1950 (McLean and Haigh 1954, 
281). 
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The historical succession of modal shifts typically experienced in delivering 

gasoline to rural outlets is reviewed in Figure 2-23.16  Before about 1915, gasoline was 

typically delivered to general stores in rural areas either in cans or in barrels, and by way 

of horse-drawn carriages that also delivered other goods produced in urban centers.   

Delivering some 80 gallons of gasoline, for example, would have involved 16 cans of 5 

gallons each, or 2 barrels of 40 gallons each.  By 1915, higher demand volumes would 

have justified rail tank car delivery to bulk plants, and if the rural area were a small town, 

horse-drawn tank wagons would likely have delivered gasoline and lubricants from the 

bulk plant.  As indicated in Figure 2-23, the general store could have had a curb pump 

installed at this point with a storage tank of 100 gallons or more.  With a storage capacity 

of 200 gallons, the tank wagon would have made multiple drops before returning to the 

bulk plant.  By 1925, demand at the remote location may have justified delivery by tank 

truck from the bulk facility.  The curb pump is shown having a larger storage capacity, 

300 gallons, and a tank truck carrying 600 gallons of gasoline would still have been able 

to make multiple drops before returning to the bulk plant. 

McLean and Haigh report that by 1930, making larger deliveries from refineries 

to bulk plants was more cost effective by large tank truck than by rail.  A large tank truck 

in 1930 would have carried several thousand gallons of gasoline to the bulk plant, and a 

smaller clipper carrying some 750 gallons would have distributed gasoline to the remote 

filling station.  The most cost effective delivery option would have been for each clipper 

to make a single drop before returning to the bulk facility.  By 1940, product pipelines 

were bypassing bulk stations, and large tank trucks were delivering gasoline directly from 

pipeline terminals to filling stations.  Though demand and delivery volumes have 

increased since 1940, this series of delivery modes continues to be the least-cost option 

for gasoline delivery for many rural and urban stations.   

                                                 
16 This series of modal shifts in gasoline delivery builds on the discussion by McLean and Haigh of modal 
shifts experienced in transporting gasoline from Standard Oil of Ohio’s (Sohio) Cleveland refinery to a 
nearby Massillon bulk storage facility (McLean and Haigh, 1954).   
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Figure 2-23. Rural gasoline delivery modes (adapted from McLean and Haigh 1954, 277).
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2.4.3 Hydrogen Vehicles in Yosemite 
Touring today is not the recreational activity it was in the 1920s, but vehicle owners still 

value the freedom of mobility offered by motor vehicles.  A survey of American 

households (BTS 1997) estimated that in 1995, personal use vehicles were used to make 

505 million trips longer than 100 miles in length (one way).  This dependency on 

personal mobility for long-distance trips will result in a tension between investors in 

urban hydrogen stations and investors in rural hydrogen stations.  Though urban 

hydrogen stations will have more consistent day-to-day customers, the existence of 

remote refueling locations will be a key factor in many consumers’ decision to buy a 

hydrogen vehicle.  Just as the roads established through the efforts of the National Parks 

Highway Association in the 1920s were of psychological as much as practical value to 

early motorists, so to will some degree of minimal refueling availability along popular 

rural routes be of value to early hydrogen vehicle owners.  This is part of the motivation 

behind the California Hydrogen Highways project’s goal to cover the state’s interstate 

system with hydrogen refueling stations, as shown in Figure 2-24.  Remote stations 

located on interstates will provide refueling availability for some residents living adjacent 

to the interstate, but their main function, at least initially, will be to satisfy the larger and 

more affluent markets in major urban areas.   

However, providing minimal coverage along interstates will not allow access to 

all popular rural destinations.  As indicated in Figure 2-24, Yosemite National Park is 

some 100 miles east of the proposed hydrogen station for Manteca, and some 90 miles 

north of the proposed station in Fresno.  Given that Yosemite receives an average of 

about 11,000 visitors per day during the summer months, filling the 200-mile round-trip 

gaps between these proposed stations and the park will likely become a high priority.  In 

particular, investors in early hydrogen stations located within the San Francisco and Los 

Angeles urban areas will have a vested interest in stations installed to fill these gaps.  

Hydrogen vehicle sales could be dampened if consumers in large urban areas are left with 

a “you can’t get there from here in a hydrogen car” impression of Yosemite.  The mutual 

benefit – to consumers, fuel providers and vehicle manufacturers – of including Yosemite 

within the coverage of the California Hydrogen Highways network will likely overwhelm 

the incremental cost of one or two additional stations. 
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Figure 2-24. Proposed stations for the California Hydrogen Highways Project  
(EIN 2005). 

 

 

Given the inexpensive delivery of gasoline in cans and barrels during the early 

days of gasoline infrastructure development, providing gasoline in rural areas was not a 

major obstacle.  In contrast, the cost of providing hydrogen in rural areas will be 
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significant.  This is largely due to differences in fuel density and the cost of handling 

equipment.  With compressed gaseous storage, some 10 tank trucks would be needed to 

provide the same amount of energy contained in a single gasoline tank truck of similar 

size.  Liquid hydrogen delivery is more efficient in terms of volume, but capital costs for 

onsite storage are still high, and efficiency losses in both the liquefaction process and 

from boil-off during long-term storage are significant.  Onsite production from natural 

gas or electricity would be an option for many rural locations, but would involve higher 

fixed capital costs than delivery systems, making these stations more susceptible to the 

economic penalties of underutilization.  Moreover, if regular use is not ensured, adequate 

maintenance of these remote facilities may also become a problem. 

When hydrogen is transported, it will tend to be over short distances to reduce 

costs, but the transportation mode will depend upon the volume of production, the 

delivery distance and the volume of demand.  In many cases it will prove to be more 

economic to deliver energy feedstocks to markets before converting them to hydrogen 

(Myers et al. 2003).  However, demand for hydrogen in rural areas will necessitate long-

distance delivery, especially in the early phases of development, when demand volumes 

are too low to justify onsite production.  

The degree of complexity involved in choosing least-cost rural hydrogen delivery 

methods is demonstrated by Figure 2-25, which is presented in Mann et al. (1999) and 

indicates which delivery methods are least-cost for a range of delivery volumes and 

distances.17  Pipeline delivery is shown to dominate as the least-cost mode for all delivery 

distances at demand volumes greater than 10,000 kg per hour.18  For demand volumes 

between 1,000 and 10,000 kg per hour, liquid rail delivery dominates long distance 

delivery, liquid truck dominates shorter delivery distances, and gaseous pipeline delivery 

is least cost for short delivery distances.  For demand volumes less than 1,000 kg per 

hour, which will be typical in many rural areas, the least-cost delivery options become 

more numerous, and delineations between the different modes become more complex.  

                                                 
17 The cost analysis is based on production rates, but for the sake of simplicity, this discussion assumes that 
delivery rates and production rates are equal.   
18 A hydrogen vehicle achieving 60 miles per kg of hydrogen, traveling 12,000 miles per year, would 
consume 185 kg per year, or 0.021 kg per hour.  A delivery volume of 10,000 kg per hour would support 
approximately 476,000 of these vehicles, and 1,000 kg per hour would support approximately 47,600. 
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Metal hydride truck delivery and gaseous rail delivery are shown as additional modes for 

low-volume demands, but other storage methods, such as chemical hydrides or glass 

microspheres, could also prove to be least-cost options at low demand.  Any future 

innovations in hydrogen storage and delivery technologies could significantly alter the 

structure and cost of rural hydrogen refueling networks.  

 

 

Figure 2-25. Lowest cost hydrogen storage and delivery methods (Mann et al., 1999). 

 

 

Consider a rural town with a population of 25,000 persons, located some 300 

miles from a central hydrogen production facility.  As the percentage of vehicles using 

hydrogen in this town increased from 1 to 25 percent of all vehicles, the average 

aggregate demand would increase from 4 to 100 kg per hour.19  The results presented in 

Figure 2-25 suggest that three different delivery modes would be used to provide 

hydrogen to this town if least-cost options prevailed in the marketplace. Gaseous truck 

delivery would be the first delivery option, followed by metal hydride trucks, then 

gaseous truck again, and finally liquid truck delivery.  At demand volumes less than 100 

kg per day, a town this size and this distance from a production facility is essentially at a 

triple-point within the least-cost delivery mode matrix.   Moreover, if the same town were 

located more than 300 miles from the production facility, liquid or gaseous rail delivery 
                                                 
19 Assuming 0.8 vehicles per person, 12,000 miles traveled per vehicle per year, and a fuel economy of 65 
miles per gallon gasoline equivalent. 
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would be options.  At less than 200 miles, metal hydride trucks would dominate until 

nearly all of the vehicles ran on hydrogen, at which point liquid truck delivery would be 

preferred.  This example suggests that if delivery networks supplying hydrogen fuel to 

rural areas are constrained to least-cost delivery options, the result will be a multifaceted 

delivery system that adapts over time in response to growing markets. 

Due to the complicated nature of rural hydrogen delivery systems, a major goal of 

hydrogen infrastructure planning and analysis will be understanding which least-cost 

options will be most appropriate under different circumstances, and identifying what 

types of network-level innovations will be required for these systems to adapt over time 

without incurring excessive costs as a result of shifting delivery modes.    

 Two potential innovations that could influence network-level rural hydrogen 

delivery dynamics are: 1) the use of hydrogen-based distributed generation systems in 

rural areas, and 2) locating joint hydrogen and electricity production facilities in rural 

areas.  Some distributed generation systems used to either support existing grids or to 

supply power to micro-grids may involve hydrogen production or hydrogen storage.  

Examples are fuel cell systems with reformers or wind or solar systems with hydrogen 

storage systems (Kélouwani et al. 2004; Mann et al. 1999).  On a larger scale, some 

utility-size electricity production facilities could be configured to provide residual 

hydrogen production at low cost.  For example, large wind farms using hydrogen storage 

as buffer capacity could be configured as local hydrogen production sources.  If the 

hydrogen storage were economically justified as a load-leveling system for the wind 

farm, the residual hydrogen produced for local rural communities would be relatively low 

cost (Kottenstette and Cotrell 2004).  Similarly, large integrated gasification combined-

cycle (IGCC) plants could be configured with slip streams and purification equipment to 

supply low volumes of hydrogen to local markets (Chiesa et al. 2005).  In each of these 

cases, hydrogen would be produced as a low-cost side product, and locating these 

systems in rural areas would reduce delivery costs.  

2.5 Conclusion 

Insightful parallels can be drawn between the history of gasoline infrastructure 

development and potential future developments in hydrogen infrastructure.  Significant 
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latent gasoline production capacity existed in the kerosene industry, and just as demand 

from gasoline vehicles began to outstrip this existing capacity, electricity and town gas 

became competitors for kerosene markets.  In response, petroleum refineries employed 

innovative processing technologies to increase their production of gasoline.  Similarly, a 

hydrogen infrastructure today could evolve out of existing energy infrastructures, such as 

petroleum, natural gas or electricity networks.  However, unlike kerosene at the turn of 

the century, today’s petroleum, natural gas and electricity systems are increasingly in 

high demand.  Hydrogen produced from natural gas is currently the cheapest source of 

hydrogen, but will most likely serve as a transitional source before conversion 

technologies for longer-term primary resources, such as coal, nuclear or renewable 

energy, are installed in large capacities. 

The first few generations of gasoline vehicles were served by a variety of 

innovative gasoline delivery methods, which successfully provided gasoline at low-cost 

from a large number of geographically dispersed locations before the rise of conventional 

gasoline filling stations.  These methods evolved in a largely unregulated market, and in 

direct response to demand for fuel.  Innovative methods of hydrogen refueling will also 

be needed in the early phases of introducing hydrogen vehicles.  And though these 

methods will not necessarily evolve in response to fuel demand, given the nature of the 

chicken-and-egg problem, they may share some characteristics with early gasoline 

refueling methods.  The characteristics of dispersed gasoline delivery methods, which 

dominated gasoline refueling between 1900 and 1920, offer some insights into what types 

of innovations will be required for early hydrogen delivery systems.  These dispersed 

methods were low-volume, had low capital costs, could be sited and relocated easily, and 

were typically deployed in parallel with other services or products.  Examples include 

canned gasoline, gasoline storage and delivery in barrels, home refueling pumps, mobile 

refueling stations and handcarts, garage refueling facilities, and curb pumps.  Of this 

range of innovative methods, only curb pumps persisted beyond the early phases of 

gasoline refueling and were eventually integrated into conventional refueling stations.  

Introducing gasoline vehicles into rural areas was easily achieved given the great 

utility of motor vehicles to farming families in the 1920s and the efficiency with which 

gasoline could be transported in low volumes over long distances.  By comparison, the 
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low volumetric energy density of hydrogen will increase the cost of delivery to rural 

areas, and low demand levels in rural areas, especially during the early stages of 

introducing hydrogen vehicles, will make onsite production less cost effective.  

Moreover, there is uncertainty over which modes of hydrogen delivery will prevail as the 

least-cost delivery options for rural areas, and it seems feasible that a variety of different 

modes will be employed over time as demand increases in different rural areas.  Rural 

stations may prove to be more expensive, especially due to underutilization, but they will 

nonetheless be important for building market demand for hydrogen vehicles in urban 

areas.  Two innovations that may reduce the cost of providing hydrogen in rural areas are 

distributed electricity generation systems that use hydrogen storage and large-scale 

facilities that produce both hydrogen and electricity.  For each of these technologies, the 

incremental cost of additional hydrogen production would be low, and proximity to rural 

areas would reduce delivery costs.   

In each of the three major phases of hydrogen infrastructure development – 

establishing foundations, initiation, and expanding refueling networks – innovative 

approaches to delivering hydrogen can help to reduce logistic and financial barriers.  

These innovations will not serve as substitutes for stakeholder engagement or investment 

of resources, but if they are applied with appropriate planning and coordination, they may 

help to reduce the risks posed to stakeholders in the early phases of infrastructure 

development.   
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Chapter 3 
 
 

3  The Effects of Geographic Dispersion on Early Hydrogen Station   
Networks: An Analysis of Onsite Steam Methane Reformer Station Capital Costs 

 
 

3.1 Introduction 

Before hydrogen vehicles can be mass-produced and sold in any given area, a sufficient 

threshold of stations must be installed to alleviate concerns over limited refueling 

availability.  Establishing this early network of hydrogen refueling stations will pose 

significant risks to investors, and efforts will be made to minimize capital costs while 

maximizing refueling availability.  Due to the inability to perfectly match installed 

hydrogen production or delivery capacity to demand from a growing vehicle fleet, early 

hydrogen stations will initially be underutilized, resulting in delayed revenue to investors.  

To alleviate the cost burden of underutilization, entrepreneurs and developers will seek 

low capital cost innovations on both the station component level and the network level 

across multiple stations.  These early station networks may include a variety of 

production and delivery technologies, such as steam methane reformer (SMR) or 

electrolysis onsite production, mobile refuelers (Campbell and Keenan 2003), or tank 

truck delivery from existing facilities such as refineries or chemical plants (Ogden 1999).  

If efforts to establish early hydrogen station networks are coordinated, through either 

deployment policies, advocacy coalitions, public-private partnerships or some other 

institutional arrangement, capital cost reductions may be achieved by optimizing installed 

production capacity, delivery and storage capability on a network level rather than on a 

station-by-station basis.  In order to better understand this potential, capital costs must be 

examined on a network level.   

The present study attempts to clarify the role of onsite SMR stations within early 

hydrogen station networks by examining the effects of geographic dispersion on the 
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potential for networks of onsite SMR stations to achieve economies of scale in hydrogen 

production.  Data on existing gasoline stations is examined to estimate how the dispersion 

of stations across urban areas influences relative station size.  The resulting 

characterization of relative station sizes is then combined with the analysis of scale in 

onsite SMR station capital costs.  This allows for a determination of the optimal cost of a 

network in which all onsite stations are sized close to the expected demand at each station 

location.  Section 3.2 reviews the methodology and results of the analysis of geographic 

dispersion within urban areas, and section 3.3 reviews the methodology and results of the 

cost analysis of onsite SMR stations.  A discussion of the potential role of onsite SMR 

stations within early networks of hydrogen stations concludes the chapter.  

3.2 Geographic Dispersion and Refueling Station Networks 

Estimating the number of hydrogen stations required to satisfy minimal refueling needs is 

not sufficient for a detailed estimation of total network capital costs; station size must 

also be taken into account, due to the strong economies of scale in onsite SMR station 

capital costs.  Presuming that hydrogen vehicle refueling patterns will be similar to 

gasoline vehicle refueling patterns, an assessment of existing gasoline station networks in 

cities can be relied upon to determine the distribution of station sizes within early 

hydrogen station networks.  Data on gasoline station networks in four cities was acquired 

from MPSI Systems Inc. (MPSI 2005), which completes comprehensive surveys and 

analyses of gasoline station networks serving particular urban areas.  These data include 

average monthly output and latitude and longitude coordinates for all stations in each of 

the four urban areas.   

Two of the four cities, Hartford, CT, and Salt Lake City, UT, are similarly sized at 

approximately 0.9 million persons.  The other two cities, Phoenix, AZ, and Atlanta, GA, 

are much larger, with populations of about 2.9 and 3.5 million, respectively.  In addition 

to being paired in terms of similar populations, the cities within each pair represent 

extremes in terms of population density.  Hartford and Atlanta have very low population 

densities, approximately 1,800 persons per square mile, and Salt Lake City (SLC) and 

Phoenix have relatively higher population densities, 3,840 and 3,640 persons per square 

mile, respectively.  The four cities therefore span a range of population densities for two 
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population sizes.  The average population density of U.S. cities with populations between 

0.75 and 1.5 million persons is 2,700 persons per square mile, while the average for cities 

with populations greater than 1.5 million is about 3,500 persons per square mile, based on 

census urban area designations (U.S. Census Bureau 2005).  These four cities therefore 

span a range of population densities common to most large U.S. cities.  

Table 3-1 indicates populations and population densities for each of the four 

cities, as well as gasoline station and fuel output parameters.  As shown, gasoline station 

networks range in size from 338 stations (Hartford) to 1,803 stations (Atlanta).  Average 

station outputs range from 77,000 gal/month (Hartford) to 135,000 gal/month (Phoenix).  

In total, there are 3,467 stations between the four cities, with the overall average station 

output being 107,000 gal/month.  The city population and land area statistics are based on 

Census 2000 urban area designations.  Census urban area boundaries generally 

correspond to survey territories used by MPSI, but there are significant enough deviations 

that the per-person and per-land area values in Table 3-1 should be considered 

approximations.  Aside from this correspondence, which raises issues of equivalent 

comparison, land area is a component of the characteristics listed in Table 3-1; variations 

in how census land area is calculated largely determines the quality of the data indicated. 

 

Table 3-1. City population, gasoline stations, and gasoline output characteristics. 
City Characteristic Units Hartford Salt Lake City Phoenix Atlanta
Population* persons 850,000 887,000 2,900,000 3,500,000
Area* sq. mi. 469 231 799 1,962
Population Density* persons/sq. mi. 1,812 3,840 3,630 1,784
Stations # 338 310 871 1803
Station Density Stns/mi2 0.72 1.34 1.09 0.92
Persons per Station persons/station 2,515 2,861 3,330 1,941
Total Gasoline Output 1000 gal/mo 25,995 30,039 117,326 181,937
Average Station Output 1000 gal/mo 77 97 135 101
Gasoline Output Density 1000 gal/mi2/mo 55.4 130.0 146.8 92.7
Gallons per Person gal/person/mo 30.6 33.9 40.5 52.0
* Based on Census 2000 Urban Area regions.  
 

 

One might assume that cities with high population densities would have larger 

stations and higher station densities (stations per square mile) than cities with similar 
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populations but lower population densities.  The MPSI data suggest that these two trends 

do indeed occur.  As indicated in Table 3-1, average station outputs for SLC and Phoenix 

are higher than those in lower density but similarly sized Hartford and Atlanta.  The two 

high population density cities, SLC and Phoenix, also have higher station densities than 

their counterparts Hartford and Atlanta.  In addition, population density appears to be 

directly proportional to person-to-station ratios and gasoline output density (gallons per 

square mile per month).  With the lowest population density, Atlanta has the lowest 

person-to-station ratio, and Hartford’s person-to-station ratio is lower than that of SLC.  

Gasoline densities in SLC and Phoenix are significantly higher than those found in 

Hartford and Atlanta.  Interestingly, for these particular cities, gallons of gasoline 

consumed per person does not appear to correlate with population density, but increases 

with city population.20   

Figure 3-1 indicates the percentage of total gasoline output in each city distributed 

from stations within five different size categories.  With the exception of Hartford, which 

dispenses 50 percent of all gasoline through stations smaller than 100,000 gallons per 

month, stations dispensing 100,000 to 199,000 gallons of gasoline per month provide the 

greatest fraction of total output of any size category.  The high population density cities, 

Salt Lake City and Phoenix, have relatively high percentages of total output dispensed 

through stations in the 200,00 to 299,000 gallons per month category, while no more than 

15 percent of total output is provided by stations with outputs greater than 300,000 

gallons per month.  In comparison to the other cities, Hartford’s distribution of total 

output across station sizes is shifted toward the smaller station sizes.  This shift in total 

output toward smaller station sizes is probably typical of small, low density cities.  

3.2.1 Normalized Relative Station Size Distributions 

Station size distributions for each city are compared in Figure 3-2, where the horizontal 

axis is the percentage of total stations in each city and the vertical axis is the average 

monthly output of each station.  A small percentage of the stations in each city have large 

outputs (i.e., greater than approximately 250,000 gallons per month).  These high output 

                                                 
20 More elaborate city studies have found reduced gasoline consumption per person for higher density cities 
(see Newman and Kenworthy, 1989). 
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stations are counterbalanced by a large number of smaller stations.  As suggested in 

Table 3-1, the higher population density cities, SLC and Phoenix, have a greater fraction 

of high output stations than do their lower population density counterparts, Hartford and 

Atlanta.  The cities with large populations, Phoenix and Atlanta, have a greater fraction 

of high output stations than do their similar population density counterparts.  
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Figure 3-1. Percent of total urban area gasoline output by station size. 

 

 

This same data can be presented with station size normalized by the average 

station size in each city.  The result is a nearly identical relative station size distribution 

for each city, as indicated in Figure 3-3.  Given the variation in size and population 

density among these four cities, this result is somewhat surprising, and suggests that this 

normalized relative station size distribution may be descriptive of station networks 

serving large cities in general.  Similar analysis of networks in other cities would be 

required to confirm the generality, limitations or dependencies of this size distribution 

pattern on city demographics or other variables.  
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Figure 3-2. Distribution of station outputs as a function of the percentage of total stations 
in each city. 
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Figure 3-3. Distribution of station sizes normalized by average station output shown as a 
function of the percent of stations in each city. 
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3.2.2 Cluster Analysis Characterization 
Gasoline stations in urban area networks tend to be grouped in clusters of two or more 

stations, typically at intersections.  This tendency toward clustering can be analyzed to 

provide a better understanding of limited refueling availability during the early phases of 

hydrogen infrastructure development.  For example, it is reasonable to assume that most 

drivers frequenting a group of two or three gasoline stations located at the same 

intersection could be adequately served by a single hydrogen refueling station, at least 

during the early stages of infrastructure development.   

A consistent clustering routine has been developed whereby multiple stations 

located within a particular distance from one another are combined into single clustered 

stations.  The result is a reduced station network with fewer stations but with the same 

total gasoline output and similar geographic coverage.  Successively larger cluster 

distances are applied to reduce the number of stations until the network approximates the 

minimal coverage deemed necessary to provide adequate refueling for a small number of 

early hydrogen vehicles (i.e., approximately 10 percent of gasoline stations, see Chapter 

4).  This is one approach to simulating the geographic and size distribution of stations 

within an early urban hydrogen infrastructure. 

This cluster analysis provides at least two interesting results.  First, some insight 

is gained into the meaning of guidelines suggesting that a certain percentage of stations is 

required to provide a sufficient level of refueling availability (Kurani 1992; Sperling and 

Kurani 1987).  For example, spatial coverage can be compared between networks that are 

reduced to 10 or 20 percent of the size of existing gasoline station networks.  Second, 

relative gasoline station sizes within a hypothetical reduced network can be 

approximated.  This follows from the assumption that owners of hydrogen vehicles will 

have driving and refueling patterns similar to those of gasoline vehicle owners, and that a 

clustered network reveals where drivers would most likely refuel when served by a 

limited network.   

The clustering routine has been applied to Hartford and Salt Lake City using a 

series of cluster distances (0.1, 0.3, 0.6, 1, 2, 3, 5, and 10 miles).  The routine involves the 

following steps.  First, a number of potential clusters are identified for each cluster 

distance.  These potential clusters are any group of stations enclosed by a circle with a 
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radius equal to the cluster distance and centered on the location of any individual station.  

Once a set of potential clusters has been identified, a subset of all potential clusters is 

combined into a set of clustered stations.  Criteria used to identify which potential 

clusters are included in this clustered subset are the following: 

 
1. Potential clusters with the greatest number of stations are clustered.  If two 

or more overlapping potential clusters enclose an equal number of stations, 
the cluster that would result in the largest single station is clustered.  

 
2. For potential clusters enclosing the same set of stations, the location of the 

resulting clustered station is that of the largest station included in the 
potential cluster.     

 

These two criteria are applied iteratively, and in order, for each cluster distance until all 

stations within the clustering distance from one another have been combined into single 

stations.  Note that for potential clusters enclosing the same set of stations (e.g., pairs of 

stations, trios of stations all within the cluster distance from one another, etc.), the first 

criteria is not sufficient because each of the possible clustered stations would have the 

same output.    

For example, consider the hypothetical station network shown in Figure 3-4.  

Large circles indicate the cluster distance from a set of five stations.  Of all the stations 

shown in this network (each indicated by a small circle), only Station A is not within the 

clustering distance from any other station, and therefore cannot be combined into a larger 

station at this cluster distance.  In addition to the circle centered on Station A, circles 

have been drawn around stations C, F, G and H.  Each of these stations is at the center of 

a potential cluster containing three to four stations.  Furthermore, these four potential 

clusters overlap one another, and because two of them contain four stations (C and H) 

applying only Criteria 1 is not sufficient to determine which of the potential clusters 

should be combined.  The location and size of the resulting combined stations will 

therefore depend upon both the total number of stations within each potential cluster and 

the relative sizes of each station.   
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Figure 3-4. Network clustering example. 

 

 

Applying Criteria 1, one of the two potential clusters centered on stations C and H 

will be combined first.  Each of these two potential clusters encloses four stations, so the 

cluster to be combined will depend upon the sum of the station capacities enclosed by 

each cluster.  Assume that the four stations within the cluster centered on station C have a 

greater combined output than the four stations within the cluster centered on station H.  In 

this case, stations B, D, and I are eliminated from the network, and a larger clustered 

station located at the coordinates of station C will remain, having a output equal to the 

combined output of stations B, C, D and I.  Notice that because station I has been 

eliminated, the potential clusters centered on stations F, G and H now each enclose three 

stations.  Applying Criteria 1, assume that combining stations G and J into station H 

would result in the largest station.  In this case, only stations E and F remain, and they 

would be combined into a single station located at the position held by the larger of the 

two stations.  In an alternate case, assume that the potential cluster centered on station G 

has a larger combined output than the potential clusters centered on stations F or H.  In 

this case, stations F and H are combined into station G and stations E and J remain as 

unclustered stations in the resulting reduced network. 

Results of applying this clustering analysis routine to station networks in Hartford 

and SLC are summarized by Figure 3-5, which shows that the percent of stations 

remaining declines exponentially as clustering distances are increased.  Stations in both 
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networks are reduced by about 40 percent at a clustering distance of 0.3 miles, and by 70 

to 74 percent at 1.0 miles.  The discrepancy in reductions between the two cities is due to 

the much lower station density of Hartford compared to SLC.  Therefore, a network with 

1/10th the number of original gasoline stations in SLC provides greater coverage than a 

network with 1/10th the number of original gasoline stations in Hartford.  The results 

indicated in Figure 3-5 are relatively consistent with the reduced station networks 

simulated using a different methodology in Nicholas et al. (2004). 
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Figure 3-5. Percent of stations remaining at each cluster distance. 

 

 

The relative sizes of stations within each reduced network represented in Figure 

3-5 can be used as the basis of a simulation of the relative sizes of stations in an early 

hydrogen station network.  Interestingly, when stations within these reduced networks are 

normalized in the same manner as the networks discussed in section 3.2.1, the relative 

size distribution of stations is essentially unchanged by the clustering process.  In other 

words, relative station sizes appear to be independent of network size.  This is 

demonstrated in Figure 3-6 and Figure 3-7, which indicate the relative station size 

distributions for each of the reduced networks associated with the range of cluster 
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distances.  Only at clustering distances greater than 2 miles do significant variations 

appear in the distribution of relative station sizes, and this is due to the clustering distance 

interacting with the boundaries of the cities.  With the exception of networks resulting 

from clustering distances greater than 2 miles, the normalized distribution of station sizes 

in the reduced networks presented in Figure 3-6 and Figure 3-7 are nearly identical to the 

normalized distribution of station sizes shown in Figure 3-3. 

These results can be interpreted as follows.  Assuming that new hydrogen vehicle 

owners will have driving patterns similar to present-day gasoline vehicle owners, the 

relative station sizes in a clustered gasoline station network can be used as a proxy for 

driver refueling patterns in an early and limited hydrogen refueling network.  As a result 

of the clustering routine, these reduced networks cover the largest possible area with the 

least number of stations.  Unlike existing gasoline station networks, in which gasoline 

stations of different sizes tend to be distributed in more or less equal proportions across 

urban areas (Melaina 2005), the stations in reduced or clustered networks are larger near 

city centers and smaller near city outskirts.  Moreover, the relative distribution of station 

sizes within reduced networks appears to be independent of network extent.  In both 

existing gasoline station networks and simulated clustered networks, some 10 percent of 

stations are at least twice as large as the average network station size, and some 30 

percent of stations are smaller than half the average network station size.   

These results have several implications for early urban hydrogen infrastructures.  

It can be anticipated that if minimal refueling availability is provided by a uniform 

distribution of hydrogen stations in a given urban area, some 10 percent of stations would 

be relatively large (more than twice the average station size) and some 30 percent of 

stations would be relatively small (less than half the average station size).  For a more 

detailed description, a polynomial equation can be fit to the original data for all four 

cities, as indicated in Figure 3-8, where the vertical axis is the normal log of the relative 

station size.  Under the presumption that the relative station size distributions found in 

these gasoline stations also apply to early networks of refueling stations, this polynomial 

can be used to determine the size of stations in a network with a known number of 

stations and average station capacity. 
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Figure 3-6. Station output as percent of average station output and percent of remaining 
stations for various cluster distances: Hartford, CT. 
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Figure 3-7. Station output as a percent of average station output and percent of remaining 
stations for various cluster distances: Salt Lake City, UT. 
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Figure 3-8. Polynomial fit to natural log of relative station size as a function of the 
percent of city stations. 

 

3.3 Scaled Costs for Onsite SMR Stations 

Natural gas is seen as the most inexpensive source of hydrogen in the near term.  Over 90 

percent of hydrogen manufactured in the United States today is produced from natural 

gas by way of steam methane reforming (Heydorn 1994), and several other reforming 

methods are under development, including partial oxidation and autothermal reforming 

(Ogden et al. 1996).  Due to the widespread availability of natural gas infrastructure, 

especially in large urban areas and to a lesser degree in rural areas (Richards 1999), 

locating small-scale steam-methane reformers onsite at the refueling station has been 

proposed as a means of overcoming the hydrogen infrastructure challenge (NAS 2004; 

Ogden 1999).  A large number of SMR unit capital costs reported in the literature have 

been analyzed to determine capital costs associated with early onsite SMR hydrogen 

stations.  Capital costs for additional station components, such as gaseous storage tanks, 

compressors and dispensers, are also examined to provide total system costs for onsite 

SMR stations.   
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The present study does not characterize costs for specific, well-defined hydrogen 

station systems.  Rather, the costs developed using the methods described below are 

meant to represent a likely range of probable future costs, a range that accounts for the 

uncertainty of costs associated with specific sub-components, as well as, to some degree, 

potential variability in sub-components costs, configurations and operational 

parameters.21  The resulting capital cost probability distributions are to be interpreted as 

representative of a range (or mixture) of potential future hydrogen infrastructure 

technologies.  The uncertainty analysis includes cost data from numerous studies, 

including the early analyses of researchers at Princeton University (Ogden et al. 1994) 

and Directed Technologies (Thomas et al. 1997), as well as more recent studies from the 

National Academy of Sciences (NAS 2004; Simbeck and Chang 2002), and the 

(preliminary) Department of Energy H2A study (H2A 2005).  Full documentation of cost 

estimate sources is provided in Appendix A.  

Cost estimation and uncertainty analysis methods are employed to improve the 

realism of the cost analysis, as discussed in sections 3.3.1 and 3.3.2, respectively.  

Although variable costs are not necessarily influenced by geographic dispersion, at least 

in the present analysis, they are presented in section 3.3.5 for the sake of consistency, 

following the discussion of capital costs in sections 3.3.4. 

3.3.1 Cost Estimation 
Technological cost analyses are often limited to an assessment of direct costs (e.g., 

materials, equipment, etc.) and labor costs.  The term cost estimation refers to a broader 

framework of economic analysis, one that places a technological system into a business 

context by estimating the total economic value of the system.  A cost estimate of a 

proposed engineering project is typically carried out to prepare a bid for presentation to a 

contractor or investor.  Also referred to as a quotation, proposal, investment, price, bid, or 

                                                 
21 Acknowledging that terms used to describe aspects of uncertainty vary from field to field, Vose (2000) 
emphasizes the distinction between variability, resulting from the effects of chance, and uncertainty, 
originating from an analyst’s lack of knowledge.  Examples of variability include the outcomes of flipping 
a coin a number of times, or the different heights of a number of people pulled randomly from a crowd.  
The effect of variability cannot be reduced with additional knowledge or further measurement.  In contrast, 
uncertain parameters can be described with increased certainty when more information is gathered, when 
experts are consulted, or when additional measurements are made.  Though making explicit distinctions 
between these two types of uncertainty is often useful, the two are combined in the present analysis. 
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cost, a cost estimate includes the cost and profit required for the labor, materials, and 

overhead needed to complete a project (Ostwald 1984, 362).  Cost estimation takes into 

account a wide range of cost elements, some of which are uncertain, and preparation of a 

bid is a common goal of cost uncertainty analysis.  In the present analysis, cost estimation 

methods are used to determine a range of cost components associated with onsite SMR 

stations of different sizes, and cost components that have either significant uncertainties 

or contribute to a large fraction of total capital costs are subjected to uncertainty analysis.  

These cost components include the SMR unit, compressor, onsite storage and dispensers.   

The use of a cost breakdown structure (CBS) allows a clear and consistent 

analysis of the various cost components comprising an engineered system (Ostwald 1984, 

367; Thuesen and Fabrycky 2001, 25).  As demonstrated in Figure 3-9, a CBS organizes 

system cost elements into a nested hierarchical framework.  In this representation of a 

CBS, the first level of costs includes capital and variable costs.  Capital costs are further 

broken down into direct and indirect capital, and variable costs are broken down into 

labor, fuel, and other operation and maintenance costs.  Direct capital costs are broken 

down into a third level that includes site preparation, land and equipment costs.  

Equipment costs are often the most studied aspects of a cost estimation process, as they 

typically comprise a large fraction of total direct capital costs and reflect the 

improvements and unique advantages of a technology design.  Land costs can be 

significant for urban refueling stations, especially those located in dense downtown areas 

or expensive commercial districts, but are not taken into consideration in the present 

analysis.22  Site preparation costs may also be significant in such areas, and include costs 

required to improve and modify the site to accommodate the installed equipment.   

Indirect capital costs are categorized as including overhead, architecture and 

engineering, program management and contingency costs.  Overhead costs can consist of 

two types: contractor and management overhead.  Contractor overhead costs, also called 

job overhead costs, are typically expressed as a percentage of material costs, 

subcontractor costs, and direct labor costs.  Contractor overhead costs are directly related 

                                                 
22 Land costs are disregarded in the present analysis due to their highly variability between urban areas and 
the potential for cost sharing (e.g., co-location with existing gasoline stations or other retail outlets, such as 
superstores).  
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to a particular project and are estimated on a project-by-project basis.  They include items 

such as permits and fees, electricity consumption at the job location, performance bonds, 

insurance, depreciation, working foremen, onsite office supplies and expenses, 

barricades, parking, etc.  Management costs, also called office overhead costs, include 

general business expenses such as office rent, office insurance, heat, light, supplies, 

furniture, telephone bills, travel expenses, advertising, legal expenses, and employee 

salaries.  These expenses are spread out over the various projects undertaken by a 

particular contractor, and they can be expressed as a percentage of direct costs and 

contractor overhead (Ostwald 1984, 379).    

 

 

Figure 3-9. General elements of an engineering project Cost Breakdown Structure (CBS). 

 

 

Architecture and engineering costs may not be associated with the contractor, and 

are often determined as a percentage of total “field” costs, being the sum of direct costs 

and overhead costs.  These costs may vary dramatically depending upon the type of 

facility being developed.  For example, simple turnkey hydrogen production appliances 

(Myers et al. 2002) installed at an existing rural gasoline service station may require a 
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lower level of architecture and engineering costs than a high volume dedicated hydrogen 

service station located in a dense urban area.  

Program development costs include any additional management and planning 

costs not included in overhead costs.  These costs may be associated with overall 

program management, where the project in question is one of several projects that may be 

developed by different contractors (i.e., a hydrogen corridor or urban hydrogen station 

network program).  Program development may include a wide range of activities, such as 

identifying proper site locations, coordination with nearby property owners, various types 

of planning, market analysis, feasibility studies, data collection, program evaluation, 

public outreach, etc.  The magnitude of these costs will partly depend upon the 

effectiveness of the business strategies and institutional structures supporting early 

hydrogen infrastructure development (see Chapter 5).  

Contingency costs are included as a type of indirect capital in Figure 3-9, though 

they are sometimes considered a distinct type of capital cost.  Also referred to as 

management reserve, contingency costs reflect uncertainties in the development of an 

engineering project.  These costs are relatively high in the early stages of developing a 

project, but as more information is gathered and as project detail and planning grow, 

contingency costs become a smaller fraction of overall project costs.  Contingency costs 

are therefore inversely proportional to the amount of detail or information known about a 

specific project (Ostwald 1984, 382).  Some fraction of contingency costs is assumed to 

have been removed, during demonstrations and fleet applications for example, before 

reaching the initiation phase of hydrogen infrastructure development.   

In contrast to capital costs, variable costs are associated with the continuing 

output or service provided by the infrastructure system once it is up and running.  

Analysis of variable costs is particularly important during the early phases of initiating a 

hydrogen infrastructure, as infrastructure components may be underutilized during these 

phases, leading to reduced variable costs.  Variable costs are of three main types: labor 

costs, fuel costs, and other operation and maintenance (O&M) costs.   

3.3.2 Cost Uncertainty Analysis 
Cost uncertainty analysis has its origins in a field known as military systems analysis 

developed in the 1950s by RAND corporation (Hitch 1955).  This field of study 



 97

addressed the large uncertainties involved in long-range planning associated with defense 

structures and operations.  Papers published in this field during the period between 1955 

and 1962 did not focus on methods but attempted to identify types, sources, and impacts 

of uncertainty.  By the mid 1960s, a body of techniques emerged to address uncertainty 

issues.  In the 1962 book Cost Considerations in Systems Analysis, G. H. Fisher identified 

three major types of uncertainty: cost estimation uncertainty, system definition 

uncertainty, and requirements uncertainty.  Though originally used to assess future costs 

of military operations, the framework provided by these types of uncertainty can be 

applied within a general systems engineering context (Garvey 2000).(1962) 

Cost estimation uncertainty arises from data or methodology limitations or 

inaccuracies associated with system cost analysis methods.  Economic uncertainties 

surrounding the costs of materials, labor costs, schedule projections, or geopolitical 

policies contribute to cost estimation uncertainties.  System definition uncertainty occurs 

on a slightly higher level and involves uncertainties in components that define a system’s 

configuration.  Examples include the amount of material required, the number of 

subsystems needed, or the weight of a delivered product.  The third type of uncertainty, 

requirements uncertainty, originates from changes in the objectives of the system in 

question, or in factors that directly affect those objectives, such as the business or 

political landscapes that affect the need to fulfill system objectives.  Changes made in the 

performance requirements or system configurations to meet project objectives are a 

source of requirements uncertainty.  This third type of uncertainty is typically considered 

outside the problem space of cost uncertainty analysis.  By combining estimates made by 

a variety of studies using different methodologies and analyzing different technical 

systems, the present analysis combines both cost estimation and system definition 

uncertainty, but does not take into account requirements uncertainty. 

Several quantitative risk analysis methods exist for addressing questions of 

uncertainty, including Monte Carlo simulation, the method of moments technique or 

exact algebraic solutions (Vose 2000, 14).  Monte Carlo simulation is particularly well 

suited for models involving multiple or interdependent variables and complex 

mathematical relationships.  In addition, the behavior of uncertainty models based upon 

Monte Carlo simulation can be easily explored, the models can be altered quickly for 
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comparative analysis, and commercially available software is available to facilitate the 

model building process and statistical analyses (Vose 2000, 16).  For these reasons, 

Monte Carlo methods have been chosen as a method of simulating uncertainty in the 

present study.   

3.3.3 Station Configurations 
A wide variety of configurations exist for stations based upon onsite natural gas 

reforming technologies.  A single station configuration is assumed to allow for a 

consistent representation of component cost scaling effects.  The major components 

scaled to develop the configurations are the SMR unit, compressor system, storage tanks, 

and the number of dispensers.  These major components are shown schematically in 

Figure 3-10, which also indicates various SMR unit subcomponents: steam boiler, 

pressure swing adsorber (PSA) compressor, and PSA reactor.  More detailed descriptions 

of small-scale natural gas reformers can be found in Ogden (1996), and reports from DTI 

provide detailed descriptions of compressors and storage configurations, including the 

booster configuration assumed for the present analysis (Myers et al. 2002; Thomas et al. 

2001). 

 
Figure 3-10.  Major components of an onsite SMR station. 

 

 

These components are scaled to meet the operational requirements of four station 

sizes (100, 250, 1000 and 2500 kg/day).  Table 3-2 indicates delivery capacity, average 

utilization and the approximate number of vehicles supported by each station size.  
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Component sizes required for each of these station sizes are primarily a function of 

average station utilization rates, which are discussed below.   

 

Table 3-2. Maximum storage requirements for onsite SMR stations in booster compressor 
configuration. 

[kg/day] [mscfd] [kg/day] [mscfd] Total Refills/day
Mini 100 42 66 28 152 22
Small 250 106 165 70 379 55
Medium 1,000 423 660 279 1,516 220
Large 2,500 1,058 1,650 698 3,790 550
(a) Assuming a 66% utilization rate.
(b) Assuming an average fuel economy of 65 mpg, 12,000 VMT/yr, and 3 kg H2 per refill.

Station Size Delivery Capacity Average Utilizationa Vehicles Supportedb

 
 

 

sof urban hydrogen stations as well) are indicated in Figure 3-11.  Both schedules 

experience peaks in the morning hours as commuters drive to work, and during the 

evening hours as commuters return home.  The highest peak demands for the H2A 

schedule require 13 percent of total daily demand during two peak demand hours, one in 

the morning and one in the evening.  However, the three evening peak hours in the DTI 

demand schedule place the most stringent constraint on required onsite storage capacity, 

as indicated in Figure 3-12.  At 7:00 PM, storage capacity under the DTI schedule 

reaches a minimum, and must increase to 44 percent of total daily production capacity by 

6:00 AM the next morning in order to satisfy the daily demand schedule.  When the 

additional storage capacity needed to maintain adequate pressure (2000 psi) for the 

booster compressor is taken into account, a 40 percent increase according to Schoenung 

(2001), the onsite storage require is 61.6 percent of the maximum daily output capacity.  

Average utilization rates are assumed to be 66 percent of total production 

capacity, based on assumptions used by Thomas et al. (1997, 2).  This utilization rate 

takes into account a 20 percent surge in utilization from weekday to weekend, a 10 

percent seasonal surge, a 10 percent statistical surge, and 17 offline days per year.  This 

analysis does not take into account the potential influence of longer refueling times on 
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Figure 3-11. Two typical daily demand schedules for a refueling station. 
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Figure 3-12. Variations in storage capacity within two typical daily demand schedules. 
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station utilization capacity.  Average utilization capacities represent the upper limit of 

utilization under “real-world” conditions, assuming a sufficient number of hydrogen 

vehicles are operating within the station’s service area.23   

3.3.4 Capital Costs 
Total onsite SMR station capital costs are composed of both direct and indirect capital 

costs, and are summarized in Table 3-4.  Indirect costs comprise between 29 and 38 

percent of total capital costs, and the SMR unit is the largest single cost component for 

each station size.  Cost components subject to cost uncertainty analysis are indicated as 

such in the table.  The total capital costs shown are first unit costs, and are subject to 

learning effects and subsequent cost reductions as the number of units deployed increases 

(see Chapter 3).  Descriptions of both direct and indirect capital cost components are 

provided below.  

Steam-Methane Reformer Units 
A large number of estimates of the cost SMR units can be found in the literature.  In the 

present analysis, 59 estimates have been identified and used as inputs to the cost 

uncertainty analysis.  These estimates are shown graphically in Figure 3-13 on a capital 

cost per capacity basis.  Most estimates are indicated as open circles, while others are 

included in the cost functions indicated as dashed lines.  The solid line indicates the 

equation fit to the entire set of adjusted estimates,24 which is linear when plotted on a log-

log graph.  Three estimates from the H2A study are indicated as open squares, and are 

located relatively near to the linear cost equation.  The lognormal capital cost probability 

distribution functions resulting from the cost uncertainty analysis are described in Table 

3-3, where the mean value is shown as both per unit and per capacity capital, and the 

standard deviation, skewness, and ratios of minimum and maximum distribution values to 

the mean value are indicated for each lognormal distribution.  The solid circles with error 

                                                 
23 In a more elaborate analysis of groups of stations operating with an urban network, station utilization 
would depend upon a variety of factors, such as station location, the number and proximity of other 
hydrogen stations, the number hydrogen vehicle owners, etc. 
24 As discussed in Appendix A, original cost estimates have been adjusted for factors such as inflation and 
technological maturity. 
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bars in Figure 3-13 represent the expected values and the minimum and maximum values 

of the cost probability distribution functions for each station size.   
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Figure 3-13. Adjusted SMR unit capital cost estimates, linear fit, and mean values with 
minimum and maximum bounds on lognormal cost probability distributions. 

  

Table 3-3. Summary of lognormal probability distributions for SMR capital costs. 

[$/unit] [$/kg/day] SD/Mean Skewness Min/Mean Max/Mean
Mini $236,466 $2,365 41% 67% 36% 214%
Small $539,079 $2,156 43% 68% 32% 220%
Medium $1,467,724 $1,468 35% 56% 41% 194%
Large $2,753,692 $1,101 28% 48% 52% 173%

MeanUnit Size Distribution Attributes

 
 

 

Monte Carlo results for the SMR capital cost probability distribution functions are 

indicated graphically in Figure 3-14 on a per capacity basis ($/kg/day), with the vertical 

axis representing the probability of the capital cost distributions.  As indicated, greater 

uncertainty surrounds the capital cost of mini and small SMR units than the medium and 

large SMR units. 



 

 

 

 

 

Table 3-4. Fixed capital costs for onsite SMR stations. 

Mini % total Small % total Medium % total Large % total
Direct Capital 
Onsite SMR Reformer † $236,466 35% $539,079 41% $1,467,724 34% $2,753,692 32%
Compressor System † $76,742 11% $143,977 11% $351,781 8% $733,427 8%
Hydrogen storage † $45,854 7% $114,635 9% $458,538 11% $1,146,346 13%
Dispensers (2,2,6,14) † $50,000 7% $50,000 4% $150,000 3% $350,000 4%
Connections $36,250 5% $36,250 3% $100,000 2% $100,000 1%
Spare parts $11,209 2% $21,998 2% $61,114 1% $123,672 1%
Site preparation costs $24,771 4% $33,659 3% $80,758 2% $170,899 2%
Total Direct Capital $481,292 71% $939,598 71% $2,669,916 62% $5,378,035 62%
Indirect Fixed Capital 
Contractor overhead † $24,065 4% $46,980 4% $133,496 3% $268,902 3%
Management overhead † $24,065 4% $46,980 4% $266,992 6% $537,804 6%
Arch. & Eng. † $52,942 8% $103,356 8% $614,081 14% $1,236,948 14%
Program management † $34,942 5% $68,215 5% $221,069 5% $445,301 5%
Contingency † $61,731 9% $120,513 9% $390,555 9% $786,699 9%
Total Indirect Capital $197,744 29% $386,043 29% $1,626,192 38% $3,275,654 38%
Total Capital Cost $679,036 100% $1,325,641 100% $4,296,108 100% $8,653,689 100%
† Indicates cost elements subjected to uncertainty analysis

Onsite SMR Outlet SizeCapital Cost Component
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Figure 3-14. SMR Capital cost distribution functions for mini, small, medium and large 
SMR units (10,000 trials, Latin Hypercube sampling). 

 

Hydrogen Compressors 
Due to the sensitivity of compressor costs to the increase in pressure required, a cost 

tradeoff exists between balancing PSA outlet pressure and hydrogen compressor inlet 

pressure.  Typical inlet pressures from SMR production units with PSA purification 

systems are about 250 psi (Ogden et al. 1996, 15).  Fundamental compressor design 

factors can also influence capital costs.  Of the three general types of hydrogen 

compressors, reciprocating, turbo and rotary, reciprocating piston compressors are the 

most common for high pressure hydrogen systems in the chemical industry (Myers et al. 

2002, 75).  Myers et al. (2002) discuss an innovative compressor design utilizing low-

cost internal combustion engine cylinder blocks.  The uncertainty of compressor capital 

costs in the present analysis includes a degree of variability in compressor designs and 

inlet pressures.  This cost analysis assumes, however, that issues surrounding the 

reliability of hydrogen compressors have been addressed, and that capital costs required 

to improve reliability have been minimized. 

Estimates of hydrogen compressor capital costs are indicated graphically in 

Figure 3-15.  Most compressor cost estimates have been adjusted upwards to account for 
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booster storage configuration, which, based on the configuration in Ogden (1995), 

involves an increase in total capital cost of 32 percent above the cost for a single 

compressor.  Triangular cost distributions were assumed for compressor capital costs, 

with peak values determined by the linear fit shown in Figure 3-15 and minimum and 

maximum values being taken from the range of estimates scaled to each station size.  The 

input values, as well as the mean values and standard deviations resulting from the Monte 

Carlo simulation, are listed in Table 3-5, and the resulting distributions are shown 

graphically in Figure 3-16.  Note that the larger of the two H2A compressor capital cost 

estimates is close to the linear fit, while the smaller H2A compressor capital cost 

establishes the minimum range for the mini compressor capital cost distribution. 
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Figure 3-15. Adjusted compressor capital cost estimates, linear fit, and uncertainty ranges 
for triangular cost probability distributions. 

 

Gaseous Hydrogen Storage Tanks 
The estimates for gaseous hydrogen storage tanks were analyzed on a per kg of storage 

basis, and costs were scaled to two storage pressures.  The estimates are indicated 
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graphically in Figure 3-17, and a single H2A estimate (6) falls in the middle of the 

distribution of estimates.  Though the lower pressure tanks were employed in the booster 

compressor configuration, both pressures are indicated for comparison.  Sufficient data 

points were available for a lognormal distribution fit, the parameters of which are 

indicated in Table 3-6.  The Monte Carlo results for both tank pressures are indicated in 

Figure 3-18. 

 

Table 3-5. Triangular distribution values for compressor capital costs. 

Peak Cost Min Cost Max Cost Mean Std. Dev.
Size kg/day $/unit $/unit $/unit $/unit % of mean
Mini 100 $63,245 $41,580 $125,399 $76,742 23%
Small 250 $124,240 $106,654 $201,040 $143,977 14%
Medium 1,000 $345,066 $159,589 $550,665 $351,781 23%
Large 2,500 $677,852 $440,702 $1,081,731 $733,427 18%

Triangular Distribution Values Monte Carlo ResultsCompressor
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Figure 3-16. Compressor probability cost distribution functions. 
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Figure 3-17. Compressed hydrogen tank capital costs per kg by pressure rating.  Error 
bars indicate minimum and maximum values for the lognormal cost probability 
distributions.  

 

Table 3-6. Lognormal distribution parameters for compressed gaseous storage tank 
capital costs in units of $/kg. 
Tank Pressure Mean Minimum Maximum SD/Mean
3600 psi $744 $336 $1,445.46 32%
7000 psi $915 $412 $1,776.37 32%   
 

Hydrogen Dispensers 
Hydrogen dispenser capital costs were modeled as triangular distributions with a peak 

cost (i.e., most likely) of $25,000 per dispenser, and with high and low values of $35,00 

and $15,000 per dispenser.  The number of dispensers assumed to be located at each 

station is indicated in Table 3-7, along with the corresponding triangular distribution 

parameters for the dispensers.  Figure 3-19 shows the results of the Monte Carlo analysis 

for two dispensers. 
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Figure 3-18. Monte Carlo results for gaseous storage tanks (10,000 trials, Latin 
Hypercube sampling) 

 

Table 3-7. Dispenser capital cost triangular distribution function parameters by station 
capacity. 

Capacity Dispensers
[kg/day] per station Peak Low High

100 2 $50,000 $30,000 $70,000
200 2 $50,000 $30,000 $70,000
250 2 $50,000 $30,000 $70,000
500 4 $100,000 $60,000 $140,000

1,000 6 $150,000 $90,000 $210,000
2,000 12 $300,000 $180,000 $420,000
2,500 14 $350,000 $210,000 $490,000

Cost per Station [$/station]

 
 

Station connection systems 
Various hardware and control systems are required to connect station components 

supporting infrastructure at the station site.  Connection equipment capital costs include: 

$10,000 for the natural gas pipeline terminus (Schoenung 2001), $4000 per hydrogen 

meters (Molburg 2003), and $85,000 for distributed computer-based control systems at 

medium and large stations (Molburg 2003) and 25 percent of this cost for similar systems 

at mini and small stations.   
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Figure 3-19. Dispenser probability cost distribution (2 dispensers). 

 

Spare parts 
Meyers et al. (2002, 110) assumed spare parts for the compressor systems to be 10% of 

total compressor equipment capital, and 2% of total capital for process and storage 

equipment.  These same percentages were used to determine the spare part costs shown in 

Table 3-4. 

Site preparation costs 
A report from ADL (2002) includes $207,000 in site preparation costs for a $1.7 million 

station (not including site preparation cost), or about 11 percent of total installed costs.  

Argonne researchers assumed approximately $60,000 for site improvement costs for a 

large 626 scfd refueling station occupying a 0.25 acre area, representing about 6 percent 

of total direct costs (Molburg 2003).  Based upon the ANL site improvement costs, it is 

assumed that mini and small stations require $20,000 for site preparation costs, medium 

stations require $60,000 for site preparation costs, and large stations require $100,000 for 

site preparation costs.  These costs are assumed to be independent of whether or not SMR 

station equipment is co-located with existing gasoline stations. 

The relationships between each of the indirect costs discussed in section 3.3.1 and 

total direct costs are summarized in Table 3-8, where indirect capital costs are 
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represented as percent cost multipliers (α).  Each percentage is modeled as a normal 

probability distribution, with the mean values and standard deviations indicated in Table 

3-9.  The major variation among these multipliers is that larger stations are assumed to 

have higher management costs and architecture and engineering costs.  Each multiplier is 

briefly discussed below. 

 

Table 3-8. Relationships between total direct costs and indirect costs. 

Total Direct Costs C TDC

Contractor Overhead  
Managers Overhead
Architecture and Engineering
Program Management 
Contingency

COTDCCO CC α⋅=

MOTDCMO CC α⋅=

( ) AEMOCOTDCAE CCCC α⋅++=

( ) PMAEMOCOTDCPM CCCCC α⋅+++=

( ) CTPMAEMOCOTDCCT CCCCCC α⋅++++=  
 

Table 3-9. Indirect cost multipliers, with standard deviations. 

Value SD Value SD Value SD
Contractor overhead 5.0% 1.0% 8.0% 2.0% 8.0% 2.0%
Management overhead 5.0% 1.0% 10.0% 2.0% 10.0% 2.0%
Architecture & Engineering 10.0% 2.0% 20.0% 4.0% 20.0% 4.0%
Program management 6.0% 1.0% 6.0% 1.0% 6.0% 1.0%
Contingency 10.0% 2.0% 10.0% 2.0% 10.0% 2.0%

Mini/Small Medium Station Large StationIndirect Costs

 
 

Contractor’s overhead  
In their analysis of hydrogen refueling stations, researchers at ANL assumed contractor 

overhead, profit and construction management to be about 20 percent of total direct 

capital costs for a 626 scfd storage-based hydrogen refueling station.  A fraction of this 

percentage would be attributed to contractor overhead.  Because mini and small onsite 

SMR stations are likely to involve less intensive site improvement work, it is anticipated 

that they will also require less contractor overhead costs.  Therefore, it is assumed that 

contractor overhead costs are 5 percent of direct capital costs for mini and small onsite 

SMR stations, and 8 percent of direct capital costs for medium and large onsite SMR 

stations.   
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Management costs 
Management costs are assumed to be 5 percent of direct capital for mini and small 

stations, and 10 percent of direct capital for medium and large stations.  As with 

contractor overhead, this is largely due to the turnkey nature of the smaller stations. 

Architecture and engineering 
ANL researchers assumed architecture and engineering (A/E) costs to be 25 percent of 

both direct capital costs and contractor overhead costs (Molburg 2003).  Assuming that 

mini and small stations require less intensive architecture and engineering work, it is 

assumed that they require A/E costs that are 10 percent of direct capital costs and 

contractor overhead costs, while medium and large stations require 20 percent.  As shown 

in Table 3-9, A/E costs were given slightly wider normal distributions than other initial 

capital cost multipliers, to take into account variability in station designs.   

Program management 
ANL researchers assumed program management costs to be 6 percent of direct capital 

costs, contractor costs, and architecture and engineering costs.  This percentage is applied 

for each station size. 

Contingency costs 
A 10 percent contingency cost was added to the direct and indirect cost of each station 

type, under the assumption that much uncertainty in station costs has been reduced during 

demonstration projects leading up to component mass production.  This is the same 

percentage assumed for contingency costs on direct capital in the H2A study (2005). 

These direct and indirect capital costs are listed in Table 3-10 for each station, in both 

absolute dollar values and as percentages of total station capital costs.  The same values 

are shown graphically in Figure 3-20 in terms of direct and indirect costs, and in Figure 

3-21 capital costs are broken down by component and on a per capacity basis.  It should 

be noted that these are first unit costs, and are representative of costs before mass 

production.  Capital cost reductions due to learning-by-doing are discussed in Chapter 4.  

However, the costs indicated here are adequate for examining scaling effects across 

different sizes of early onsite SMR stations.  
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Figure 3-20. Direct and indirect capital costs per unit for onsite SMR stations. 

$0.0

$1.0

$2.0

$3.0

$4.0

$5.0

$6.0

$7.0

Mini Small Medium Large

C
ap

ita
l C

os
t p

er
 C

ap
ac

ity
 ($

10
00

/k
g/

d).
...

.

Contingency
Prgm. Mgmt.
Arch. & Eng.
Mgmt. Overhead
Cont. Overhead
Site prep
Spare parts
Connections
Dispensers
Storage
Compressors
Reformer

 

Figure 3-21. SMR station capital costs per capacity by cost component. 



 

 

 

 

 

Table 3-10. Total Fixed Capital Costs for Onsite SMR Stations.  

Mini % total Small % total Medium % total Large % total
Direct Capital 
Onsite SMR Reformer † $236,466 35% $539,079 41% $1,467,724 34% $2,753,692 32%
Compressor System † $76,742 11% $143,977 11% $351,781 8% $733,427 8%
Hydrogen storage † $45,854 7% $114,635 9% $458,538 11% $1,146,346 13%
Dispensers (2,2,6,14) † $50,000 7% $50,000 4% $150,000 3% $350,000 4%
Connections $36,250 5% $36,250 3% $100,000 2% $100,000 1%
Spare parts $11,209 2% $21,998 2% $61,114 1% $123,672 1%
Site preparation costs $24,771 4% $33,659 3% $80,758 2% $170,899 2%
Total Direct Capital $481,292 71% $939,598 71% $2,669,916 62% $5,378,035 62%
Indirect Fixed Capital 
Contractor overhead † $24,065 4% $46,980 4% $133,496 3% $268,902 3%
Management overhead † $24,065 4% $46,980 4% $266,992 6% $537,804 6%
Arch. & Eng. † $52,942 8% $103,356 8% $614,081 14% $1,236,948 14%
Program management † $34,942 5% $68,215 5% $221,069 5% $445,301 5%
Contingency † $61,731 9% $120,513 9% $390,555 9% $786,699 9%
Total Indirect Capital $197,744 29% $386,043 29% $1,626,192 38% $3,275,654 38%
Total Capital Cost $679,036 100% $1,325,641 100% $4,296,108 100% $8,653,689 100%
† Indicates cost elements subjected to uncertainty analysis

Onsite SMR Outlet SizeCapital Cost Component
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3.3.5 Variable Costs  
The major types of variable costs included in this analysis are: labor costs, fuel costs and 

operation and maintenance costs.  Labor costs are associated with direct human labor 

needed per output of service or per period of operation, and are typically quantified in 

terms of pay per hour or salary per year.  Fuel costs include electricity and natural gas 

costs, with most of the natural gas being used as a feedstock and most of the electricity 

being used to compress hydrogen.  Operation and maintenance costs include insurance 

and taxes, owner overhead, catalyst and reactor replacement, and a category of other 

O&M costs.  Insurance and taxes must be paid under normal commercial operation 

conditions, and are included in the present analysis.  Catalyst replacements are needed for 

various reactors within SMR systems.  Owner overhead costs, distinct from the contractor 

overhead costs discussed in the capital cost section above, cover owner and corporate 

overhead and profits (on a per kg hydrogen dispensed basis).  Owner overhead costs will 

depend upon ownership arrangements, partnership support or government support.  

Maintenance costs are related to the upkeep, repair and monitoring of infrastructure 

systems.  Each of these costs is discussed below, and values assumed for each are 

indicated in Table 3-12. 

Labor Costs 
Labor costs at hydrogen refueling stations will depend upon details of the system 

operation, station location, and the level of service being provided.  Mini and small SMR 

systems could potentially be co-located with existing gasoline stations, and therefore 

some cost sharing could occur with personnel supporting the existing gasoline station 

(though additional training would be needed).  Medium and large SMR stations would 

require fulltime onsite labor.  ADL (2002, 69) assumed 18 hours per day of labor at 

$10/hr for an onsite SMR hydrogen station.  Some studies have suggested that hydrogen 

filling stations could be automated, requiring no labor costs (Myers et al. 2002, 115), but 

this seems unreasonable during the early phases of infrastructure development if for no 

other reason than the gravity and sensitivity of safety issues surrounding public hydrogen 

facilities.  Labor costs are indicated in Table 3-12 as yearly salary estimates for both 

onsite labor needs (refueling assistance, monitoring, daily upkeep, etc.) and maintenance 
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labor (routine inspections, repairs, part replacements, etc.).  Mini and small stations are 

assumed to require $25,000 per year, medium stations $50,000 per year, and large 

stations $75,000 per year.   

Fuel Costs 
Natural gas costs comprise the majority of fuel costs, though electricity for compressors 

and other electrical loads is also significant.  The quantity of natural gas consumed is 

determined by the conversion efficiency, assumed to be 72 percent for mini and small 

stations and 75 percent for medium and large stations (HHV basis).  Electricity use for 

the compressors, determined using an equation for compressor power presented in Ogden 

(1996), is 2.7 kWh per kg hydrogen compressed from 200 psi to 6000 psi.  An additional 

0.25 kWh per kg is required for other electricity demands, as per Schoenung (2001, Table 

3).  It is assumed that larger stations are capable of securing contracts with lower natural 

gas rates than smaller stations.  Rates for electricity (assumed to be $0.07/kWh) and 

natural gas (ranging from $5.00 to $7.00 per mscf) are based upon commercial and 

industrial rates projected by the Department of Energy’s Annual Energy Outlook (EIA 

2005a). 

Operation and Maintenance Costs 
Meyers et al. (2002) assumed that zinc oxide sulfur absorption reactors and water 

deionization beds must be replaced yearly.  For an SMR unit with an average utilization 

rate of 77.96 kg/day, the study assumed a cost of $1000 per year for the zinc oxide 

reactors and $1,500 per year to replace the deionization beds.  Scaling to the station sizes 

assumed in this study, the values shown in Table 3-11 are assumed for these two variable 

costs.  In addition, Myers et al. assumed that the SMR reformer catalyst was replaced 

every 5 years, at a present worth cost of $13,423 in the sixth year of operation, assuming 

a 10 percent discount rate.  For simplicity, the present analysis uses an annual cost of 

$2,500 for SMR catalyst displacement costs, scaling linearly by SMR capacity to 

determine the costs indicated in Table 3-11.  

Tax on hydrogen is assumed to be 5 percent of the delivered cost of hydrogen, 

which is consistent the analysis of taxes paid by a typical manufacturing firm producing 

hydrogen station equipment, as presented in Myers et al. (2002).  Taxes on the sale of 
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hydrogen as a fuel are not included in the present analysis, but are an important issue for 

the economic viability of hydrogen as a competitive fuel.  Conceivably, taxes on 

hydrogen sales may be suspended during an introductory period, when some level of 

government subsidy will likely be required to ensure adequate demand.  After this period 

of time, and when hydrogen fuel sales begin to displace large volumes of gasoline, the 

loss in tax revenue from decreased gasoline sales will require generation of tax revenue 

from an alternate source.  It is natural to assume that this source of revenue would be a 

tax on hydrogen, but determining the level of tax may not be straightforward.  For 

example, if hydrogen vehicles are twice as efficient as gasoline vehicles, hydrogen fuel 

would have to be taxed twice as much on a per energy basis to compensate for lost 

gasoline tax revenue.  With state and federal taxes on gasoline averaging $0.39 per gallon 

in 2003 (EIA 2004), or about $3.00 per MMBtu, a tax on hydrogen of $6.00 per MMBtu 

would be $0.81 per kg of hydrogen.  It seems feasible that if enough political support 

develops to initiate a hydrogen infrastructure, there may also be political support for other 

types of taxation, such as higher gasoline taxes or taxes based on vehicle weight.   

Station owner markup costs are assumed to be $0.20 per refill (or $0.067/kg, 

assuming 3 kg per refill), consistent with ADL (2002).  Finally, ADL (2002) assumed 

maintenance costs to be 5 percent of capital costs, and this percentage is used in the 

present analysis for other operation and maintenance costs.  Variable costs are 

summarized in Table 3-12.  

 

Table 3-11. Catalyst and reactor replacement costs. 

 

DTI 2002
SMR unit Mini Small Medium Large

Utilization rate kg/day 77.86 66 165 660 1,650
Zinc oxide bed $/yr $1,000 $848 $2,119 $8,477 $21,192
Di bed $/yr $1,500 $1,272 $3,179 $12,715 $31,788
SMR catalysts $/yr $2,500 $2,119 $5,298 $21,192 $52,980
Total costs $/yr $5,078 $4,304 $10,761 $43,044 $107,609

Component units Outlet Size

 
 

 



 

 

 

 

 

Table 3-12. Variable costs for onsite SMR stations. 

 

Variable Cost Parameters
Conversion Efficiency (HHV) 72% 72% 75% 75%
Total Capacity kg/day 100 250 1,000 2,500
Average Utilization kg/day 66 165 660 1,650
Demand per refill kg/refill 3 3 3 3
Labor $/yr $15,000 $25,000 $50,000 $75,000
Owner markup per refill $/refill $0.20 $0.20 $0.20 $0.20
Natural Gas Price $/mcf $7.00 $7.00 $6.00 $5.00
Operation electricity kWh/kg 2.95 2.95 2.95 2.95
Electricity Price $/kWh $0.07 $0.07 $0.07 $0.07
Catalyst/reactor rplcmnt. $/year $4,300 $10,800 $43,000 $107,600
Insurance and tax % total 5% 5% 5% 5%
Other O&M costs % capital 5% 5% 5% 5%
Variable Cost Summary
Labor $/kg $0.62 22% $0.42 16% $0.21 10% $0.12 7%
Owner markup per refill $/kg $0.07 2% $0.07 3% $0.07 3% $0.07 4%
Natural gas  $/kg $1.27 45% $1.27 50% $1.04 53% $0.87 52%
Electricity $/kg $0.21 7% $0.21 8% $0.21 10% $0.21 12%
Insurance and tax $/kg $0.31 11% $0.26 10% $0.19 9% $0.15 9%
Catalyst/reactor rplcmnt. $/kg $0.18 6% $0.18 7% $0.18 9% $0.18 11%
Other O&M  $/kg $0.19 7% $0.14 6% $0.10 5% $0.08 5%
Total variable costs $/kg $2.84 100% $2.54 100% $1.99 100% $1.68 100%

Variable Cost Elements Units Onsite SMR Station Size
Mini Small Medium Large
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3.4 Results and Discussion 

The geographically dispersed nature of refueling station networks has important 

implications for the capital costs associated with early hydrogen infrastructure 

development.  In the case of networks compose of onsite SMR stations, where capital 

costs are strongly dependent on station size, the effect of geographic dispersion is to 

balance gains in economies of scale achieved by large stations with the diseconomies of 

scale associated with smaller stations.  The result is that total network capital costs per 

station are similar to the capital cost of the average station size.  Alternative hydrogen 

production and delivery options would be influenced by the geographic dispersion of 

hydrogen station networks differently, but the tendency will be to increase cost of 

infrastructure system capacity when evaluated on a network scale.   

This balancing of network capital costs can be demonstrated by comparing two 

hypothetical cities.  City A has a population of 250,000 persons and is served by a 

dispersed network of 20 hydrogen stations.  The average station size in this network is 

15,604 kg per month.  City B has a population of 1,000,000 persons and is served by 161 

dispersed hydrogen stations, with an average station size of 23,772 kg per month.25  With  

network extent (number of stations) and average station size known, individual station 

sizes can be determined using the based upon the polynomial function presented in 

Figure 3-8.  The first unit capital costs for each of these SMR stations can be determined 

based upon an exponential fit to the onsite SMR station capital costs discussed in section 

3.3, as indicated in Figure 3-22.   

The resulting distribution of optimal station capital costs are shown in Figure 3-23 

for networks covering City A and City B.  Also indicated are the capital costs associated 

with the average sized station in each network.  This average station capital cost is 

compared to the mean station capital cost Table 3-13, where the average station capital 

cost is 9.7 percent higher than the mean station cost in City A, and 4.6 percent higher 

than the mean station cost in City B.  This difference between average and mean station 

                                                 
25 These network characteristics approximate the cities of Salem, Oregon, in 2025 and Richmond, Virginia, 
in 2030, respectively, within the simulation of hydrogen infrastructure expansion discussed in Chapter 4.  
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capital costs indicates that economies of scale of the larger stations are essentially 

compensated for by the diseconomies of scale of the smaller stations. 

The distribution of optimal station capital costs indicated in Figure 3-23 suggests 

that some degree of network capital cost reduction may be possible if larger stations were 

allowed to produce hydrogen for delivery to smaller stations, via intercity tank truck 

delivery, for example.  This would result in even greater economies of scale achieved by 

the largest stations, and a substitution of the capital cost of onsite SMR production at the 

smaller stations with the capital cost of a sufficient number of delivery tank trucks and 

onsite storage capacity.  This argument for intercity tank truck delivery complements 

suggestions from other studies that onsite SMR stations may not necessarily dominate 

early hydrogen station networks (Campbell and Keenan 2003; Schoenung 2001).  Though 

additional analysis is needed to explore this mode of intercity hydrogen delivery, it seems 

feasible that at least in the near-term, before increased demand requires larger station 

capacities, this option would be less capital intensive than installing onsite SMR units at 

every individual station. 

 

Table 3-13. Station network attributes for City A and City B. 

Attribute Units City A City B
Year 2025 2030
Population persons 250,000 1,000,000
H2 Stations # 20 161
Average Size Station kg/mo 15,604 23,772
Average Size Station Capital $/stn $2.3 $3.177
Mean Station Capital $/stn $2.15 $3.148
Reduction (Cavg - Cmean)/Cavg % 5.8% 0.9%  
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Figure 3-22. Scaling of onsite SMR station capital costs. 

 

$0.0

$1.0

$2.0

$3.0

$4.0

$5.0

$6.0

$7.0

$8.0

$9.0

$10.0

0 30 60 90 120 150 180
Number of Stations

C
ap

ita
l C

os
t p

er
 S

ta
tio

n

City A

City A (avg.)

City B

City B (avg.)

 

Figure 3-23. Comparison of capital costs per station and average station costs for two 
hypothetical stations. 
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Chapter 4 
 
 

4    Startup Cost Barriers for Initiating a Hydrogen Infrastructure   
 
 

4.1 Introduction 

Past efforts to introduce alternative fuel vehicles have been inhibited, at least in part, by a 

lack of adequate refueling availability, and the lack of a hydrogen infrastructure has often 

been cited as a major barrier to the introduction of hydrogen vehicles (NAS 2004; 

Sperling and Ogden 2004).  One strategy for introducing hydrogen vehicles would be to 

establish a minimal threshold of refueling availability by installing a large number of 

refueling stations within a short period of time, just before the mass production of 

hydrogen vehicles.  The goal of this initiation approach to infrastructure development 

would be to eliminate concerns over refueling availability for a significant fraction of the 

general population, allowing vehicle manufacturers to proceed with the mass production 

of hydrogen vehicles.  A period of extensive demonstration projects and successful niche 

applications would necessarily precede this initiation process, during which technological 

uncertainties would be reduced and superior system designs would be identified.  This 

demonstration phase may last for some time, but a large number of small-scale onsite 

hydrogen production refueling stations could be deployed relatively quickly with 

adequate planning or incentives.  Once a sufficient threshold of initial stations is attained, 

additional stations and hydrogen production and delivery capacity could be added in 

response to increasing demand.  Cost reductions due to the mass production of hydrogen 

vehicles can only begin to occur sometime after this threshold of stations is established. 

This initiation strategy for introducing hydrogen vehicles has been simulated 

using a techno-economic model that accounts for changes in stocks of vehicles and 

hydrogen stations over time.  Three major inputs to the model are: 1) the number of early 

hydrogen stations required to initiate a nationwide hydrogen infrastructure, 2) estimates 
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for the capital and variable costs associated with these early stations, and 3) the rates at 

which hydrogen vehicles and stations might be deployed over time.   

Three methods are presented that estimate how many stations would be needed to 

establish a sufficient threshold of hydrogen refueling availability.  The first is based on 

survey evidence of the introduction of alternative fuel vehicles, which suggests that 

providing hydrogen from some 10 percent of existing urban refueling stations would be 

adequate.  The second is based upon land area, and estimates the number of stations 

needed by distributing stations evenly across major urban areas, ensuring that a large 

number of urban residents are within a certain minimal distance from a hydrogen station.  

The third method is based on driving intensity along different types of urban roads, and 

allocates hydrogen stations according to lengths of major arterials within urban areas.  In 

addition to these three urban station methods, estimates are made of the number of early 

hydrogen refueling stations needed to cover interstates connecting major urban centers, as 

well as populations living in rural areas.  

For the sake of simplicity, cost estimates for early hydrogen stations are based 

upon small-scale onsite steam methane reformer (SMR) technology.  These stations 

convert natural gas to hydrogen and compress and store it onsite.  Producing hydrogen 

onsite, also referred to as “forecourt” production, can reduce the hydrogen storage and 

transportation costs associated with central production facilities, which are very high for 

systems dispensing low volumes of hydrogen (Amos 1998).  The stations are configured 

to meet fluctuations in demand typical of gasoline stations, and are sized according to the 

relative station size distribution discussed in Chapter 3.  Cost estimation and uncertainty 

analyses have been carried out on station component costs reported in the technical 

literature, resulting in a consistent set of capital and variable costs for a range of onsite 

SMR station sizes.   

Three vehicle and station deployment scenarios, each involving the installation of 

a sufficient threshold of hydrogen stations by 2015, are developed as variations on the 

optimistic hydrogen introduction scenario presented in a recent report by the National 

Academy of Sciences (NAS 2004).  The number and sizes of stations comprising early 

hydrogen station networks are estimated based upon analyses of existing gasoline station 

networks.  Capital and variable cost estimates, combined with learning-by-doing 
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parameters and the rates of deployment characterizing each scenario, are used to project 

the cost of hydrogen from networks of onsite SMR stations out to 2040.  Learning-by-

doing and the economies of scale of larger stations reduce the cost of onsite hydrogen 

production over time, but these trends are eventually counteracted by the rising price of 

natural gas.  These scenarios allow for a comparison of the early cost of hydrogen as a 

function of the rate at which hydrogen vehicles are deployed.  

The chapter is divided into three main topics.  Section 4.2 briefly reviews the 

history of U.S. gasoline infrastructure development and characterizes the structure of the 

existing network of gasoline refueling stations.  Section 4.3 presents the estimation 

methods used to determine a sufficient threshold of early hydrogen stations, some of 

which rely upon characteristics of the existing gasoline station network described in 

section 4.2.  Section 4.4 examines the startup costs required to establish an initial 

threshold of stations by 2015, within the context of three deployment scenarios that 

extend to 2040.  Results and major findings are discussed in section 4.5. 

4.2 Vehicle Refueling Station Networks 

During the 100 year history of gasoline vehicles in the United States, motorists have 

rarely been faced with less than adequate refueling availability.  Canned gasoline was 

available in general stores before Ford began mass-producing vehicles in 1907, and the 

1920s and 1930s were characterized by an over-development of the gasoline retail sector 

that appears to have persisted up to the present day.  Fluctuations have occurred in the 

population of gasoline stations over time, especially in response to the first energy crisis 

of 1973-74, which resulted in both price spikes and gasoline supply disruptions.  Vehicle 

registrations have been increasing steadily since World War II, but the number of 

gasoline stations has been declining since the 1973-74 energy crisis.  This reduction in 

station network size has been partly due to shrinking profit margins at existing stations 

and increased economies of scale for larger new stations sited at high-volume locations 

(though tacit collusion has also been proposed as an explanation, see Eckert and West 

2005).  These trends, discussed in more detail in section 4.2.1, have resulted in a reverse 

correlation between vehicle and station populations during the last quarter century.  
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The size and geographic extent of the existing gasoline station network is an 

important reference for estimating a sufficient number of early hydrogen stations. 

However, characterizing the total number of gasoline stations, and how these stations are 

distributed geographically, is challenging due to inconsistencies in available data.  

Reliable estimates suggest that there are between 120,000 and 170,000 refueling stations 

operating in the United States, with the upper bound being a more plausible 

approximation.  Analysis of this data suggests that there are roughly 78,000 gasoline 

stations located in urban areas that contain approximately 68 percent of the total U.S. 

population.  The number of rural stations is less certain, due to both lack of data and 

inconsistent definitions of what constitutes a public refueling station.  Section 4.2.2 

attempts to clarify existing data on the total number of gasoline stations, while section 

4.2.3 addresses the geographic distribution of stations in urban and rural areas.  The 

resulting profile of the gasoline station network is used as a basis for estimating a 

sufficient number early hydrogen stations in section 4.3.    

4.2.1 History of Gasoline Station Infrastructure Development 
The history of the early U.S. gasoline retail infrastructure provides insights into the types 

of fuel delivery innovations needed to initiate a hydrogen infrastructure (see Chapter 2).  

The first dedicated U.S. gasoline “station” was built in 1907 in Seattle, Washington, and 

consisted of a 30 gallon tank mounted on a post, with a small pipe connecting the tank to 

a nearby refinery.  This first station in Seattle was soon refueling some 200 vehicles per 

day (Witzel 1993), however, census records report over 140,000 motor vehicles being 

registered by 1907.  Historical records indicate that a large and dispersed gasoline 

distribution system had been established prior to 1907, consisting of a variety of non-

station gasoline delivery methods, such as cans, barrels, home refueling pumps, parking 

garage refueling and curbside pumps.  These dispersed refueling methods were more 

cumbersome than dedicated filling stations, but less capital intensive.  Between roughly 

1910 and 1920, a variety of methods were relied upon to provide the majority of motor 

vehicle gasoline, but they were gradually phased out as larger vehicle populations 

justified the installation of extensive networks of filling stations.  This phased 

introduction of different refueling technologies over time is useful in understanding the 
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types of innovation that will be required to reduce the upfront costs associated with the 

initiation of a hydrogen infrastructure.  

The significance of this innovative early growth period can be better understood 

when placed in historical context.  Figure 2-3 portrays a 100-year history of three general 

types of gasoline outlets, as well as the history of growth in light duty vehicles and their 

corresponding fuel consumption.  The figure includes three trends for different gasoline 

outlet types, each reconstructed from different data sources.  First, census station values 

are based on census records for gasoline stations, with more recent records defining 

gasoline stations as establishments attaining over 50 percent of their revenue from 

gasoline sales.  Linear interpolations have been made to fill in gaps between these data.  

Second, other station values are based upon census data for stations meeting other 

establishment criteria, such as franchise establishments or those with payrolls.  Third, the 

largest numbers shown are labeled as total outlets, and include both stations and some 

dispersed refueling methods providing gasoline.  These values are taken from a variety of 

historical sources.  Outlets in the 1920s, 1930s and early 1940s included a significant 

number of non-station outlets (such as barrels stored in garages, streetside curb pumps, 

etc.), while outlets indicated after 1990 are based on surveys of gasoline stations 

conducted by National Petroleum News (NPN 2004; Shaner 1991).   

These historical trends reveal that the early decades of gasoline infrastructure 

development culminated in an unprecedented number of refueling locations, peaking at 

nearly 250,000 census stations and nearly 450,000 outlets in the late 1930s.  With the 

exception of two decades of moderate growth following WWII, station populations have 

steadily decreased since this early growth period, despite a several-fold increase in the 

number of light-duty vehicles.  

Figure 4-2 shows the trend in average gasoline station output over the past 50 

years, which has only deviated slightly in its upward trend since WWII as a result of 

energy crises or recessions.  These two trend lines are based upon the assumption that the 

total amount of gasoline delivered (EIA 2004; U.S. Census 1976) was dispensed through 

either census stations or total outlets, as indicated in Figure 2-3.  Because these estimates 

vary considerably, the resulting average station outputs also vary, with average NPN 

stations approaching 70,000 gallons per month in 2005, and average census stations  
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Figure 4-1. One hundred year history of gasoline stations and outlets, with registered 
vehicles and gasoline consumption shown for reference.   
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Figure 4-2. Average station capacities, based on station numbers shown in Figure 4-1. 
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approaching 95,000 gallons per month.  These average values do not reveal the wide 

range in station sizes found in gasoline stations networks.  Many new stations being built 

today are as large as 300,000 gallons per month, while small stations may dispense as 

little as 5,000 gallons per month.  Despite this variability, average station sizes have 

followed the upward trends indicated in Figure 4-2 as a result of an increasing number of 

gasoline vehicles being served by a diminishing number of gasoline stations.  There were 

approximately 500 registered vehicles per station in 1920, 140 vehicles per station at the 

peak of station over-development in 1940, and there were between 1,800 and 2,400 

vehicle per station in 2000 (using either NPN or census station estimates, respectively). 

The persistent trend toward fewer stations, larger average station outputs and 

higher vehicle to station ratios offers a compelling argument that refueling availability 

has historically been more than sufficient, and that further consolidation of station 

networks is likely.  However, past trends do not dictate the future, and continued growth 

in vehicle populations and fuel use, as well as increased urban sprawl, would inevitably 

result in a leveling off and eventual increase in the total number of stations.  Until the 

trend toward fewer stations is reversed, it will be difficult to identify the minimal level of 

refueling availability needed to satisfy U.S. drivers.  For the present analysis it is 

assumed that the current extent of the gasoline station network is an appropriate reference 

for a sufficient level of refueling availability, recognizing that further consolidation 

would imply that a smaller network is sufficient.   

4.2.2 Total Number of Gasoline Stations 
Two commonly cited estimates of the total number of gasoline stations in the United 

States are the U.S. Census Bureau records and an annual survey conducted by National 

Petroleum News (NPN 2004; Shaner 1991; U.S. Census Bureau 2004).  Both of these 

surveys have methodological shortcomings, but the NPN estimates appear to be a more 

plausible estimate of the total number of gasoline stations.  Census records explicitly 

define gasoline stations as establishments that acquire more than 50 percent of their 

revenue from gasoline sales, and therefore underestimate the total number of gasoline 

stations.  The National Petroleum News survey queries a variety of state regulatory 

agencies – such as weights and measures, taxation, or agriculture departments – regarding 

the number of licenses distributed to permit the retail sale of gasoline.  The results of this 
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survey, described by NPN as “all retail outlets of any kind at which the public can buy 

gasoline” (NPN 2004), include some establishments that would not normally be 

considered public refueling stations but are required by law to attain a license, such as 

delivery depots or equipment repair shops.  The 2002 Economic Census reported 120,902 

gasoline stations, while the 2002 NPN survey reported 170,018 stations, a 40 percent 

increase.26   

Due to the broad range of establishments required to have gasoline retail licenses, 

the NPN survey probably overestimates the total number of gasoline stations.  However, 

descriptions of per station output trends suggest that the NPN survey results are not 

excessive overestimates.  This can be demonstrated by considering two general 

characterizations of high-volume stations.  First, an EIA document reports that some 

55,000 branded outlets dispensed 62 percent of all gasoline sold in 1999, or 

approximately 80 billion gallons (EIA 2001).  Second, a convenience store (or “c-store”) 

industry survey reports that 62 percent of all c-stores, some 59,416 establishments, each 

dispensed more than 75,000 gallons of gasoline per month on average (C-Store Central 

2004).  These two sources describe the total volume of gasoline provided from a 

quantifiable number of high-volume stations.  By calculating the volume of gasoline 

dispensed by remaining low-volume gasoline stations, it is possible to estimate the 

distribution of low-volume station sizes corresponding to both census and NPN estimates 

of the total number of stations.   

Figure 4-3 represents one approach to constructing profiles of high and low-

volume station sizes.  The high-volume station size profile is the result of limiting an 

exponential function by two conditions: 1) the combined output of the 55,000 largest 

stations is set equal to 80 billion gallons (consistent with the EIA report), and 2) each 

high-volume station has a minimum output of 75,000 gallons per month (consistent with 

the c-store survey results).  The resulting upper bound on high-volume station sizes is 

180,000 gallons per month.  This upper bound is lower than the largest stations seen in 

                                                 
26 The Economic Census also includes non-station gasoline outlets in their Merchandise Line Sales series, 
and reported 10,779 such establishments in 1997, including food and beverage stores, building equipment 
and garden supplies stores, and fuel delivery or wholesaling establishments.  These non-station gasoline 
suppliers would account for some portion of establishments receiving less than 50 percent of their revenue 
from gasoline sales, some of which may be gasoline stations (Dow 2005). 



 

 129

most major cities, but it is not an unrealistic upper limit for this simplified 

representation.27  The remaining gasoline consumed by vehicles in 1999, 50 billion 

gallons, is distributed across either the remaining census stations or NPN stations, again 

using an exponential function to determine the station size distribution, but with a 

constraint on the size of the largest station rather than the smallest.   
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Figure 4-3. Simplified allocation of total U.S. gasoline to stations.  An exponential 
function is assumed for station size distributions, comparing National Petroleum News 
(NPN) and census estimates of the total number of gasoline stations. 

 

 

If census records are used to determine the number of remaining low-volume 

stations, there are too few remaining stations to allow for a reasonable size distribution, 

as the smallest station would have an output of about 50,000 gallons per month.  If the 

NPN survey results are used to determine the number of remaining low-volume stations, 

                                                 
27 There is no particular evidence suggesting that an exponential function appropriates the actual size 
distribution of all gasoline stations in the country; it is used here only as a first-cut approximation to 
compare NPN and census estimates.  Empirical data indicate that a small fraction of urban stations have 
volumes much greater than 180,000 gallons per month (see Chapter 3).  
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the distribution of station sizes is remarkably consistent with that of the high-volume 

stations.  Though based on roughly defined boundary conditions, the two exponential 

functions representing high-volume and NPN low-volume stations in Figure 4-3 have 

nearly identical parameters.  For the NPN-based distribution of low-volume stations, the 

smallest stations have average outputs of about 12,000 gallons per month, which is not an 

unreasonable approximation of small gasoline station sizes.  Empirical data suggest that a 

more accurate distribution of sizes would taper toward stations larger than 180,000 

gallons per month and toward stations smaller than 12,000 gallons per month (see 

Chapter 3).  This portrayal of station size distributions, though idealized, suggests that 

NPN survey results are not an excessive overestimate of the total number of gasoline 

stations.28  

4.2.3 Geographic Distribution of Stations 
In addition to reporting different estimates of the number of U.S. gasoline stations, the 

census and NPN survey results also vary by station density in urban and rural areas.  

Gasoline station densities are a useful metric in evaluating the number of early hydrogen 

stations needed to initiate a hydrogen infrastructure (section 4.3).  Station densities are 

described in terms of the total number of stations (NStns) contained within an area (A):  

 

A
N Stns=φ  

 

where φ  is expressed in units of stations per 100 square miles.  

Station densities on a state basis from the NPN and census data are compared in 

Figure 4-4, where densities are indicated as a function of the percentage of state 

populations located in urban areas.  In all but two states, the NPN estimates correspond to 

station densities that are larger than those based on census estimates, and in most states 

the two densities are quite similar.  For both the NPN and census state-level data, station 

                                                 
28 There are at least two conditions that could significantly alter this conclusion: 1) conventional refueling 
stations may not be dispensing all of the gasoline reported by the EIA, which would reduce the area under 
the low-volume curve in Figure 4-3, and 2) an exponential distribution may be a poor approximation of the 
actual station size distribution, a possibility which could be examined by collecting and analyzing 
additional empirical data on gasoline station sizes.  
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densities tend to be higher in states where more than 80 percent of the total population is 

urban.  Moreover, there is a tendency for the difference between NPN and census station 

densities to be larger in more rural states.  The trend is shown in Figure 4-5, where the 

vertical axis is the percent difference between the census and NPN station densities, and 

the horizontal axis is again the percentage of state populations located in urban areas.  

This discrepancy between rural and urban station densities may be due to the census 

survey accounting for fewer stations in rural areas.  This figure also identifies states by 

region, and suggests that the trend is not specific to particular regions.  

NPN data are only available on a state level, but census gasoline station data are 

reported by county, state and metropolitan statistical area (MSA).  The resolution of these 

three different census data sets, however, is essentially identical, as both MSA and state-

level data are based on county-level data.  County-level census station densities are 

plotted in Figure 4-6 as a function of human population density.  Census state and MSA 

station data are also shown, but they mostly overlap with county data.  A correlation 

between urban population density and urban station density can be estimated by fitting a 

curve to census data for high population density counties and making an adjustment for 

the discrepancy between NPN and census station densities depicted in Figure 4-5.  The 

station and population density data indicated in Figure 4-6 can be fit to a power function:  

 
baρφ =  

 

where ρ  is the population density in persons per square mile, φ  is the station density in 

stations per 100 square miles, and a and b are parameters.  

The census county data shown in Figure 4-6 indicates the correlation between 

station and population densities across a range of population densities, but it does not 

provide a consistent representation of stations within urban areas.  For example, most of 

the counties within MSAs include some fraction of both urban and rural areas, masking 

the actual correlation between urban population densities and station densities.  The high 

degree of scatter indicated for counties with population densities greater than 1000 

persons per square mile is due to some counties being entirely contained within urban 

areas, while others overlap with rural areas.  Unfortunately, a consistent and large dataset 
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Figure 4-4. Comparison of NPN and census station densities as a function of state urban 
population. 
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Figure 4-5. Percent difference in NPN and census station densities by state and region as 
a function of state urban population. 
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Figure 4-6. Fit to census data on gasoline stations in year 2000 counties. The equation is a 
linear fit to the county data. 

 

 

of stations located in distinct urban areas is not available. 

 Despite these shortcomings of the census county data, the linear fit in Figure 4-6 

for counties with population densities greater than 500 persons per square mile can serve 

as the basis for an estimate of the total number of urban stations.  To estimate the total 

number of urban stations, an adjustment is made to account for the higher station 

densities suggested by NPN survey results.  A cursory examination of Figure 4-5 

suggests that NPN station densities are about 10 to 40 percent larger than census station 

densities in states that are dominated by urban areas.  The population-weighted average 

for states with urban population fractions of 75 percent or greater is a 20 percent increase 

in station density.  Assuming that census data for urban areas underestimates station 

densities to the same degree, a rough estimate of the total number of urban stations can be 

made that is more or less consistent with the NPN survey results: 
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where the adjustment to NPN station densities, α, is assumed to be 20 percent, and the 

sum over i urban areas, each having a population density ρi and land area Ai, is carried out 

using the parameters indicated in Figure 4-6.  

 This formulation of urban station densities can be applied to census urban areas to 

estimate the number of urban stations located in major U.S. cities.  The resulting estimate 

of urban stations located in these cities is compared to county-level census station 

estimates in Figure 4-7, where both urban areas and counties have been ranked left to 

right from high to low population densities.  The county data results in a cumulative 

population of 281 million persons, while the 452 urban areas have a cumulative 

population of 192 million persons, or 68 percent of the total U.S. population.  The census 

county data for gasoline stations is indicated in terms of both cumulative stations and 

persons per station in each county.  Higher population density counties tend to have 

between 2000 and 5000 persons per census station, while lower population density 

counties have less than 3000 persons per census station.  The person per station values 

resulting from the urban area station estimates are slightly lower than those for the census 

counties, and the cumulative number of stations is higher than for the census county data, 

totaling 78,100 stations for all urban areas.  This is not a precise estimate of the total 

number of urban gasoline stations, but it is a reasonable reference for identifying a 

sufficient number of early urban hydrogen stations in section 4.3.  This analysis suggests 

that approximately half of all gasoline stations are located in urban areas containing 68 

percent of the U.S. population. 

4.3 Estimating a Sufficient Number of Early Hydrogen Stations 

Several estimates have been made of the number of refueling stations required to satisfy 

the refueling needs of early alternative fuel vehicle adopters.  A commonly cited 

threshold is 10 percent of the existing gasoline station network.  This percentage has been 

suggested by surveys of diesel vehicle owners in California (Sperling and Kurani 1987), 

and natural gas vehicle owners in New Zealand (Kurani 1992; Nicholas et al. 2004).  
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Applying this rule of thumb on a national scale, while relying on the 2004 NPN estimate 

of 167,346 stations discussed in section 4.2.3, a sufficient initial threshold would be 

16,700 hydrogen stations.  However, this rough approach to estimating a sufficient 

number of early stations has some important drawbacks.  First, it is not clear that all 

station networks in the country must have a minimal level of coverage, and the use of a 

subset of all stations, such as urban stations, may be more appropriate for estimating a 

sufficient threshold of stations.  Second, there are potential inconsistencies inherent to the 

10 percent guideline, such as structural variations among the different station networks 

where the surveys were carried out, as well as changes in the number of stations over 

time (Nicholas et al. 2004).  Furthermore, recent studies employing alternative survey 

methods suggest that a larger number of stations may be required (Synovate, 2004), 

suggesting that the 10 percent of stations guideline may require reexamination.    
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Figure 4-7. Cumulative stations and persons per station by city and county as a function 
of the total U.S. population.  City and county populations are ranked from highest to 
lowest population density.  
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 In an attempt to provide a more rigorous estimate of the number of early hydrogen 

stations needed to initiate a hydrogen infrastructure, two additional estimation approaches 

are proposed to supplement the percentage of stations approach.  The first approach relies 

upon land area as a basis for estimating sufficient coverage, and the second approach 

relies upon the length of major urban arterial roads as a basis.  The results of these two 

additional estimation approaches are relatively consistent with results from the 

percentage approach when it is applied to the urban station subset identified in section 

4.2.3.  Taken together, the three approaches suggest that somewhere between 5,600 and 

9,400 hydrogen stations will be required to initiate a hydrogen infrastructure, with the 

arterial roads estimate of 9,200 stations appearing to be the most consistent estimate.  The 

three approaches are discussed in turn in sections 4.3.2, 4.3.3 and 4.3.4, following the 

more general discussion of urban and interstate stations in section 4.3.1. 

4.3.1 Characterizing Early Urban and Interstate Stations 
In initiating a hydrogen infrastructure across a large geographic region, capital 

investments would be directed toward stations that maximize the availability of hydrogen 

for the largest number of early hydrogen vehicle adopters.  Determining how many 

stations would be needed and where they should be located would require very detailed 

and site-specific analysis.29  However, it may be possible to develop reasonable estimates 

of the total number of stations needed to provide minimal coverage using some general 

criteria and simplified analyses.  For example, early stations should be: 

1) Located in close proximity to high traffic volumes 
2) Located in high profile areas to increase public awareness  
3) Accessible to early hydrogen vehicle buyers 
4) Available to refuel vehicles during long distance trips 

 

As shown in Figure 4-8, two general types of initial hydrogen stations can fulfill 

these criteria: stations located in metropolitan areas (satisfying criteria 1-3) and stations 

located along interstate highways (satisfying criteria 1, 3 and 4).  Of these two general 

types of stations, some will be prime stations, dispensing large volumes of hydrogen, and 

others may best be described as placeholder stations, providing hydrogen for rare 

                                                 
29 A wide range of analytic methods have been developed to identify locations for new refueling stations 
(Eiselt and Laporte 1996; Kuby and Lim 2005; MPSI 2005). 
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refueling events, such as during long-distance trips.  Both prime and placeholder stations 

would be necessary to assure consumer confidence.  

 

 

Figure 4-8. General criteria for identifying effective early hydrogen station locations. 

 

 

In addition to these general station types, two stages of early hydrogen 

infrastructure development are defined to facilitate discussion of the initiation process.  

As is the case for most new technologies, some portion of the general population will be 

hydrogen vehicle enthusiasts, or so-called early adopters.  These persons, in addition to 

being more willing to take technological risks in general, will be somewhat more willing 

to drive out of their way to refuel with hydrogen.  The fraction of the general population 

belonging to this category is highly uncertain, and will depend, among other factors, on 

the attributes of early hydrogen vehicles (Dagsvik et al. 2002; Greene 2001).  Stage 1 is 

defined as the level of refueling availability required to satisfy the refueling needs of 

early adopters.  Stage 2 is defined as the level of coverage required to satisfy a much 

larger portion of the general population, such as the majority of persons living in urban 

areas.  The major distinction between these two stages concerns the mass production of 

 

 
Accessible  
to Early HV  
Buyers 

Proximity to
High Traffic 

Volumes

High Profile 
Locations to Increase 

Public Awareness 
 

 

 
Provide Fuel During 
Long Distance Trips 

 

Metropolitan 
Stations

Interstate 
Stations 



 

 138

hydrogen vehicles.  The more expensive and limited production first-generation hydrogen 

vehicles will be purchased by early adopters after stage one has been completed.  

However, the mass production of reasonably affordable hydrogen vehicles will only be 

possible after stage 2 has been attained and a much broader segment of the population is 

comfortable with hydrogen refueling availability. 

It should be noted that the convenience of refueling hydrogen vehicles will be 

dependent upon technological advances and behavioral responses that are difficult to 

predict.  Limited vehicle range would tend to increase demands on convenient refueling 

in terms of the number of stations needed.  Conceivable, if typical vehicle ranges are less 

than 200-250 miles per refill, more frequent station locations may be required, especially 

along linear routes such as interstates.  In contrast, some technological developments may 

enhance the convenience of refueling.  In particular, the integration of geographic 

information and routing systems into vehicles may reduce the uncertainty and time 

involved in locating a nearby refueling station.  Moreover, it is conceivable that the task 

of determining the level of urgency of the need to refuel could be transferred to an 

automated system that communicates with both the onboard storage system and the local 

refueling station network.30   

The estimates discussed in the following sections apply to urban areas, but an 

estimate of the number of hydrogen stations needed along interstates connecting urban 

areas is also needed.  The strategy of lining interstates with stations to allow travel 

between major cities is already being pursued by the California Hydrogen Highways 

program, which initially proposed placement of one station every 20 miles along major 

interstates (CAEPA 2005).  As suggested in previous work (Melaina 2003), a sufficient 

level of rural interstate coverage for enthusiasts purchasing hydrogen vehicles after stage 

1 might be one station every 50 miles, while a larger fraction of the general population 

would probably be satisfied after stage 2 with one station every 20 miles.  As noted 

above, these intervals would depend upon the range of typical hydrogen vehicles and 

                                                 
30 The influence of these types of technological advances on refueling convenience will ultimately depend 
upon consumer perceptions and behavioral responses, which are uncertain and poorly understood.  In the 
case of the initiation process, the specific behavioral response that must be addressed is the consumer’s 
willingness to purchase a hydrogen vehicle.  Additional research on the influence of refueling on the 
willingness to purchase a vehicle would improve our understanding of the technological advances and 
infrastructure developments needed to assure convenient refueling availability. 
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would be subject to consumer perceptions of refueling availability.  Given the above 

assumptions, and considering the roughly 33,000 miles of rural interstate (FHWA 2005), 

stages 1 would require 660 rural interstate stations and stage 2 would require 1650 rural 

interstate stations.   

Similar analysis by Singh et al. (2005, 41) suggests 700 hydrogen stations would 

be required along non-metropolitan interstates.  And a more nuanced and detailed 

examination of minimal interstate coverage requirements suggests that 284 carefully 

located stations could provide initial coverage for a select number of high-volume 

interstate routes (Melendez and Milbrant 2005).  A map of the interstate network and 

other highway roads is presented in Figure 4-9. 

 

 

Figure 4-9. Major interstates and other highway system roads (FHA 2005). 
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4.3.2 Estimation Approach One: Percentage of Existing Stations 
The percentage approach is based on the assumption that the size and extent of existing 

gasoline station networks, described in section 4.2.2, can serve as a reference for 

estimating a sufficient number of initial hydrogen fueling stations.  This estimate is made 

by multiplying the population of existing gasoline stations within a region by some 

percentage.  The theory behind this approach can be described as follows.  A network of 

fueling stations satisfies a wide range of customer expectations, such as providing 

convenient refueling locations, competitive prices, aesthetics, brand affinity, and a range 

of non-fuel products and services, such as foodstuffs or car washes.  Conceptually, as the 

number of refueling stations in a region is reduced, the diversity of additional services 

and amenities provided would become more limited, and eventually the convenience of 

location, or more precisely the driving time required to find the nearest refueling site, 

would become the primary concern.  When the percentage of stations providing hydrogen 

becomes small, and as required station searching times increase, a certain portion of new 

vehicle purchasers would be too inconvenienced to consider buying a hydrogen vehicle.  

Eventually, at very low percentages, even early adopters would hesitate to purchase a 

hydrogen vehicle due to lack of refueling availability.   

Survey studies have gathered empirical data consistent with the percentage of 

stations approach.  A 1986 survey of diesel car owners concluded that fuel availability 

became a minor consideration in vehicle purchase decisions when about 10 percent of 

existing stations provided diesel fuel (Sperling and Kurani 1987).  The researchers noted 

that when 3-5 percent of total fuel outlets provided diesel, about 20 percent of survey 

respondents expressed little or no concern about fuel availability before the purchase of a 

diesel vehicle.  Based on these and other survey results, the researchers hypothesized that 

at least 10 percent of all stations would have to provide an alternative fuel for the 

successful penetration of the household vehicle market.31  A study of the introduction of 

natural gas vehicles in New Zealand resulted in a similar conclusion (Kurani 1992). 

Though conceptually appealing, problems arise in applying the percentage 

approach to the entire U.S. gasoline station network.  The discussion of station networks 

                                                 
31 Initially, the researchers proposed a range of 10 to 15 percent of all stations, but later analysis of the total 
number of existing stations suggested that 10 percent was adequate (Nicholas, Handy and Sperling, 2004).  
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in section 4.2.2 reveals that there is uncertainty surrounding both the total number of 

stations and where they are located (i.e., urban or rural areas).  Moreover, as discussed in 

section 4.2.1, the total number of stations has been declining over time.  For example, the 

first NPN survey of total stations in 1991, carried out five years after the California diesel 

vehicle survey was conducted, reported 210,120 stations, which is 26 percent more than 

the NPN estimate of 167,346 stations in 2004.  However, this does not necessarily imply 

that using the 10 percentage guideline today will result in an underestimation by 26 

percent, as many of the stations removed from the network since 1991 were probably not 

prime or even urban stations, and most drivers today have adjusted to any reduction in 

local station availability.  If the 10 percent guideline is an accurate representation of the 

minimal coverage required in 1986, the recent trend toward fewer stations suggests that 

applying the 10 percent guideline to the current network would underestimate, to some 

degree, the size of a minimally convenient network.   

This tendency can be compensated for by adjusting the 10 percent guideline 

upwards.  If a significant fraction of the stations removed since 1986 have been urban 

stations, a 12 percent guideline may be more appropriate for hydrogen refueling 

availability.  Moreover, there are several reasons why a more conservative estimate may 

be justified, such as the potentially limited range of hydrogen vehicles and the sense of 

technological risk relative to the purchase of diesel or natural gas vehicles.  Assuming 

that 6 percent of all urban stations is sufficient for stage 1, and that 12 percent is 

sufficient for stage 2, and relying upon the estimate of 78,100 stations discussed in 

section 4.2.3, the percentage of stations approach suggests that approximately 4,700 and 

9,400 urban hydrogen stations are needed for stages 1 and 2 of the initiation process. 

4.3.3 Estimation Approach Two: Metropolitan Land Area 
This approach is based on the hypothetical condition that hydrogen stations must be 

uniformly distributed across urban areas to the extent that most residents are only a short 

distance from a hydrogen station.  To analyze this condition for urban areas, each 

hydrogen station is assigned an equal amount of urban land area.  Based on this unit area, 

station densities can be discussed in terms of an average maximum distance to the nearest 

station.  This distance is represented by length d in Figure 4-10.  If the unit area is 
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conceived as a square with sides of length L, and given that 2d = √2L, the area of the 

square would be equal to 2d2.   

 

 

L 
R 

d 

 

Figure 4-10. Geometry for the land area approach. 

 

 

In stages 1 and 2 of the initiation process, d values of 5 and 3 miles are assumed, 

respectively.  These values suggest that after stage 1 of the initiation process is completed 

the furthest a driver in a metropolitan area would be from a hydrogen station would be 5 

miles, and 3 miles would be the furthest distance after stage 2 is completed.  If a typical 

driver travels at a speed of 25 mph in an urban area, and assuming a road network 

tortuousness factor of 1.3, these d values correspond to travel times of about 16 and 10 

minutes, respectively.  However, these are maximum distances, and travel times, from 

any station, so most urban drivers would pass closer to a station than distance d during 

their normal driving routines.  Values of 5 and 3 miles for length d result, respectively, in 

one station per 50 and 18 square miles of urban land area.   

The U.S. census includes records of several types of urban areas, including 

Metropolitan Statistical Areas (MSAs), urban areas, and places (U.S. Census Bureau 

2005).32  Population and land area statistics for all MSAs and urban areas in the year 

2000 are shown in Table 4-1, along with statistics for all census places with populations 

greater than 25,000 persons (census places with populations less than 25,000 persons can 

                                                 
32 MSAs are defined by county boundaries, typically including multiple cities or towns that constitute a 
large population nucleus with a high degree of integration but are not necessarily connected by continuous 
urban development.  Urban areas are defined as a densely settled core of adjacent block groups and blocks 
that contain at least 50,000 persons.  Places are either incorporated towns, cities, boroughs or villages, or 
concentrated populations designated by the census as being equivalent to incorporated places.  
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be assumed exempt from early hydrogen station coverage requirements).  As indicated, 

both the 401 MSAs and the 1845 places have combined populations that are smaller than 

that of the 452 urban areas, which contained some 192 million persons, or 68 percent of 

the total population in 2000.  Moreover, MSAs include some rural areas, as discussed in 

section 4.2.3, and the average population density of places with a population greater than 

25,000 persons is less than the average urban area population density.  For these reasons, 

census urban areas are used as the basis for the urban land area approach.  To cover the 

72,022 square miles of land area contained by the 452 urban areas, stage 1 would require 

1,440 hydrogen stations, while stage 2 would require 4,001 hydrogen stations.   

 

Table 4-1. Applying the land area approach to various census urban areas. 
Census 
Designations

Number 
Urban Areas

Total Population 
(millions)

% Total U.S. 
Population

Total Land 
Area (mi2)

Number H2 
Stations (stage 2)

Urban Areas 452 192 68% 72,022 4,001
MSAs 401 180 64% 81,038 4,502
Places (>25,000) 1845 174 62% 70,660 3,926  
 

 

4.3.4 Estimation Approach Three: Principal Arterial Roads 
A problem with the percentage and land area approaches is that they do not take into 

account the unique characteristics of a region's transportation system.  In particular, 

population and driving intensities are distributed differently between regions and within 

different metropolitan areas.  The number of gasoline stations in a large region may not 

reflect these localized characteristics, and the land area approach is probably appropriate 

for only a certain range of urban population densities.  The principal arterial roads 

approach estimates a sufficient number of initial hydrogen stations based on data from 

the National Highway Classification System, which categorizes roads according to 

driving intensity (DOT 2002).  This classification system characterizes roads and 

transportation trends in MSAs.  MSAs represent 2.4 percent of all U.S. land area and 

included 180 million residents in 2000, or 64 percent of the U.S. population, as indicated 

in Table 4-1.  The principal arterial roads approach assumes that initial hydrogen stations 

would be placed at equal intervals along all urban interstates and major urban arterials.  



 

 144

This is consistent with the general criteria discussed in section 4.3.1 for identifying 

effective locations for initial hydrogen stations.   

Road mileage and travel intensities for all urban and rural roads are summarized 

in Table 4-2.  The first two columns of Table 4-2 include road mileage and vehicle miles 

traveled (VMT) per year for various categories of rural and urban roads.  As indicated, 

interstate and principal arterial roads have the highest VMT volumes per mile of road.  

Rural interstates comprise only 1.1% of all rural roads but carry 25 percent of all rural 

VMT.  Urban interstates and principal arterials represent 1.6 percent and 6 percent of 

urban roads respectively, but each carry 24 percent of all urban VMT.  Mileage and VMT 

volumes for other road types are also indicated, and total rural and urban road statistics 

are summed at the bottom of the table.  

The third column of Table 4-2 indicates road interval lengths that are allocated to 

each hydrogen station, as well as the resulting number of hydrogen stations.  Different 

interval lengths for stages 1 and 2 result in a range of estimates of hydrogen stations 

placed along four types of major arterial roads: rural and urban interstates, urban 

principal arterials, and urban freeways or expressways.  The first subtotal in this column 

is the estimated number of interstate hydrogen stations, ranging from 1,330 to 2,990 

stations.  These estimates are calculated by dividing the respective interstate lengths by 

the intervals indicated.  The range of intervals, 50 to 20 miles for rural interstates and 20 

to 10 miles for urban interstates, represents the transition from stage 1 to stage 2 of the 

initiation process (see section 4.3.1).  In reality, some hydrogen stations would probably 

also be placed along non-interstate rural arterials (labeled as other rural arterials in Table 

4-2), and some would be placed along short but key sections of interstates between major 

urban centers.  However, these instances should be accounted for by the relatively short 

intervals of 20 and 10 miles assumed for rural and urban interstates in stage 2.  This level 

of coverage would result in drivers passing a hydrogen station every 10 to 20 minutes on 

trips between metropolitan areas.   

Identifying road intervals within major urban arterials is not as straightforward  as 

identifying intervals along interstates.  Urban road systems are structured networks: 

clusters of local roads feed into collector roads, collectors feed into minor arterials, minor 

arterials feed into major arterials, and major arterials tend to be clustered near  
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Table 4-2. Road mileages, VMT volumes and hydrogen station estimates by National Highway Classification System (some numbers 
have been rounded). 

Miles  Total Rural Urban 106 VMT Total Rural Urban Miles Stations Miles Stations
Roads with Hydrogen Stations
   Rural Interstates 33,048 0.8% 1.1% 229,154 9% 25% 50 661 20 1,652
   Urban Interstates 13,379 0.3% 1.6% 366,029 15% 24% 20 669 10 1,338
Subtotal Interstate Roads 46,427 1.2% 1.1% 1.6% 595,183 24% 25% 24% 1,330 2,990
  Urban Principal Arterials 53,312 1.4% 6% 370,746 15% 24% 20 2,666 10 5,331
  Urban Freeways/Expressways 9,140 0.2% 1.1% 164,742 7% 11% 20 457 10 914
Subtotal Urban Roads 62,452 1.6% 7.3% 535,488 22% 35% 3,123 6,245
Total for Roads with H2 Stations 108,879 2.8% 1.1% 8.9% 1,130,672 46% 25% 58% 4,453 9,236
Roads without Hydrogen Stations
   Other Rural Arterials 236,485 6% 8% 358,325 14% 39%
   Rural Collectors 704,936 18% 23% 227,928 9% 25%
   Rural Local 2,109,519 54% 68% 108,980 4% 12%
Subtotal other rural roads 3,050,940 78% 99% 695,233 28% 75%
   Urban Minor Arterials 89,789 2% 11% 301,661 12% 19%
   Urban Collectors 88,200 2% 10% 125,895 5% 8%
   Urban Local 598,421 15% 70% 219,229 9% 14%
Subtotal other urban roads 776,410 20% 91% 646,785 26% 42%
All Roads
  Total Rural Roads 3,083,988 78% 100% 924,387 37% 100% 661 1,652
  Total Urban Roads 852,241 22% 100% 1,548,303 63% 100% 3,792 7,583
U.S. Total 3,936,229 100% 2,472,690 100% 4,453 9,236

Road Types Road Mileage Vehicle Miles Traveled per Year
Road Intervals [miles] and 

Estimated Number H2 Stations
Stage 2Stage 1
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Figure 4-11. Summary of early hydrogen stations estimates.  (*) Interstate estimates are 
included in percentage, arterial and land area estimates. 

 

 

commercial centers.  Most urban residents who do a significant amount of driving 

routinely use, or at least have convenient access to, a major arterial road.  Therefore, the 

VMT volumes for principal arterials and freeways or expressways are not only large in 

terms of total VMT, they also account for travel by a very significant fraction of total 

metropolitan area residents.  The so-called "intervals" of major urban arterials assigned to 

hydrogen stations are best conceived of as clusters or intersections of major roads 

receiving high volumes of diverse traffic from various collector and local road networks.   

Assuming intervals, or clusters, of 20 miles and 10 miles for stages 1 and 2 

respectively, estimates based on the arterial roads approach suggest that between 3,784 

and 7,583 urban stations would be required for the initiation process.  When rural 

interstate stations are included, the estimates are 4,453 and 9,236 stations.  As discussed 

in the following section, the suitability of these urban road intervals can be examined by 

comparing results from the arterial roads approach with those from the percentage of 

stations and land area approaches.   
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4.3.5 Comparing Station Estimates from each Approach  
Figure 4-11 summarizes the hydrogen station estimates from each of the three 

approaches, where the estimates for interstate stations have been added to each of the 

estimates for required urban stations.  As indicated, the interstate and metropolitan station 

estimates from the arterial roads approach results in a (rounded) total estimate of between 

4,500 and 9,200 hydrogen stations for stages 1 and 2 of the initiation process, which is 

similar to estimates from the percentage of stations approach when applied to the number 

of urban gasoline stations estimated in section 4.2.3.  In contrast, the land area approach 

results in much lower estimates. 

Both the arterial road and land area approaches estimate metropolitan stations in a 

consistent manner.  The degree of consistency can be examined in more detail by 

applying each approach to Federal Highway Administration data, which includes lengths 

of classified roads for major U.S. metropolitan areas (DOT 2002).  While the land area 

approach assumes a uniform distribution of stations regardless of urban population 

density, the arterial roads approach, if consistent, should reflect the degree of population 

density, and provide a uniform match between fueling availability and potential demand.   

This tendency is revealed in Figure 4-12, which shows the average land area per 

station (vertical axis) for stages 1 and 2 of both the land area and arterial roads 

approaches when applied to the 268 most populous MSAs in the United States.  Each 

MSA indicated has a population greater than 95,000 persons.  The horizontal axis 

indicates the population density of each MSA.  As shown, the land area approach results 

in the same land area per station for each MSA at stage one (empty triangles) and stage 

two (filled triangles).  In contrast, Figure 4-12 indicates that the arterial roads approach 

estimates smaller average land areas per station for higher population density MSAs, and 

is therefore consistently responsive to population density.  Results of the arterial roads 

approach are shown for both stage one (empty circles) and stage two (cross symbols).  

For lower population density MSAs (i.e., less than 2000 persons per square mile) the 

arterial roads approach estimates land areas per station that are similar to those from the 

land area approach.   

This comparison shows that the arterial roads approach satisfies requirements of 

the land area approach for most cities with low population densities while exceeding 
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those requirements for cities with high population densities.  Another interpretation of 

Figure 4-12 is that the maximum travel times to the nearest hydrogen station associated 

with the arterial roads approach are consistently smaller than those from the land area 

approach, with the exception of some low population density areas.   The arterial roads 

approach is therefore more responsive to population density patterns than the land area 

approach, and is more consistent with local roadway networks than the percentage of 

stations approach.  
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Figure 4-12. Comparison of average square miles per station values for the land area and 
arterial roads estimates for 268 high density metropolitan areas. 

 

4.4 Estimating Early Hydrogen Network Costs 

Three scenarios are examined to explore the implications of an initiation approach to 

developing an early hydrogen infrastructure.  In each scenario it is assumed that a 

minimal infrastructure is established during a 5-year ramp-up period involving the 

installation of approximately 9,200 initial hydrogen stations, 7,600 being located in major 
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urban areas and 1,600 being located along interstates connecting major urban areas.  

Hydrogen station networks begin to be installed in rural areas 5 years after the ramp-up 

period is completed, assuming that a significant number of hydrogen vehicles have 

already been deployed in cities and limited deployment has begun in rural areas near 

interstates.   

For the present analysis, it is assumed that all early stations will employ onsite 

small-scale steam methane reformer (SMR) and compressed gaseous storage 

technologies.  Economies of scale for onsite SMR stations are represented by assuming 

four stations sizes – mini, small, medium and large – having capacities of 100, 250, 1,000 

and 2,500 kg per day, respectively.  The distribution of hydrogen stations by size within 

urban networks is based upon analysis of relative station sizes in existing gasoline station 

networks, and station capital and variable costs are based upon an uncertainty analysis of 

estimates available in the literature (see Chapter 3).  Given this first-cut approximation of 

the structure of an early nationwide hydrogen station network, it is possible to estimate 

the magnitude of capital and variable costs associated with the initiation process.   

 Hydrogen demand scenarios are projected to 2040, and, for the sake of simplicity, 

it is assumed that hydrogen production during this time period is initially dominated by 

onsite SMR stations and gradually gives way to centralized hydrogen production.  Due to 

resource constraints and concerns over GHG emissions, alternative sources of hydrogen 

will be necessary beyond 2040, and some low-carbon sources will probably begin to be 

developed much sooner.  However, because this study focuses on near-term startup costs, 

no attempt has been made to represent the diversity of potential long-term hydrogen 

production, storage and delivery options.  

Results of the cost analysis suggest that the startup costs associated with initiating 

a hydrogen infrastructure by 2015 would range from $4.2 to $7.5 billion (2002 dollars).  

These initial capital costs are small in comparison to the investments needed to respond 

to increases in demand after 2015, assuming hydrogen vehicle deployment is successful.  

Due to underutilization and poor economies of scale, the cost per kg of providing 

hydrogen to early hydrogen vehicle owners will be excessive, suggesting that some type 

of subsidy or strategic pricing will be required for hydrogen to compete with gasoline 

during the early phases of hydrogen infrastructure development.  As stations begin to be 
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fully utilized, as learning-by-doing reduces the capital costs of equipment, and as larger 

stations achieve greater economies of production, the cost of hydrogen will drop over 

time.  In the present analysis, these reductions persist until 2035, when the levelized cost 

of hydrogen stabilizes at just over $3.00 per kg.  After 2035, there is a slight increase in 

the levelized cost of hydrogen due to rising natural gas costs, which counteract reductions 

due to additional learning-by-doing and economies of scale.  Details of the scenario and 

cost analysis methodology are reviewed in sections 4.4.1 through 4.4.5, and results of the 

analysis are discussed in section 4.5. 

4.4.1 Hydrogen Demand Scenarios 
Three hydrogen demand scenarios are proposed, each a variation on the optimistic 

demand scenario proposed in the 2004 National Academy of Science study (NAS 2004).  

The most optimistic of the scenarios approximates the original NAS demand scenario, 

and is identified as NAS-2032, due to half of all new light duty vehicles (LDVs) sold in 

2032 being hydrogen vehicles.  Similarly, in the NAS-2042 and NAS-2052 scenarios, 

which are somewhat less optimistic than the NAS-2032 scenario, half of all LDVs sold 

are hydrogen vehicles by the years 2042 and 2052, respectively.  In the NAS study, the 

share of new LDVs sold as hydrogen vehicles (HVs) or gasoline hybrid electric vehicles 

(GHEVs) changes according to a series of linear functions.  In contrast, the present 

analysis relies on a logistic representation to allow for a consistent representation of 

variations to the original NAS deployment rates: 
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where fi is the percent of new LDV sales of vehicle type i, t is the year (i.e., 2000), and b 

and to are logistic growth parameters.  

The original NAS deployment rates are compared to their logistic counterparts for 

the NAS-2032 scenario in Figure 4-14.  In the original NAS scenario, hybrid vehicles are 

introduced in 2005 and increase in market share by 1 percent per year for the first five 

years.  Hydrogen vehicles are introduced ten years later, in 2015, and also increase in 

market share by 1 percent each year for the first five years.  The NAS study assumes 
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more rapid linear growth in market share for both vehicles after the first five years.  

GHEVs attain over 60 percent share by 2025, displacing sales of conventional gasoline 

vehicles (CGV).  By 2032, CGVs have been almost completely phased out, HVs have 

attained 50 percent market share, and GHEVs are quickly losing market share to HVs.   

The logistic deployment rates for the NAS-2032 scenario have been adjusted to 

approximate the original NAS deployment rates, with the exception of a more rapid 

phase-out of CGVs and a more gradual phase-out of GHEVs.  These deviations from the 

linear growth patterns assumed in the NAS study result from the structure of logistic 

substitution dynamics (Marchetti and Nakicenovic 1979).  The substitution dynamics 

underlying the trends shown in Figure 4-13 result from the following set of equations:   
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where the logistic parameters for each scenario are indicated in Table 4-3.  Given that 

GHEVs are introduced 10 years before HVs, the result of these logistic relationships is 

that GHEV market share decreases with increased deployment of HVs, while CGV 

market share is relatively unaffected by changes in HV shares.  

The result of applying these substitution dynamics to new vehicle sales within a 

stock and flow model of the LDV sector is shown in Figure 4-14, where growth in the 

total stock of LDVs increases by 50 percent between 2000 and 2040.  Vehicle stocks 

resulting from the NAS-2032 deployment rates, shown in Figure 4-13 and dictated by the 

growth parameters in Table 4-3, are compared to stocks resulting from the NAS-2042 and 

NAS-2052 deployment rates.  GHEVs gain greater market share when HV deployment 

rates are reduced, with 73 percent of new LDVs sold as GHEVs by 2030 in the NAS-

2042 scenario, and at 80 percent of new LDVs sold as GHEVs in 2032 for the NAS-2052 
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scenario.  However, for logistic growth patterns, peak market share years occur roughly 

midway through the upward growth periods.  Therefore, stocks of GHEVs continue to 

increase until 2041 in the NAS-2042 scenario, and until 2046 in the NAS-2052 scenario. 

 

Table 4-3. Logistic growth parameters for vehicle introduction rates.  

GHEV NAS 2032 NAS 2042 NAS 2052
Year Introduction 2005 2015 2015 2015

b 0.25 0.27 0.137 0.093
t o 2021 2030 2040 2050

Vehicle ScenarioGrowth Parameter

 
 

 

 With the stocks of different future vehicles characterized in an aging-chain stock 

and flow model (Sterman 2000), it is possible to determine fuel demand based upon 

vehicle driving intensity and fuel economy.  The demand for fuel in any given year is 

determined by the following equation: 
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where Qn,t is the demand in year n for fuel type t, and is summed over all vehicles of age 

m.  The stock and flow model accounts for the number of vehicles operating in each age 

category, LDVn,m,t, as well as their average fuel economy, FEn,m,t.  Vehicle miles traveled 

per LDV decrease with vehicle age, and vehicle survival (or scrappage) rates decrease 

over time due to improved vehicle quality (EPA 2005). The average driving intensity, or 

VMT per LDV per year, generally follows the historic growth trend but is assumed to 

level off toward 16,000 VMT per year near 2060.  This leveling-off of annual VMT per 

LDV deviates slightly from the steady growth projected in the AEO 2005 report, based 

upon analysis of transportation trends discussed in Shafer and Victor (1999).  However, 

total VMT within the LDV sector reaches some 5,000 billion VMT by 2050, and 5,500 

billion VMT by 2060, which is relatively consistent with long-term projections in other  
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Figure 4-13. Comparison of NAS and NAS-2032 deployment rates. 
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Figure 4-14. Gasoline hybrid vehicle and hydrogen vehicle deployment scenarios. 
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studies.  For example, total VMT by LDVs in scenarios presented in the DOE 2050 Study 

range from 4,500 to 5,750 billion in 2050 (Birky et al., 2001).   

Trends in new vehicle fuel economy are assumed to be identical to those 

presented in the NAS 2004 study, as indicated in Figure 4-15.  Fuel economies for CGVs 

increase from 21 mpg in 2000 by 1 percent each year, reaching over 30 mpg by 2040.  

Fuel economies for GHEVs are assumed to be 1.45 times larger than those for new 

CGVs.  Hydrogen vehicles, assumed to be hydrogen fuel cell vehicles (HFCVs), have 

fuel economies 2.4 times larger than CGVs.  The fuel economies indicated in Figure 4-15 

are in units of miles per gallon of gasoline equivalent (mpgge). 
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Figure 4-15. New light duty vehicle fuel economies.  

 

 

 Based upon these various trends, LDV demand for gasoline and hydrogen fuels 

can be projected to 2040, as indicated in Figure 4-16, which exhibits the same logistic 

trends shown for vehicle stocks in Figure 4-14.  Fuel demand in each scenario is assumed 

to be distributed across three markets: urban vehicles, rural vehicles, and refueling along 

interstates.  The demand for hydrogen along interstates is assumed to be 9 percent of total 

demand, based on road travel data from the FHWA (FHWA 2005).  Demand for 

hydrogen in rural areas is assumed to be negligible in the early years of infrastructure 
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development.  Though some rural residents living near interstates will have access to 

hydrogen refueling, it is assumed that significant deployment of vehicles in rural areas 

will not begin to occur until 2020, five years after the initiation process is completed in 

cities and along interstates.  Growth in rural demand for hydrogen follows the same 

logistic growth patterns applied in each scenario, and eventually comprises 30 percent of 

total fuel demand in the LDV sector, based on road travel data from the FHWA (2005).  

As fuel demand increases in each of these three markets, the rate of infrastructure 

development also increases over time, as discussed in the following section. 
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Figure 4-16. Light duty vehicle demand for gasoline and hydrogen for each hydrogen 
demand scenario, and a business as usual reference scenario. 

  

4.4.2 Early Station Types, Numbers and Sizes 
The initiation process involves the installation of 9,200 stations within a 5-year ramp-up 

period between 2010 and 2015.  Of these early stations, 7,600 provide minimal coverage 

within major urban areas, and 1,600 are installed along rural interstates connecting major 
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urban areas, as discussed in section 4.3.  These early stations are initially underutilized, 

but as demand increases and as the deployment of hydrogen vehicles becomes less 

confined to particular urban areas, the number of hydrogen stations required will increase 

along with increases in required production capacity.  While the initial ramp-up period is 

assumed to be the same for each scenario, expansion of hydrogen station networks after 

2015 is responsive to demand, and perfect foresight is assumed in predicting future 

demand for stations and installed production capacity.33  The economic consequences of 

underutilizing installed capacity is therefore largely dependent upon the capital cost and 

underutilization of the first 9,200 stations, and to some extent on anticipated growth in 

demand.  Before demand approaches the production capacity of these first stations, the 

levelized cost of hydrogen is very high.  The three scenarios are developed, each with a 

different demand growth rate, to explore the implications of completing the initiation 

process.  

Given the diverse array of hydrogen production processes under development, 

and the variations in cost and availability of different primary feedstocks in various 

regions, it is likely that early hydrogen stations will be installed in a diverse number of 

types and sizes.  However, to simplify the present cost analysis, it is assumed that all 

early hydrogen stations are onsite SMR stations.  Early onsite production unit sizes are 

classified as mini, small, medium and large, having capacities of 100, 250, 1000 and 

2500 kg per day, respectively.  The first three onsite production unit sizes can be coupled 

to provide double-mini, double-small, and double-medium capacities, resulting in a total 

of seven station sizes.    

Stations installed during the initiation process are predominantly mini, double-

mini and small stations, but these and future stations are allowed to increase in size 

modularly by adding additional production units at established station locations.  For 

example, early mini stations may be doubled in size by adding a second mini onsite 

production unit, increasing the station capacity from 100 to 200 kg/day.  Small and 

medium stations are also allowed to double in size in response to increased demand.  The 

                                                 
33 Logistic growth values for numbers of stations are identical to those used for LDVs when there is no 
delay in deploying rural LDVs.  The values for b are 0.23, 0.123, 0.088, and the to values are 2032, 2042, 
and 2052 for the respective scenarios.  
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full range of station sizes is indicated in Table 4-4, along with average utilization rates, 

required onsite storage volumes, the number of hydrogen pumps, refills per day and the 

maximum number of vehicles supported by each station size.  

The average utilization rate of 66 percent is adopted from analysis of typical 

station refueling patterns carried out by DTI (Thomas et al. 1997), and station storage 

capacity is based upon the booster configuration discussed by Ogden et al. (1996).  The 

maximum refills per day and number of vehicles supported are based on an assumption 

that typical hydrogen vehicles will refuel every 250 miles, drive 12,000 miles per year, 

and have fuel economies of 65 mpgge, resulting in 3.85 gge of hydrogen per refill.  Based 

on the discussion in section 4.2.2, an average urban gasoline station would serve about 

350 vehicles per day, roughly the same number of vehicles as a double-medium hydrogen 

station.  It is assumed that local hydrogen pipeline networks would serve stations larger 

than 2,500 kg/day, and eventually smaller stations as well.34  

 

Table 4-4. Station capacities and attributes. 

Capacity Avg. Utilization(a) Storage Pumps Max. Refills Max. Vehicles
[kg/d] [kg/d] [kg] # per Day Supported(b)

Mini 100 66 62 2 17 130
  Dbl-Mini 200 132 123 2 34 260
Small 250 165 154 2 43 330
  Dbl-Small 500 330 308 4 86 650
Medium 1,000 660 616 6 172 1,300
  Dbl-Medium 2,000 1,320 1,232 12 343 2,600
Large 2,500 1,650 1,540 14 429 3,300
(a) Assuming a 66% utilization rate.
(b) Assuming an average fuel economy of 65 mpg, 12,000 VMT/yr, and 3 kg H2 per refill.

Station Size

 
 

 

After attaining a threshold of 9,200 stations, the number of installed hydrogen 

stations increases in response to fuel demand.  Station growth patterns are assumed to 

follow the same logistic growth patterns used for HV deployment rates, as indicated in  

Figure 4-17 for urban stations.  This pattern of growth is speculative, and logistic growth 

                                                 
34 This is a simplified representation of a complex and unresolved issue: the optimal transition from onsite 
production to pipeline delivery within cities. 
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is assumed largely do to a lack of evidence supporting an alternative growth pattern.  The 

distribution of station sizes also changes with demand, following the distribution of 

relative urban stations sizes discussed in Chapter 3.  Figure 4-18 indicates the resulting 

distribution of SMR production units sizes distributed to urban stations when these 

relative station sizes are applied to the stock and flow model in the NAS-2032 

deployment scenario.  Figure 4-19 indicates the distribution of SMR production units 

sizes for both urban and rural stations.   

This distribution of production unit sizes over time is based upon an idealized 

rollout scenario in which all major U.S. cities embrace the initiation process 

simultaneously.  A more likely development pattern would involve delays and variability 

in the timing of initiation across different regions and cities, resulting in a smoother 

distribution of required onsite production units over time.  For example, the production of 

mini SMR units peaks in 2018, and that of small SMR units peaks in 2022.  In a more 

complex model of the initiation process, in which various regions or cities undergoing the 

initiation process at different times, these peaks would be dampened and changes 

production rates would be smoother (see section 5.3.6). 
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Figure 4-17. Growth in urban stations and hydrogen demand for each scenario.  
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4.4.3 Infrastructure Component Capital and Variable Costs 

A consistent set of capital and variable costs have been developed for onsite SMR 

refueling stations based upon estimates found in the literature (for example, ADL 2002; 

Duane et al. 2002; Mintz et al. 2002; NAS 2004; Ogden 2002; Padró and Putsche 1999; 

Schoenung 2001).  Uncertainty analysis has been applied to most major capital costs and 

some cost parameters, and Monte Carlo methods have been used to determine probability 

distributions for these cost components (see Chapter 3 and Appendix A).  This analysis 

includes determination of the levelized cost of hydrogen (LCH), with units of dollars per 

kilogram of hydrogen ($/kg), which can be expressed as cost probability distribution 

functions rather than point estimates.   

Hydrogen systems involving large central production facilities and pipeline 

delivery are assumed to succeed onsite production stations, and a uniform backstop cost 

is used to represent these systems.  As a result of higher utilization rates, learning-by-

doing, and the increased economies of scale attained with larger onsite production units, 

the cost of hydrogen from onsite stations drops over time, eventually approaching the 

backstop cost of centralized production.  Higher future fuel costs (i.e., electricity and 

natural gas) eventually overcome reductions in onsite station costs, and as these stations 

are phased out over time the average network cost of hydrogen approaches the backstop 

cost of centralized production.  Results from the cost uncertainty analysis of capital and 

variable costs are reviewed in this section, and the effects of learning-by-doing and 

levelized cost of hydrogen calculations are discussed in sections 4.4.4 and 4.4.5, 

respectively.35 

As indicated in the work breakdown structure shown in Figure 4-20, total system 

costs include capital and variable costs, with capital costs involving direct and indirect 

capital costs.  Direct capital costs include a variety of equipment and site preparation 

costs, with the most significant direct capital costs being those associated with 

equipment.  The direct capital costs of major hydrogen station components are 

determined from an uncertainty analysis of cost estimates collected from the literature, 

which have been scaled to the unit production capacities indicated in Table 4-4.  The 

                                                 
35 Methodology and results of all cost analyses are presented in greater detail in Chapter 3. 
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Figure 4-18. Stock of urban onsite production units by size for NAS-2032. 
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Figure 4-19. Total stock of onsite production units stations, both rural and urban. 
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original estimates have been adjusted for inflation, and in some cases adjustments were 

made for the level of technological maturity, using a single progress ratio for each 

component (see section 4.4.4).  Sets of adjusted and scaled capital cost estimates for each 

major infrastructure component (SMR production units, compressors, gaseous storage 

tanks and dispensers) have been subjected to statistical analysis, allowing for the 

generation of cost probability distribution functions to represent the direct capital cost of 

each component.36  Indirect capital costs are added to direct capital costs using cost 

multipliers, following the relationships indicated in Table 4-5 and the values indicated in 

Table 4-6.  These multipliers are applied based upon guidelines from Ostwald (1984).  

Indirect costs comprise some 30-40 percent of total station capital costs, a fraction similar 

to those determined in the H2A study (2005).37  

 

 

Figure 4-20. Work Breakdown Structure for a Refueling Station. 

                                                 
36 Crystal BallTM software was used for both Monte Carlo simulations and to determine appropriate 
distribution functions to represent component costs.  SMR and storage costs are represented as lognormal 
distributions (which is consistent with the analysis of McDonald and Schrattenholzer 2001), and 
compressor and dispenser costs are represented as triangular distributions (see Chapter 3). 
37 Including installation, engineering and design, project contingency, permitting costs and taxes, indirect 
costs reported in preliminary documentation of H2A forecourt stations typically exceed 30 percent of total 
capital costs (H2A 2005). 
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A breakdown of onsite SMR station capital costs is presented in Figure 4-21, 

where costs are shown on a per capacity basis.  These costs represent first unit costs, and 

subject to cost reductions over time as a result of learning-by-doing, as discussed in 

section 4.4.4.  As indicated, SMR reformers are the largest direct capital cost element for 

each station size.  Compressed gaseous storage costs are smaller than the combined cost 

of dispensers and compressors for mini and small stations, but are similar to these costs in 

the medium and large stations.   

 

Table 4-5. Direct capital cost multipliers for indirect costs. 

Total Direct Costs C TDC

Contractor Overhead  
Managers Overhead
Architecture and Engineering
Program Management 
Contingency

COTDCCO CC α⋅=

MOTDCMO CC α⋅=

( ) AEMOCOTDCAE CCCC α⋅++=

( ) PMAEMOCOTDCPM CCCCC α⋅+++=

( ) CTPMAEMOCOTDCCT CCCCCC α⋅++++=  
 

Table 4-6. Mean values and standard deviations for indirect cost multipliers. 

Value SD Value SD Value SD
Contractor overhead 5.0% 1.0% 8.0% 2.0% 8.0% 2.0%
Management overhead 5.0% 1.0% 10.0% 2.0% 10.0% 2.0%
Architecture & Engineering 10.0% 2.0% 20.0% 4.0% 20.0% 4.0%
Program management 6.0% 1.0% 6.0% 1.0% 6.0% 1.0%
Contingency 10.0% 2.0% 10.0% 2.0% 10.0% 2.0%

Mini/Small Station Medium Station Large StationIndirect Costs

 
 

 

Variable costs associated with each onsite station size are summarized in Table 

4-7, and are based on values reported in a variety of technical reports describing onsite 

SMR stations (including ADL 2002; Duane et al. 2002; H2A 2005; Schoenung 2001; 

Thomas et al. 1997).  Efficiencies for conversion of natural gas to hydrogen are presented 

on a higher heating value basis, and a utilization rate of 66 percent is assumed for urban 

stations based upon typical gasoline station refueling patterns (H2A 2005; Thomas et al. 

1997).  Due to lack of empirical data, rural and rural interstate stations are assumed to 

have similar utilization rates.  Typical refueling events are assumed to involve 3 kg of 
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hydrogen, and a station owner markup of $0.20 per refill is applied.  Insurance and tax 

costs are 5 percent of the total LCH, and other operation and maintenance costs are 5 

percent of amortized capital costs.38 

Natural gas and electricity prices increase in magnitude and uncertainty over time, 

and therefore become increasingly larger contributors to both the total cost of hydrogen 

and the cost uncertainty of hydrogen production.  Future natural gas and electricity prices 

are based on projections reported in Annual Energy Outlook 2005 (AEO 2005), a 

publication of the Energy Information Administration (EIA 2005a), which projects fuel 

prices to 2025.  Two adjustments have been made to these projected prices: 1) irregular 

fluctuations in prices have been smoothed by using three-year averages, and 2) price 

trends between 2010 and 2025 have been extended as linear extrapolations to 2040.   
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Figure 4-21. Initial capital costs per capacity for onsite SMR stations. 

                                                 
38 As discussed in section 3.3.5, this tax is applied to the manufacturer, not to the fuel itself.  See section 
3.3.5 for a discussion of taxing hydrogen as a fuel. 



 

164 

Table 4-7. Variable costs for onsite SMR stations. 

Variable Cost Parameters
Conversion Efficiency (HHV) 72% 72% 75% 75%
Total Capacity kg/day 100 250 1,000 2,500
Average Utilization kg/day 66 165 660 1,650
Demand per refill kg/refill 3 3 3 3
Labor $/yr $15,000 $25,000 $50,000 $75,000
Owner markup per refill $/refill $0.20 $0.20 $0.20 $0.20
Natural Gas Price $/mcf $7.00 $7.00 $6.00 $5.00
Operation electricity kWh/kg 2.95 2.95 2.95 2.95
Electricity Price $/kWh $0.07 $0.07 $0.07 $0.07
Catalyst/reactor rplcmnt. $/year $4,300 $10,800 $43,000 $107,600
Insurance and tax % total 5% 5% 5% 5%
Other O&M costs % capital 5% 5% 5% 5%
Variable Cost Summary
Labor $/kg $0.62 22% $0.42 16% $0.21 10% $0.12 7%
Owner markup per refill $/kg $0.07 2% $0.07 3% $0.07 3% $0.07 4%
Natural gas  $/kg $1.27 45% $1.27 50% $1.04 53% $0.87 52%
Electricity $/kg $0.21 7% $0.21 8% $0.21 10% $0.21 12%
Insurance and tax $/kg $0.31 11% $0.26 10% $0.19 9% $0.15 9%
Catalyst/reactor rplcmnt. $/kg $0.18 6% $0.18 7% $0.18 9% $0.18 11%
Other O&M  $/kg $0.19 7% $0.14 6% $0.10 5% $0.08 5%
Total variable costs $/kg $2.84 100% $2.54 100% $1.99 100% $1.68 100%

Large
Onsite SMR Station Size

Mini Small MediumVariable Cost Elements Units
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Figure 4-22. Uncertainty ranges for commercial and industrial natural gas prices. 
Triangular probability distributions with peak, 90% high and 10% low parameters.  

 



 

165 

Future fuel prices are expressed as triangular uncertainty distributions, with the most 

probable (or “peak”) values being equal to the reference scenario prices reported in AEO 

2005.  The maximum and minimum values are derived from prices reported for the AEO 

2005 high and low economic growth scenarios.39  These triangular distribution 

parameters are indicated in Figure 4-22 for commercial and industrial natural gas prices, 

and similar uncertainty ranges are applied for electricity prices.  Variable costs are broken 

down on a per kg and percentage basis at the bottom of Table 4-7.  Fuel costs range from 

45 to 52 percent of total variable costs, and it is assumed that lower natural gas rates (i.e., 

industrial rates) are secured by larger onsite stations.   

4.4.4 Capital Cost Reductions due to Learning-by-Doing 

Cost reductions due to learning-by-doing are modeled on a component basis, with costs 

dropping as a function of cumulative units produced.  This approach to modeling cost 

reductions over time has been discussed in various studies of energy technologies 

(Colpier and Cornland 2002; McDonald and Schrattenholzer 2001; Wene 2000).  Cost 

reductions due to learning-by-doing are modeled using the following expression:  

 
b
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QCC
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where the units for Q are cumulative installed units and Cn is the cost of the nth unit 

produced.  The variable b is a learning parameter that can also be expressed in terms of a 

progress ratio (PR), defined as the percentage reduction in cost associated with a 

doubling in cumulative production: 
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n

C
C

PR −== 2   

 
                                                 
39 In order to represent increasing uncertainty in fuel costs over time, fuel prices from the high and low 
economic growth scenarios in AEO 2005 are multiplied by a linearly increasing percentage factor, and the 
resulting costs are used as the 90% and 10% boundaries of the triangular distribution functions in any given 
year.  By 2060, the percentage factor for the high economic growth case reaches 130% for natural gas, 
120% for electricity, and 90% for both natural gas and electricity for the low economic growth prices.  
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where the level of production Qn has been set equal to 2Qo.   

Due to the relatively mature state of each onsite SMR station component, the 

progress ratios assumed are relatively modest, ranging from 95 to 97 percent.  For 

comparison, McDonald and Schrattenholzer (2001), report a median progress ratio of  

approximately 84 percent in their analysis of 42 energy technologies (though the 

distribution of progress ratios is bimodal and the energy technologies examined are 

diverse).  Progress ratios for each major hydrogen station component are modeled as 

normal probability distributions, with mean and standard deviation values indicated in 

Table 4-8.  Note that due to the exponential formulation of learning-by-doing, even these 

modest progress ratios result in significant capital cost reductions with high volume 

production.  These progress ratios therefore assume that significant design or 

manufacturing improvements are achieved to reduce capital costs. 

 

Table 4-8. Mean values for progress ratios used for major hydrogen station components.  
Standard deviations apply to normal probability distributions. 

Station Component Progress Ratio SD
Onsite SMR Unit 95% 2%
Onsite GH Storage 95% 2%
Compressors 96% 2%
Dispensers 97% 2%  

 

 

The recent DOE H2A cost study does not explicitly identify progress ratios, but 

does make projections of future cost reductions.  Figure 4-23 indicates preliminary 

projected capital costs from the H2A study for 100 kg/day and 1500 kg/day onsite SMR 

stations for the years 2005, 2015 and 2030 (H2A 2005).  These are compared to the cost 

reductions attained in the present analysis for mini (100 kg/day), small (250 kg/day) and 

medium (1000 kg/day) onsite SMR stations, under NAS-2032 scenario deployment rates.  

The capital costs of the 100 kg/day stations are nearly identical after taking into account 

the learning achieved during the initiation process (i.e., between 2010 and 2015).  In 

contrast, the medium station capital costs are higher than those of the 1500 kg/day H2A 

SMR stations, even after learning-by-doing reduces capital costs between 2015 and 2025.  
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The discrepancy in capital costs for these larger stations is primarily due to the higher 

indirect capital costs assumed in the present analysis. 
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Figure 4-23. Capital cost reductions for mini, small and medium SMR stations  
(NAS-2032), with preliminary H2A capital costs for 100 and 1500 kg/day SMR stations. 

 

4.4.5 Levelized Cost of Hydrogen 
Capital and variable costs can be expressed on a per kg basis as the levelized cost of 

hydrogen: 

 

VarCap CCLCH +=  

 

where per kg variable costs, CVar, have been discussed in section 4.4.3, and per kg capital 

costs, CCap, are determined by amortizing total capital costs over the lifetime of the 

equipment, using the following equation: 

 

avg

C
Cap Q

CRFC
C

⋅
=  
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where CC is the total capital cost, CRF is the capital recovery factor, and Qavg is the 

average annual output of hydrogen for a given system.  The capital recovery factor is the 

required (or expected) return on capital in any given year: 

 

ni
iCRF

)1(1 +−
=  

 

where i is the interest rate, and n is the years of operation or lifetime of the equipment.  

Both interest rates and station lifetimes are modeled as normal probability distributions 

with standard deviations of 2 percent.   Interest rates are assumed to be 10 percent for 

mini and small stations, and 9 percent for medium and large stations.  Station lifetimes 

are assumed to be 15 years for mini and small stations, and 20 for medium and large 

stations.  The resulting capital recovery factors are 13 percent for mini and small stations, 

and 11 percent for medium and large stations.  These assumptions are similar to those 

reported in a preliminary version of the H2A study, which assumed an internal rate of 

return of 10 percent for onsite SMR stations (H2A 2004).  

 Components of the levelized cost of hydrogen from first-unit onsite SMR stations 

are indicated in Figure 4-24.  Capital costs are shown as direct and indirect capital costs, 

and natural gas and labor costs are separated out from other variable costs.  Capital costs 

comprise between 48 and 56 percent of the total LCH, with smaller stations having larger 

capital costs due to economies of scale.   Natural gas costs comprise roughly half of total 

variable costs, and labor costs contribute less on a per kg basis for larger stations.  The 

LCH ranges from $3.25 to $6.55 per kg.  For comparison, the LCH from onsite SMR 

stations in 2025, assuming NAS-2032 deployment rates to determine the influence 

learning-by-doing, is broken down in Figure 4-24.   The LCH ranges from $2.80 to $5.50 

per kg, and variable costs comprise between 56 and 65 percent of the LCH.  Note that 

only the medium and large onsite SMR stations meet the current DOE cost goal of $2.00-

$3.00 per kg of untaxed, delivered hydrogen (DOE 2005).  The influence of learning-by-

doing and changing natural gas prices is examined further in section 4.5.  

 



 

169 

$0.00

$1.00

$2.00

$3.00

$4.00

$5.00

$6.00

$7.00

Mini Small Medium Large

To
ta

l D
el

iv
er

ed
 C

os
t o

f H
yd

ro
ge

n 
($

/k
g)

Other Variable
Costs
Labor

Natural gas

Indirect capital

Direct capital

 
Figure 4-24. Levelized cost of hydrogen for first-unit onsite SMR stations. 
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Figure 4-25. Levelized cost of hydrogen for onsite SMR stations in 2025 (NAS-2032). 
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4.5 Results and Discussion 

Based on estimates of a sufficient number of early hydrogen stations discussed in section 

4.3, three scenarios are developed in which some 9,200 hydrogen stations, located in 

major urban areas and interstates, are installed between 2010 and 2015.  Each scenario 

represents varying degrees of success in deploying large numbers of hydrogen vehicles 

after this initial threshold of stations is established.  Two major issues arise in examining 

the results of these scenarios: 1) the coordination of infrastructure development and 

vehicle deployment rates will be critical to ensure adequate returns to early investors, as 

well as a reasonable price at the pump for consumers, and 2) large onsite production 

stations can achieve economies of scale to provide less expensive hydrogen within cities, 

but only as part of a larger that includes smaller stations providing more expensive 

hydrogen.  Both of these issues have significant implications for government policy and 

business strategy. 

 The cumulative capital costs of initiating a hydrogen infrastructure are depicted as 

probability distributions in Figure 4-26.  These startup costs are similar in each scenario, 

and involve the investment of approximately $5.1 billion in capital to complete the 

initiation process by 2015.  As indicated in Figure 4-26, when uncertain cost components 

and parameters are taken into account, Monte Carlo simulation results indicate a 30 

percent confidence interval in 2015 of $4.7 to $5.5 billion, a 60 percent confidence 

interval of $4.4 to $6.0 billion, and a 90 percent confidence interval of $3.9 to $7.2 

billion.  (It must be emphasized that these capital costs are associated only with 

equipment, and the uncertainty analysis is limited to the uncertain factors discussed 

above; a more thorough uncertainty analysis would include a broader range of costs and 

additional sources of uncertainty.)  In each scenario, the initial startup costs quickly 

become dwarfed by the capital investments required to expand hydrogen infrastructure 

networks in response to increased demand beyond 2016, with Figure 4-26 indicating $13-

22 billion in capital required for the NAS-2032 scenario by 2020.  As indicated in Figure 

4-27, cumulative capital costs required by 2040 are projected to range from $580-$1,000 

billion for the NAS-2032 scenario, $300-$490 billion for the NAS-2042 scenario, and 

$210-$345 billion for the NAS-2052 scenario (based on 90 percent confidence intervals).   
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Given that these capital costs are based on relatively conventional hydrogen 

production, handling and storage technologies, and that technological innovations will 

likely lower the capital costs of many early stations, these cost estimates can be 

interpreted as upper bounds on the startup costs of initiating a hydrogen infrastructure.40  

Examples of less capital intensive technologies for early stations include onsite 

electrolysis production, which has lower capital costs and high operating costs, or the use 

of mobile refuelers.  However, the inevitable underutilization of any type of early station 

makes hydrogen infrastructure startup costs high risk investments, and the potential for 

delay in the mass production of hydrogen vehicles increases this risk.  The importance of 

stakeholder coordination in reducing this risk is discussed in terms of LCH results in 

section 4.5.1, and variations in hydrogen costs among stations of different sizes and 

locations is discussed in section 4.5.2.  Examples of technological innovations capable of 

reducing upfront capital costs, such as mobile refuelers or liquid storage-based stations, 

are discussed in section 4.5.3. 
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Figure 4-26. Probability distribution of cumulative capital costs for early hydrogen 
stations (NAS-2032 scenario). 

                                                 
40 Other indirect costs not examined in the present costs analysis may be significant, such as costs 
associated with public awareness and education, technology deployment support programs, training of new 
personnel or other activities associated with the novelty of introducing a new transportation fuel.    
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Figure 4-27. Probability distributions of cumulative capital costs for each scenario. 
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4.5.1 Coordination and Timing 

Coordination of stakeholder activities, especially the successful mass production of 

hydrogen vehicles immediately after an initial threshold of hydrogen stations has been 

established, can significantly reduce risks posed to early hydrogen infrastructure 

investors.  A delay in the widespread introduction of hydrogen vehicles could extend the 

period of time during which the price of hydrogen will be much higher than the price of 

competing fuels, such as gasoline.  Figure 4-28 indicates the delay experienced in the 

NAS-2032 scenario as the aggregate LCH drops from over $10 per kg to below $4.00 per 

kg between 2015 and 2030.  The figure indicates boundaries on 30, 60 and 90 percent 

probability distribution ranges for the LCH.  This range of uncertainty is initially 

dominated by uncertain capital costs, and later by uncertain fuel costs.  After 2025, when 

most stations begin operating near maximum utilization, the LCH becomes relatively 

stable as continued reductions due to learning-by-doing and economies of scale are 

balanced by increased natural gas prices.  Beyond 2035, new and larger stations reduce 

capital costs associated with the LCH, but again these gains are balanced by increased 

natural gas prices.  Though larger stations are providing hydrogen within the $2.00-$3.00 

per kg price range, as discussed in the following section, the aggregate LCH from the 

nationwide network is between $3.00 and $4.00 per kg out to 2040. 
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Figure 4-28. Aggregate levelized cost of hydrogen for the NAS-2032 scenario.  
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Reductions in station capital costs due to innovative hydrogen production and 

delivery methods will likely improve the economics of first generation hydrogen stations, 

resulting in a delivered cost of hydrogen less than the aggregate indicated in Figure 4-28.  

Innovative refueling systems or station rollout strategies that allow for a closer match 

between installed capacity and future demand would also reduce the economic penalty 

associated with underutilization of early hydrogen stations.  However, organizational 

rather than technological innovations, enacted through government policies or business 

strategies, will be required to both encourage innovation and reduce the time lag between 

completing the initiation process and deploying large numbers of hydrogen vehicles.  The 

following two sections discuss how these types of coordination might be achieved over 

time. 

4.5.2 Managing the Early Cost of Hydrogen 

The aggregate LCH values indicated in Figure 4-28 represent the cost of hydrogen 

delivered from the entire network of early stations.  However, the LCH for small and 

remotely located stations is higher than the aggregate network LCH, due to diseconomies 

of scale and underutilization.  For example, the effect of higher capital costs per capacity 

for smaller stations is demonstrated in Figure 4-29, which shows trends in the average 

LCH from stations based upon four different sizes of onsite SMR units.41  The LCH 

values correspond to the NAS-2032 scenario, and include a backstop LCH of $2.00-$2.30 

per kg for stations connected to pipeline networks.42  The LCH from stations with mini 

and small reformers have much higher LCH values than those with medium or large 

reformers.  The average LCH, which is weighted based on the installed capacity of each 

station type, approaches the average LCH for medium and large stations as these stations 

provide a greater percentage of the total hydrogen delivered.  As indicated in Figure 4-18 

and Figure 4-19, stations with small and medium SMR production units comprise only a 

fraction of the entire hydrogen station network by 2040.   

                                                 
41 Rates of utilization are assumed to be identical for each station size over time, so variations in the cost 
reductions shown in Figure 4-29 are due to economies of scale and learning-by-doing.   
42 This backstop cost is based on large centralized production, such as a central SMR plant capable of 
producing hydrogen at $1.00 per kg and urban pipeline delivery at $1.00 per kg, with the production cost 
increasing over time with the price of natural gas. 
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Figure 4-29. Levelized cost of hydrogen for onsite SMR stations. 

 

 

To highlight the penalty associated with underutilization, a theoretical LCH 

associated with maximum utilization of installed stations is also shown in Figure 4-29.  

This maximum utilization LCH gradually converges with the average LCH by about 

2030.  This convergence is delayed slightly in the NAS-2042 and NAS-2052 scenarios, 

occurring around 2033 and 2036, respectively, and the gap between the actual and 

maximum utilization LCH is wider in the 2020 to 2030 time period. 

Discrepancies in the LCH between stations of different sizes and stations 

introduced at different time periods have important implications for expected patterns of 

investment and potential policies to encourage stakeholder engagement in the initiation 

process.  For example, high-volume stations in metropolitan areas will see more rapid 

returns on investment than those located along interstates, but both types of stations 

would be needed to assure consumer confidence.  The tendency will be for early private 

investors to focus on high-volume stations and avoid smaller stations or stations less 

likely to see consistent demand, such as those located along interstates or on the fringe of 

cities (see Figure 5-6).  Cautious investors will also tend to delay investments until after 

robust demand for hydrogen fuel has developed in a given area.  Policies encouraging 
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stakeholder engagement in the initiation process must compensate for these tendencies, 

and ensure that adequate capital investments are made to support the first generation of 

stations needed to provide a minimal level of refueling availability, especially stations 

less likely to experience high traffic volumes.   

4.5.3 Innovations in Hydrogen Network Development 
During the early development of gasoline delivery systems, between 1900 and 1920, 

innovative delivery methods emerged to provide gasoline in low volumes with low 

capital costs (see Chapter 2).  It is likely that comparable innovations will emerge to 

serve the first generations of hydrogen vehicles.  An example of a novel dispensing 

technology that is already being pursued is the mobile refueler (Air Products 2005).  

Mobile refuelers are hydrogen delivery tank trucks, capable of carrying some 100-300 kg 

of hydrogen depending on tank size and storage medium.  They are equipped with fuel 

dispensing equipment and a user-friendly interface for hydrogen vehicle drivers.  Mobile 

refuelers can be refilled from large central production facilities and driven to refueling 

sites.  This would reduce the upfront capital costs otherwise associated with onsite 

production, in exchange for additional variable costs associated with refilling and 

relocating.  Conceivably, mobile refuelers could also be refilled from onsite production 

stations within cities rather than remote central production facilities, and fleets of mobile 

refuelers could serve filling station networks to increase flexibility of supply and to adapt 

to increased demand.  Though an optimal balance may be identified between the 

economies of hydrogen production and the modularity and flexibility offered by mobile 

refuelers, the advantages of serving as buffer storage capacity and being easily relocated 

could make mobile refuelers valuable components of a hydrogen station network across 

multiple phases of development.  

 In addition to mobile refuelers, some early hydrogen stations may be stationary 

storage-based stations that receive fuel deliveries in a manner similar to gasoline stations.  

Due to the bulkiness of compressed hydrogen storage, and the high capital costs of nearly 

any type of hydrogen storage, storage-based stations would probably only be employed 

during the early phases of infrastructure developed when the average demand per station 

is low.  Storage based stations could have larger storage capacities than mobile refuelers, 
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and could employ less expensive storage systems.43  Types of storage and delivery would 

vary depending upon cost.  For example, liquid tank truck delivery would typically be the 

least cost option for refilling remote storage-based stations.  As demand at a given 

storage-based station increases, it could be augmented by adding an onsite production 

unit, or eventually connected to a local hydrogen pipeline network.  The use of storage-

based stations would add an additional degree of flexibility to urban station networks 

designed to meet increasing levels of fuel demand at least cost.     

 Both mobile refuelers and storage-based hydrogen stations could benefit from 

development of interchangeable, standardized and modular hydrogen station components, 

such as storage tanks, compressors and dispensers.  The development of smaller modular 

station components that could be added incrementally to adapt to growing local hydrogen 

demand has been proposed by researchers at Directed Technologies (Duane et al. 2002).  

Smaller and cheaper onsite hydrogen production facilities are obviously desirable during 

the early stages of hydrogen infrastructure development, but rather than being designed 

for an ideal initial station size, modular components could be designed to allow for a 

range of station sizes.  The requirement of interchangeability of components and parts 

may restrict innovation and diversification, but increased mass production and the 

flexibility of modular expansion could help reduce upfront capital costs.   

4.6 Conclusion 

The number of hydrogen stations needed to adequately satisfy refueling availability 

requirements before the proceeding with the mass production of hydrogen vehicles 

cannot be predicted with a high degree of accuracy.  However, estimates based upon 

some general criteria and simplified analyses can provide reasonable first-cut 

approximations.  Three estimation approaches have been explored, based upon: 1) 

existing populations of gasoline stations, 2) metropolitan land areas, and 3) lengths of 

principal arterial roads.  Comparison of these approaches suggests that the arterial roads 

approach provides the most consistent analysis of hydrogen station requirements.  The 

three approaches suggest that between 2,100 and 5,400 hydrogen stations would be 

                                                 
43 Storage tanks for mobile applications must meet more stringent safety requirements than stationary 
storage systems, which typically results in increased costs (Campbell 2005).  
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required to satisfy the refueling needs of early adopters, and between 5,600 and 11,000 

hydrogen stations would be required before hydrogen vehicles could begin to be mass-

produced for the general public.   

 Based on an uncertainty analysis of costs reported in the literature, the upfront 

capital costs associated with establishing this initial threshold of stations by 2015 is 

estimated to range between $3.9 and $7.2 billion, with the most likely cost being $5.1 

billion.  These capital costs include direct capital costs (i.e., equipment and site 

preparation) and indirect capital costs (i.e., overhead, architecture and engineering, 

program management, etc.).  However, additional costs may be associated with difficult 

to estimate costs, such as raising public awareness, training safety and maintenance 

personnel, or coordinating stakeholder activities.   

Though not comparable in terms of the service provided, these capital costs can 

be compared to various expenditures of a similar magnitude, such as the $130 billion in 

government funds spent on highways in 2000, or the $21 billion in government funds 

spent on airports in 2000 (Pew Center 2003).  If spread out over a five-year time period, 

these capital costs would be roughly 4-times the current budget for the DOE Hydrogen 

Fuel Initiative ($225 million in FY05) (DOE 2005).  Alternatively, these capital costs are 

approximately 1.5 times larger than the funding level allocated and proposed to address 

leaking underground storage tanks, most of which are gasoline storage tanks (the fund 

currently contains $2 billion, and $380 million was proposed per year through 2009 in an 

early version of the 2005 Energy Policy Act (Domenici 2004)).  If only a fraction of the 

total capital required for an early hydrogen infrastructure is provided by government, the 

initiation process would require roughly the same level of governmental support currently 

allocated to leaking underground storage tanks.  

Under the formulation of levelized per unit costs ($/kg) used in the present 

analysis, the cost of producing hydrogen from a nationwide network of onsite SMR 

stations would initially be excessive, beginning at over $10 per kg in 2015, and dropping 

to under $4.00 per kg by 2025.  After 2035, further cost reductions due to learning-by-

doing or increased economies of scale would be balanced by increasing natural gas 

prices, resulting in a relatively stable cost of hydrogen production of $3.00-$4.00 per kg 

out to 2040.  While larger stations will be able to provide hydrogen at less than $3.00 per 
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kg, this average network cost is higher than the DOE cost goal of $2.00-$3.00 per kg of 

delivered untaxed hydrogen (DOE 2005). 

The development of innovative hydrogen infrastructure systems, such as mobile 

refuelers, storage-based stations or modular and exchangeable station components, have 

the potential to reduce the upfront capital costs of early hydrogen station networks below 

the estimates reported in the present analysis, which assume that all early stations would 

employ onsite SMR production technology.  In addition, initial cost burdens due to 

underutilization of installed stations could be reduced by coordinating involved 

stakeholders, especially fuel providers, vehicle manufacturers, and vehicle purchasers.  

Government agencies can play an important role in bringing about this type of 

coordination to facilitate the initiation process.  It appears unlikely that the high capital 

cost barriers associated with providing a sufficient number of early hydrogen stations 

could be overcome by incremental, market-driven activities, mostly due to the sustained 

high cost of providing hydrogen during and immediately following the initiation process.  

A highly coordinated, large-scale infrastructure development process will therefore be 

required to ensure the successful introduction of hydrogen vehicles.  
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Chapter 5 
 
 

5  Governance Challenges for Early Hydrogen Infrastructure Development   
 
 

5.1 Introduction 

Developing a hydrogen infrastructure for passenger vehicles is a viable technological 

option for achieving deep and long-term reductions in carbon emissions in the 

transportation sector.  However, due to early infrastructure development challenges, 

ensuring a successful transition from petroleum to a hydrogen-based transportation sector 

will require near-term government intervention and industry commitment.  Introducing 

an alternative fuel in order to displace gasoline and diesel fuels defies the supply-push 

policy approaches to energy technology innovation that are generally considered justified 

until a technology becomes competitive in the marketplace.  Due to unique challenges 

posed by early hydrogen infrastructure development, government support for, and 

coordination of, the introduction of hydrogen must endure beyond the point of 

commercialization, and probably for a period of time measured in decades.  Recent 

projections of hydrogen vehicle deployment rates tend to underestimate the amount of 

time, stakeholder coordination, and institutional capacity-building that would be required 

to successfully initiate a large-scale hydrogen infrastructure.  This paper examines a 

number of early hydrogen infrastructure development challenges that warrant 

government intervention and guidance; examples of policy responses are provided.    

Previous analysis suggests that the establishment of a sufficient level of refueling 

availability for early hydrogen vehicle owners could be achieved by installing some 

5,400 to 9,300 hydrogen stations nationwide within a short period of time (see Chapter 

4).  This initiation process would likely occur within a regulatory environment that 

supports and guides public-private partnerships composed of multiple stakeholders, 

including fuel providers, auto manufacturers, government agencies, and public advocacy 
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groups.  A goal of public-private partnerships would be to coordinate the actions of, and 

reduce the financial and technological risks posed to, the various stakeholders involved.  

Given the linked nature of hydrogen infrastructure and vehicle technologies, the success 

or failure of these partnerships would affect all involved stakeholders, though each faces 

different types of risks.  These partnerships are likely to focus initially on specific urban 

areas and regions, and eventually expand nationwide.  A supportive regulatory 

environment would involve a variety of policy tools, such as performance-based 

incentives, market-based mechanisms and direct government subsidies or tax incentives.  

The term governance is used to refer to the combined influence of public-private 

partnership actions and the regulatory environment within which these actions are carried 

out.   

The simulation model described in Chapters 2 and 3 is relied upon to generate 

three scenarios of successful hydrogen vehicle deployment, each a derivative of the 

optimistic scenario proposed by a recent report from the National Academy of Sciences 

(2004).  Results from the scenario modeling highlight the importance of six policy 

challenges related to the early phases of developing an early hydrogen infrastructure: 1) 

establishing geographically dispersed refueling station networks, 2) managing the cost of 

hydrogen at the pump, 3) ensuring early demand for hydrogen, 4) guiding network 

expansion, 5) structuring public-private partnerships to utilize resources effectively and 

maintain stakeholder engagement, and 6) determining an appropriate scale and timing for 

the initiation process.  The first four of these challenges are discussed with reference to 

the structure and cost of early hydrogen station networks, and the last two challenges 

begin to characterize a regulatory framework that would be required to support and guide 

public-private partnerships. 

The present discussion of policy responses to support the initiation of a hydrogen 

infrastructure is speculative.  The intent is not to argue for or against hydrogen as a future 

alternative fuel, but rather to explore the types of policies that might prove useful or 

necessary if development of a hydrogen infrastructure were to rise to the top of a national 

or regional policy agenda, and if initiation were chosen the development approach.  More 

elaborate analysis would be needed to determine the potential effectiveness of specific 
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policy responses, but results of the present simulation are sufficiently detailed to provide 

insights into the types of policy issues that would have to be addressed. 

 Section 5.1.1 reviews two major drivers for change in the transportation sector: 

energy security and climate change.  Section 5.1.2 reviews past alternative fuel vehicle 

policies, demonstrating that current efforts to promote hydrogen are part of a long 

legislative history of support for alternative fuels in the United States.  Section 5.1.3 

emphasizes that hydrogen is a long-term option for addressing greenhouse gas emissions 

from the transportation sector, and is not a substitute for achieving near-term reductions 

through alternative abatement technologies, such as vehicle efficiency improvements.  

Section 5.2 places the concept of initiating hydrogen infrastructures within the context of 

a linear model of technology innovation, and highlights some of the stakeholder 

challenges that would be faced during early phases of hydrogen infrastructure 

development.  Section 5.3 reviews each of the policy challenges mentioned above, and 

section 5.4 summarizes and concludes the chapter.  

5.1.1 Transportation, Energy Security and Climate Change 

In 2002, the transportation sector accounted for 67 percent of U.S. petroleum 

consumption, and petroleum provided 97 percent of all energy consumed in the 

transportation sector, of which light duty vehicles consumed approximately 60 percent 

(Davis 2003, 1-19, 2-1).  In 2003 imports of petroleum and petroleum products accounted 

for 56 percent of U.S. petroleum consumption.  The combination of declining domestic 

production and increasing demand is expected to increase imports to between 63 and 72 

percent of petroleum consumption by 2025 (EIA 2005a).  Global consumption of 

petroleum is expected to approach 100 million barrels per day (mbd) of petroleum by 

2020, and 190 mbd by 2050 (Patterson et al. 2002; WBCSD 2001).  With approximately 

two-thirds of remaining proven petroleum reserves located in the politically unstable 

Middle East, a peak in non-Middle East petroleum production is expected no later than 

2030, and possibly before 2010 (Greene et al. 2003).   

Demand for petroleum poses significant risks to the U.S. economy.  Reliance 

upon foreign sources of petroleum has impacted the U.S. economy through price shocks 

and subsequent recessions (Greene and Tishchishyna 2000; Parry and Darmstadter 2003), 

has cost taxpayers tens of billions per year in military expenses (Davis 2003, 1-9), has 
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accounted for 25 percent of the U.S. trade deficit in 2000 (Birky et al. 2001), and has 

been declared by former senior government officials to be an underlying trend supporting 

terrorist organizations (Shultz and Woolsey 2005).  Moreover, some analysts have 

predicted that world oil production may peak as early as 2010 (Hubbertpeak 2005), 

suggesting that continued reliance on petroleum fuels could result in significant near-term 

economic penalties.  

Of the major energy sectors, the transportation sector is the fastest growing source 

of U.S. GHG emissions, and a significant fraction of this growth is due to energy use by 

light duty vehicles.  In 2003, the transportation sector produced over 1,800 million metric 

tons of carbon dioxide equivalent44 GHG emissions (EPA 2005, 42), which accounted for 

27 percent of all U.S. GHG emissions, and included 32 percent of all end-use carbon 

dioxide emissions (EPA 2005, 56).  The U.S. transportation sector produces more carbon 

dioxide than the combined carbon dioxide emissions of any single nation, with the 

exception of China (Greene and Schafer 2003).  With continued growth in total global 

GHG emissions, temperatures in the United States are expected to increase by 5-9°F on 

average over the next 100 years, resulting in a range of negative impacts on human 

health, natural ecosystems, coastal infrastructures and water resources (NAST 2000).  

The White House has downplayed the importance of climate change and has responded 

primarily by pushing for additional research and instituting voluntary GHG emission 

reduction programs, but most industrialized countries are responding to the urgency of 

climate change, as are many state and municipal governments within the United States 

(Rabe 2004; Sanders 2005).  In a letter to the journal Science, David King, a chief 

scientific advisor to Tony Blair, stated that “climate change is the most severe problem 

that we are facing today – more serious even than the threat of terrorism” (King 2004). 

5.1.2 Past Efforts to Introduce Alternative Fuels in the United States 

There is a long history of legislative support for alternative fuel vehicles in the United 

States, but these efforts have had little impact on the consumption of petroleum fuels.  

                                                 
44 Carbon dioxide equivalents are used as the basis for the heat-trapping effects of various greenhouse gases 
during their typical residency time in the atmosphere.  International protocol has established CO2 as the 
reference gas, but carbon is also used, where one carbon dioxide equivalent is equivalent to 3.67 carbon 
equivalents (44/12). 
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The Alternative Motor Fuels Act of 1988 was formulated to promote alternative fuels 

with the goal of reducing dependency on foreign petroleum and improving air quality, 

and efforts guided by this legislation were strengthened by the 1990 revisions to the 

Clean Air Act.  The most ambitious U.S. legislation on AFVs is the Energy Policy Act 

(EPACT), passed in 1992 in the wake of the first Gulf War.  With support from EPACT, 

AFVs were to displace 10 percent of projected light duty vehicle petroleum fuel 

consumption by 2000, and 30 percent by 2010.  These displacement goals would be 

achieved through the use of a range of alternative fuels, such as ethanol, methanol, 

liquefied petroleum gas, compressed natural gas, liquefied natural gas, biodiesel, and 

electricity.  The Department of Energy (DOE) was charged to monitor progress toward 

EPACT fuel displacement goals, and a series of strategies, rules and regulations were 

adopted to achieve these goals.  First, a portion of new fleet vehicles purchased by federal 

and state government agencies and alternative fuel providers were required to be 

alternative fuel vehicles.  Second, U.S. federal, state and local governments issued tax 

credits and deductions for alternative fuels and AFVs.  Third, the Clean Cities Program 

was developed to support a nationwide network of voluntary local partnerships to 

advance the use of alternative fuel vehicles (EERE 2005). 

Although there has been limited success in deploying alternative fuel vehicles, the 

end result of these policies has been attainment of only a fraction of projected petroleum 

displacement goals.  Due partly to EPACT mandates, and partly to the success of the 

Clean Cities Program, various entities – including federal agencies, state governments, 

fuel providers, private fleets and consumers – have purchased large numbers of 

alternative fuel vehicles, especially flex-fuel vehicles (FFVs) capable of running on both 

gasoline and an alternative fuel, such as ethanol or natural gas (Whalen et al. 1999).  

However, alternative fuel use has been limited because almost all of these vehicles are 

being refueled with conventional fuels.  The EPACT goal of displacing 10 percent of 

petroleum fuel by 2000 was not met, and it is apparent from recent trends that the goal of 

30 percent displacement by 2010 will also not be met (GAO 2000; Rubin and Leiby 

2000; Santini et al. 1995).  Alternative fuel use in 2002 displaced approximately 395 

million gallons of gasoline, or about 0.2 percent of total motor vehicle fuel consumption 

(EIA 2004).  When oxygenate additives such as ethanol and methyl tertiary butyl ether 
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(MTBE) are included, the total increases to about 4.2 billion gallons.  This is less than 3 

percent of total motor fuel consumption in 2002, far below the 10 percent EPACT target 

for the year 2000.   

Dedicated alternative fuel vehicles45 accounted for less than 0.5 million vehicles 

in 2002, or 0.2 percent of total registered light duty vehicles in the United States.  

However, if FFVs are included, the total number of AFVs increases to about 4.1 million.  

Many of these FFVs are ethanol-capable, and could begin using E85 during an energy 

crisis situation.46  As of early 2005, E85 was sold at approximately 200 refueling stations 

in 30 states, with the highest concentration of stations located in corn-rich Midwestern 

states (EERE 2005).  One estimate suggests that if ethanol fuel were widely available and 

affordable to all consumers with E85 capable FFVs, the U.S. could reduce petroleum use 

by over 1.5 billion gallons per year, and potentially avoid some 7.5 million tons of carbon 

dioxide emissions (Robertson and Beard 2004).  Other studies suggest that GHG 

emissions benefits from ethanol are small or non-existent (Delucchi 2003; Pimentel and 

Patzek 2005).  However, most gasoline vehicles can operate on ethanol blends of up to 10 

percent, so the absence of E85 FFVs would not preclude the displacement of gasoline 

consumption by ramping up ethanol production. 

To the extent that it has occurred, the successful sale and production of E85 and 

CNG vehicles has most likely been due to the combined result of fleet owners meeting 

EPACT mandates and auto manufacturers attaining AFV credits as a way of meeting 

corporate average fuel efficiency (CAFE) standards (Rubin and Leiby 2000).  Most 

AFVs are still unable to compete with traditionally fueled vehicles in terms of vehicle 

retail costs, and some alternative fuels, such as ethanol or biodiesel, have tended to be 

more expensive than petroleum-based fuels.  Along with limited refueling availability, 

these relative cost issues have probably played a major role in the limited deployment of 

E85 and CNG vehicles.  A failure to fully fund programs such as the Clean Cities 

program has also inhibited the deployment of AFVs and the success of the EPACT AFV 

provisions (Miller 2005).   

                                                 
45 Unlike FFVs, dedicated AFVs operate on a single alternative fuel and are incapable of operating on 
gasoline or diesel fuels. 
46 Modern E85 FFVs have one fuel system and can adjust the engine to operate on any blend of gasoline 
and ethanol, up to 85 percent ethanol. 
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In addition to the alternative fuel-focused legislation discussed above, the 

Partnership for a New Generation of Vehicles (PNGV) program, recast by the Bush 

administration as the FreedomCAR program, has also contributed to the advance of 

alternative fuel vehicle technologies.  Announced in 1993 as a cooperative R&D 

partnership between the federal government and major U.S. automakers, PNGV’s most 

widely cited goal was to develop a passenger vehicle capable of attaining three-time the 

fuel economy of standard passenger vehicles, or approximately 80 mpg.  Given the wide 

range of technologies examined through this R&D partnership, the program also 

supported research into alternative fuel vehicle technologies.  The final prototype 

vehicles delivered as a result of PNGV were diesel hybrid-electric vehicles, but 

contributions were also made to the development of fuel cell and hydrogen storage 

systems.  One of the major criticisms of the PNGV program is that it was not coupled 

with demand pull regulations encouraging the adoption of efficiency-improving 

technologies, such as more stringent CAFE standards (Lynn 2004).  Current research 

areas of the FreedomCAR program include fuel cell systems, hydrogen storage, 

electrochemical storage, lightweight materials for vehicles, electric propulsion systems 

and advanced combustion and emissions control technologies for internal combustion 

engine systems (USCAR 2005). 

On August 8th, 2005, President Bush signed the 2005 Energy Policy Act, the first 

comprehensive energy legislation passed since the 1992 Energy Policy Act.  The bill 

includes various incentives for hybrid vehicles and alternative fuel vehicles and 

infrastructure (CENR 2005).  Hydrogen and fuel cell technologies are prominently 

mentioned in many parts of the bill, which authorizes $3.7 billion over 5 years for fuel 

cell and hydrogen research, in addition to incentives for federal agencies, businesses and 

citizens to purchase fuel cell vehicles.  A 30 percent credit, up to $30,000, for the 

installaton of alternative fuel stations, including E85, biodiesel, natural gas and hydrogen 

stations, extends through the end of 2007.  In addition, there is a mandate to nearly 

double the amount of ethanol blended into gasoline, and stricter requirements to 

encourage federal employees to refuel existing FFVs with E85.  A major hydrogen 

project, authorized at $1.25 billion, is the Next Generation Nuclear Plant to be developed 

at the Idaho National Laboratory and will produce both electricity and hydrogen. 
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5.1.3 The Role of Hydrogen in Sustainable Transportation 

With the notable exception of improved catalytic converters, many recent advances in 

passenger vehicle technology have resulted in increased driving performance and vehicle 

size rather than improved efficiency (Hellman and Heavenrich 2004).  With reference to 

the Bruntland Commission’s description of sustainable development – “development that 

meets the needs of the present without compromising the ability of future generations to 

meet their own needs” – a detailed life cycle analysis concluded that contemporary 

passenger vehicles are unsustainable given current levels of nonrenewable resource 

consumption, air pollution and greenhouse gas emissions (Keoleian et al. 1997).  Fueling 

vehicles with hydrogen, whether they are fuel cell or internal combustion engine vehicles, 

can significantly reduce air pollution and greenhouse gas emissions compared to 

conventional gasoline or diesel vehicles.47  Water vapor is the primary tailpipe emission 

from hydrogen fuel cell vehicles (FCVs), and fuel cycle carbon emissions can be reduced 

significantly depending on the source of hydrogen.  If hydrogen is produced from 

renewable energy resources, such as wind power, carbon emissions are close to zero 

across the fuel cycle.  Production of hydrogen from nuclear fission reactors would also 

result in near-zero carbon emissions.48  These attributes have led some analysts (and 

enthusiasts) to identify hydrogen as the ultimate long-term fuel for vehicles (Hoffman 

2002; Schwartz and Randall 2003; Sperling and Ogden 2004).49 

In contrast to this long-term vision of a low-carbon hydrogen economy, multiple 

near-term options exist to reduce carbon emissions from the transportation sector, and 

from light duty vehicles in particular.  Options involving mode shifting, such as increased 

                                                 
47 Life cycle analysis takes into account all resource consumption and environmental impacts related to a 
service or product, such as a passenger vehicle (Keoleian et al. 1997).  The fuel cycle includes all resource 
consumption and impacts related to fuels (Wang 2002).  Life cycle analyses of passenger vehicles indicate 
that fuel use tends to dominate environmental impacts from vehicles, typically accounting for more than 90 
percent of total energy resource consumption (Keoleian et al. 1997; Sullivan et al. 1998).  While the use of 
hydrogen as a fuel could reduce fuel cycle burdens, the burdens associated with other life cycle phases, 
such as manufacturing or end-of-life management, would not necessarily be reduced.  
48 The thermal energy from nuclear reactors can be used directly to produce hydrogen in a range of 
thermochemical cycles (Yildiz and Kazimi 2005), and electricity from nuclear reactors can power 
electrolysis.  Nuclear hydrogen would be subject to the same challenges facing nuclear fission power, 
namely cost, reactor safety requirements, waste disposal and the risks of nuclear weapons proliferation. 
49 Other potentially sustainable fuels for vehicles include biofuels (typically considered to be limited by 
land area restrictions, however, see Greene, Celik, et al. 2004), synthetic fuels from coal (limited by the 
viability of carbon capture and storage strategies), and electricity (limited by battery technology for pure 
electric vehicles, but could provide a significant fraction of the energy needs for plug-in hybrid vehicles).    
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mass transit and walking or biking, have promise, but will most likely meet with limited 

success in the United States due to the entrenchment and growth of personal mobility via 

motorized vehicles (Sperling 1995, 10).50  Of the many abatement technologies available, 

hydrogen vehicles are currently a relatively expensive means of reducing GHG 

emissions.  With optimistic projections of FCV costs within the next decade ranging 

between $2500 and $4000 more than conventional gasoline vehicles (Azar et al. 2003; 

Das 2004), this technology compares poorly in terms of cost effectiveness with the wide 

range of near-term technologies available to improve the efficiency of gasoline and diesel 

vehicles (DeCicco et al. 2001; NAS 2002).  However, scenario studies suggest that even 

if these near-term technologies are adopted, increased driving intensity (vehicle miles 

traveled per year per person) could eventually counteract efficiency improvements, 

resulting in continued growth in fuel use and greenhouse gas emissions over the long-

term (Bezdek and Wendling 2005; Patterson et al. 2002).51  Eventually, a switch to low-

carbon fuels will be required to achieve deep and long-term reductions in greenhouse gas 

emissions from light duty vehicles.  

The comparison of near and long-term technological options on an equivalent 

basis is difficult, and raises issues concerning costs and policy options.  In particular, the 

discrepancy between the costs required to implement near-term vs. long-term vehicle 

technologies to reduce carbon emissions from passenger vehicles raises the issue of 

adopting economy-wide or technology-specific policy approaches.  Examples of 

economy-wide policy tools include fuel or carbon taxes, and examples of technology-

specific policies include tax incentives for hybrid vehicles or increased funding for FCV 

prototypes.  In general, economy-wide policies might be expected to pull cost-effective 

technologies that improve vehicle efficiency into the market.  However, they may not 

stimulate the technological developments necessary for the future commercialization of 

more advanced vehicle technologies, such as fuel cells or hydrogen storage.  For 

example, implementation of a significant gasoline or carbon tax (i.e., $0.25 a gallon, or 

                                                 
50 Smart growth options do exist to reduce the vehicle miles traveled by urban households and improve the 
effectiveness of mass transit, but is it unclear to what degree these can be implemented in the United States. 
51 Patterson et al. (2002) project a scenario in which oil consumption by light duty vehicle is stabilized at 
below 8 mbpd by 2050.  This scenario requires continual improvements in vehicle fuel economy, with new 
cars attaining over 70 mpg and new trucks attaining over 55 mpg by 2050.  
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$25 per tonne of CO2) might induce some consumers to purchase more fuel efficient 

vehicles (Greene 1998) but would not necessarily provide a sufficient push for auto 

makers to begin producing FCVs, or trigger the installation of a hydrogen infrastructure.   

If cost effectiveness is a primary policy goal for making light duty vehicles more 

sustainable, a range of technological options is available, and economy-wide policies 

may prove to be an effective means of promoting these options.  However, as stated by 

Sandén and Azar, “we should not only look at near-term cost-efficiency, because we 

might then become blindfolded when it comes to the more difficult, but equally important 

longer-term issues” (2005).  Ultimately, least-cost options will prove to be limited (by 

increased driving intensity, for example), and an overemphasis on cost effectiveness may 

sidetrack the development of advanced technologies that will be needed to make 

additional reductions in carbon emissions in the long-term. 

Many studies have been carried out to determine the life cycle greenhouse gas 

emissins associated with conventional and alternative fuel vehicles (Brinkman et al. 

2005; Delucchi 2003; Hekkert et al. 2005; Maclean et al. 2000; Wang 2002; Weiss et al. 

2000).  Figure 5-1 indicates well-to-wheel greenhouse gas emissions for several near and 

long-term vehicle technologies, shown in units of grams of CO2 equivalents per mile 

driven.  These values have been generated using the Argonne National Laboratory 

GREET model (ANL 2005; Wang 2002), and are more or less comparable to those found 

in other studies.52  The vehicles and fuels indicated are a small subset of the full range of 

future technological options, but are representative of FCVs operating on hydrogen 

produced from a variety of sources, and of internal combustion engine vehicles operating 

on gasoline or ethanol.   

In Figure 5-1, vehicles fueled by ethanol produced from corn are shown as being 

less carbon intensive per mile than gasoline vehicles (however, see Delucchi 2003 and 

Pimentel and Patzek 2005).  Near-term FCVs operating on hydrogen produced from 

natural gas have carbon emissions that are roughly half those from near-term gasoline 

vehicles, while those operating on hydrogen produced from average U.S. electricity are 

                                                 
52 The GREET model is preferred here due to the large number of alternative fuels assessed, the consistent 
basis of comparison, the transparency of the model and ability to compare results by changing key 
variables, and the involvement of industry representatives in the development of its underlying 
assumptions.  A downloadable version of the GREET model can be attained at: fttp://greet.anl.gov. 
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greater than those from gasoline vehicles in both the near and long-term.  Fuel cell 

vehicles operating on hydrogen produced from average California electricity (less coal 

and more natural gas and hydro power than the U.S. average) results in emissions only 

slightly less than those from gasoline vehicles.  The GHG emissions from ethanol 

vehicles, ethanol hybrid electric vehicles, and battery electric vehicles using either 

average U.S. or average California electricity are comparable to those from FCVs 

operating on hydrogen produced from natural gas.  Only the long-term ethanol hybrid 

electric vehicles (with 25 percent of ethanol assumed to be cellulosic ethanol) and the 

battery electric vehicles recharged with average California electricity (near and long-

term) produce less GHG emissions per mile than FCVs operating on hydrogen from 

natural gas.  Producing hydrogen from a non-carbon energy source, such as solar energy, 

would result in near-zero GHG emissions.  
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Figure 5-1. Life cycle greenhouse gas emissions from near and long-term vehicles.  

 

The fuel cycle GHG emissions indicated in Figure 5-1 are very dependent upon 

vehicle fuel economy assumptions.  The reductions in GHG emissions between near and 

long-term technologies are mostly due to assumptions about improved fuel economies, 
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and only partly due to improvements in fuel cycle conversion efficiencies upstream from 

the fuel pump.  Future fuel economy ratings are highly uncertain, but for the present 

discussion gasoline ICE vehicle fuel economies are assumed to increase from 22.4 mpg 

to 27.4 mpg, ethanol ICE vehicle fuel economies increase from 23.5 mpg to 29.3 mpg, 

and ethanol hybrid electric vehicle fuel economies increase from 30.8 mpg to 38.4 mpg.  

The fuel economy of FCVs is assumed to increase from 50.4 mpgge (miles per gallon of 

gasoline equivalent) to 64.4 mpgge.53  The fuel economy of battery electric vehicles 

increases from 67.2 mpgge to 95.9 mpgge.  These fuel economy ratings are the default 

values provided within the GREET model (Version 1.6), with the exception of the near-

term fuel economy of FCVs, which is not represented in the default settings.  

These comparisons highlight the fact that hydrogen production must eventually 

move beyond natural gas, towards less carbon intensive energy sources, if deep 

reductions in transportation sector GHG emissions are to be realized by implementing 

fuel cell technologies.  Moreover, given the long-term nature of hydrogen infrastructure 

development, reliance on natural gas as a primary energy source will eventually prove 

limited due to resource constraints, making natural gas a transitional source of hydrogen 

at best (Singh and Moore 2002).  

The implications of the well-to-wheel carbon emissions indicated in Figure 5-1 

can be explored through results of the scenario analysis described in Chapter 4.  Figure 

5-2 indicates changes in new vehicle market share associated with five scenarios 

spanning the 2000 to 2040 time period.  Table 5-1 offers descriptions of each scenario, 

where the More of the Same (MOTS) scenario projects conventional gasoline vehicles 

(CGVs) continuing their domination of the LDV sector while attaining modest fuel 

economy improvements, the Shift to Hybrids (STHB) scenario projects gasoline hybrid 

electric vehicles (GHEVs) attaining 50 percent market share by 2020, and the National 

Academy of Science (NAS-2032, NAS-2042 and NAS-2052) scenarios project various 

rates of hydrogen vehicle deployment based upon the optimistic scenario presented in the 

NAS report (2004). 

                                                 
53 The average fuel economy for new light duty vehicles in 2004 was 20.8 mpg, with the average new car 
having a fuel economy of 24.6 mpg and the average new light truck having a fuel economy of 17.9 mpg 
(Hellman and Heavenrich, 2004).  A review of estimated fuel cell vehicle fuel economies can be found in 
Santini et al. (2002). 
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As indicated in Figure 5-2, increasing market share for HVs (here assumed to be 

FCVs) is attained at the expense of GHEVs.  The market share for conventional gasoline 

vehicles (CGVs) is assumed to remain at 100 percent in the MOTS scenario, and is 

reduced at the same rate in each of the other scenarios.  Given that hybrid vehicles appear 

to be achieving increasing market share today, the MOTS scenario seems less likely than 

the STHB scenario, but MOTS nonetheless offers an interesting reference for comparing 

the potential of gasoline hybrid electric and hydrogen FCVs.54  The NAS scenarios are 

variations of the optimistic scenario presented in the National Academies study (NAS 

2004).  Additional details associated with these scenarios are presented in Chapter 4. 

 

Table 5-1. Vehicle deployment scenarios. (CGV: conventional gasoline vehicle; GHEV: 
gasoline hybrid electric vehicle; HV: hydrogen vehicle – i.e. fuel cell vehicle) 
Scenario Abbreviation Description
More of the Same (MOTS) Conventional gasoline vehicles (CGVs) achieve modest 

fuel economy improvements (1%/yr) and dominate the 
market throughout the time period.

Shift to Hybrids (STHB) Increasingly efficient gasoline hybrid electric vehicles 
(GHEVs) achieve 50 percent market share by 2020, 
and displace CGV sales altogether by 2035.

National Academy of 
Sciences 2032

(NAS-2032) Hydrogen vehicles (HVs) compete for market share 
with GHEVs, attaining 50 percent by 2032.

National Academy of 
Sciences 2042 

(NAS-2042) Hydrogen vehicles (HVs) compete for market share 
with GHEVs, attaining 50 percent by 2042.

National Academy of 
Sciences 2052

(NAS-2052) Hydrogen vehicles (HVs) compete for market share 
with GHEVs, attaining 50 percent by 2052.  

 

 

The greenhouse gas emissions associated with each of these scenarios are 

indicated in Figure 5-3 in units of Tg CO2 equivalent per year.55  Large reductions are 

achieved through the introduction of GHEVs in the STHB scenario, but total emissions 

stabilize by around 2050.  Additional reductions are achieved through the introduction of 

HVs in the NAS scenarios, but due to the assumption that all HVs are fueled by hydrogen 

produced from natural gas, emissions stabilize by around 2060 in the NAS-2032 scenario 
                                                 
54 It has also become apparent, with the introduction of the hybrid Lexus, that hybrid vehicle technology 
need not be employed exclusively to improve fuel economy (Cobb 2005).  
55 1 Tg = 1012 grams, or 1 million metric tons.  
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and later for the NAS-2042 and NAS-2052 scenarios.  Additional GHG emission 

reductions beyond those indicated could be achieved by producing hydrogen from low-

carbon primary energy resources.  Even with HVs beginning to gain market share as soon 

as 2015, significant reductions in GHG emissions do not result until much later, around 

2030-2040 in the NAS-2032 scenario, and not until 2050-2060 in the NAS-2042 and 

NAS-2052 scenarios.  More aggressive GHG emission reductions would require 

production of hydrogen from non-fossil energy sources, such as renewables or nuclear 

energy. 
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Figure 5-2. Stock of light duty vehicle in four scenarios (CGV = conventional gasoline 
vehicle, GHEV = gasoline hybrid-electric vehicle, HV = hydrogen vehicle). 
 

 

 

Given that delays in FCV technology development could push back hydrogen 

vehicle commercialization by a decade or two, this simulation clearly demonstrates that 

the GHG reductions (or petroleum displacement benefits) achievable through HVs should 

be considered long-term benefits.  This being said, the cautionary warnings of Sandén 



 

194 

and Azar are confirmed: by 2050 or 2060 in the STHB scenario, the benefits of hybrid 

vehicle technologies have largely been exploited, and GHG emissions from the light duty 

vehicle sector have stabilized at roughly 1990 levels.  Moreover, GHG reductions also 

level off in the NAS scenarios, due to hydrogen being produced from natural gas.  In 

addition to reductions that can be achieved via smart growth policies that reduce driving 

intensity, and increased reliance on non-personal vehicle travel modes, advanced vehicle 

technologies and less carbon-intensive fuels would have to be waiting on the shelf in 

order to achieve sustained transportation sector GHG emission reductions beyond 2050.   
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Figure 5-3. Greenhouse gas emissions for five scenarios. 

 

 

5.2 A Regulatory Framework for the Transition to Hydrogen 

Rather than focusing on when the introduction of hydrogen vehicles might or should 

occur, the present study examines policy challenges that can be anticipated during the 

early phases of hydrogen infrastructure development.  A closer examination of 
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infrastructure development barriers is required to better understand their potential to 

delay the introduction of hydrogen vehicles.  The capacity for government intervention 

and industry initiative to overcome these barriers, thereby removing a key impediment to 

the commercialization of hydrogen vehicles, can be discussed within the context of a 

linear framework of technology innovation.  It is proposed that a stakeholder engagement 

phase will precede the initiation process, and that a vehicle ramp-up phase will follow it.  

An appropriate regulatory framework supporting the initiation process would be adaptive 

to the technological changes occurring and the stakeholder needs that must be met within 

each of these early phases.   

Section 5.2.1 discusses the initiation process as a stage within a linear model of 

technological change, section 5.2.2 provides a more detailed view of stakeholder 

requirements, and section 5.2.3 reviews the potential roles of regulation and  

public-private partnerships in supporting the initiation process. 

5.2.1 A Sequential Model of Technology Innovation 
The process of technology innovation can be conceived of as a series of sequential 

phases, each requiring different types of inputs and support to bring a new technology 

closer to market readiness (Freeman 1996; Popper and Wagner 2002).  This process can 

be described in terms of three phases – research and development, demonstration, and 

deployment – and has therefore been referred to as the RD3 pipeline (PCAST 1999).  

Early conceptualizations of government support for R&D emphasized supply-push 

policies, with a greater focus by government on the R&D end of the pipeline and more 

support from industry toward the deployment end of the pipeline (Freeman 1994).  More 

recent studies have described the phases of energy technology innovation as non-linear 

and interdependent processes, involving feedback between different phases over time as a 

technology, or cluster of related technologies, progresses toward commercialization.  For 

example, technical issues encountered during demonstrations may inform or require 

additional R&D, and consumer responses during early commercialization may inspire 

additional innovations or designs.  These types of feedback are indicated as arrows in 

Figure 5-4, where a fourth buydown phase has been included (and is discussed in more 

detail below).  This non-linear or systems view of innovation emphasizes the importance 

of maintaining different types of government support and coordination throughout the 
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RD3 pipeline (Lundvall 1992; Norberg-Bohm 2002; Popper and Wagner 2002).  

Recognizing the importance of feedback between phases, the sequential model is still 

useful as reference for discussing the progression of technological innovation.   

 

 

Figure 5-4. Phases of the Research, Development, Demonstration and Deployment (RD3) 
pipeline, with depiction of an additional buydown phase.   

 

 

Government support for research and development programs has often resulted in 

significant paybacks and has been justified by economic analyses of optimal levels of 

investment.  Reflecting on the history of government supported R&D, a 1999 RAND 

report concludes that “our present fortune stems from investments made at least as early 

as the 1960s” (Popper and Wagner 2002).  Research carried out by Griliches suggests 

that at least half of the growth in per capita output can be attributed to investments in 

basic R&D (1992), but even so, Jones and Williams have estimated that actual R&D 

spending is less than one quarter of the optimal level (1997).  Despite recognition of these 

benefits, the level of industry support for R&D has often been inadequate, mostly due to 

uncertainty on the part of firms concerning returns on investment and the inability to 

control or derive benefit from knowledge spillovers.  Moreover, government and industry 

support for energy technology R&D is lacking in comparison to many other industries 

(Margolis and Kammen 1999), even though significant paybacks and public benefits 

from investments in energy technology innovation have been achieved (National 

Research Council 2001; Norberg-Bohm 2000). 

For some technologies, such as those offering public benefits not reflected in 

market transactions, sustained government support into the deployment phase can be 
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justified by taking into account the value of external costs (Delucchi 2000; Eyre 1997; 

Hörmandinger and Lucas 1996).  For example, accounting for external costs from air 

pollution or carbon emissions increases the competitiveness of technologies such as wind 

or solar power from a full social cost perspective, justifying government support or 

buydown while each technology moves toward commercialization.  In terms of the RD3 

pipeline, a buydown phase occurs between the demonstration and deployment phases, as 

indicated in Figure 5-4.  Empirical studies have revealed that the costs of new 

technologies drop over time due to learning effects or increased experience (Argote 1999; 

Wene 2000), as well as increased economies of production.  As costs decline towards 

competitive levels during this pre-commercialization period, some type of subsidy may 

be justified to ensure widespread deployment, especially if implementation of the 

technologies results in increased public benefits.  In addition to subsidization, initially 

higher costs can also be addressed by deploying technologies in niche markets where 

they are more competitive, such as the use of solar panels to provide electricity in regions 

remote from electricity transmission lines. 

As a general rule of fiscal responsibility, and especially in regard to public-private 

partnerships (discussed below), governmental financial support should not be allocated to 

projects or technologies that would be supported by industry in the absence of 

government intervention.  As stated by Stiglitz and Wallsten, “Government should not 

simply fund the best proposals it receives.  Instead, it should fund the best among those 

that could not be funded elsewhere” (1999, 60).  

Economic support mechanisms such as direct subsidies or tax incentives are not 

the only type of government support for near-commercial technologies.  Other types of 

support include education and training, portfolio requirements, publicity and information 

dissemination, and product validation or green labeling.  Historically, combinations of 

multiple supply-push and demand-pull policies have been successful in bringing valuable 

technological innovations toward market readiness.  In a comparative analysis of 

government support for a range of technologies, Norberg-Bohm (2002) concludes that 

different policy mechanisms have been useful in supporting innovation in different 

sectors, and that continued government support beyond R&D – that is, spanning 

demonstration and deployment – may be needed to assure the commercialization of many 
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promising innovations.  For example, anti-trust policy was important in supporting 

innovation in the computer and information technologies sector, while subsidies and tax 

breaks were important for innovation in the power sector.  Other policy mechanisms, 

such as intellectual property rights, research and development funding, government 

procurement and standard setting, were important for innovation in both of these sectors.  

Sandén and Azar articulate a rationale for providing government support to long-

term climate change abatement technologies that builds upon this systems perspective of 

innovation (2005).  The premise of their argument is that in order to achieve the long-

term and deep reductions in emissions needed to stabilize atmospheric GHG 

concentrations, innovation systems must be managed so that they ensure a continual 

supply of cost effective carbon abatement technologies to the marketplace.  This 

argument reframes the controversy surrounding the near-term use of limited government 

and industry funds to support hydrogen infrastructure and vehicle technologies.  The 

severity of required GHG emission reductions is such that even after currently cost 

effective or near-cost effective abatement technologies have been widely deployed, 

additional technologies will be required to bring about further reductions.  If advanced 

abatement technologies have not been adequately developed for market readiness in the 

future (i.e., some 20-30 years from the present), the costs of additional GHG emission 

reductions will be a greater burden on the economy.56  The observation that abatement 

costs will increase over time, after deployment of cost effective abatement technologies 

that are on the shelf today, has been highlighted by the International Panel on Climate 

Change report on mitigation (Metz et al. 2001).  

In the case of hydrogen vehicles, refueling infrastructure technologies must not 

only be on the shelf when hydrogen vehicles approach market readiness, they must 

already be deployed across large geographic areas in order to eliminate or minimize 

consumer concerns over refueling availability.  The capital costs required to establish this 

                                                 
56 This perspective complements that presented by Richels and Edmonds (1995), who suggest that waiting 
for more cost-effective technologies to emerge in the future, rather than opting for expensive reductions in 
the near term, can result in reduced overall costs for attaining the same total reductions in GHG emissions.  
The effectiveness of technology-specific R&D is highly uncertain, but “waiting” in and of itself is unlikely 
to prove cost effective overall without making the near-term investments needed to develop promising 
long-term abatement technologies.  This is consistent with Richels and Edmonds’ recommendation to 
identify specific (technological) pathways toward reduction goals rather than setting goals arbitrarily. 
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early infrastructure can be considered necessary inputs to the overall strategy of bringing 

hydrogen vehicles to market in time to maintain persistent and cost-effective reductions 

in transportation GHG emissions.  Due to the long-term nature of this undertaking, the 

complex array of technological options available, and the need to coordinate multiple 

stakeholders well in advance of the attainment of long-term benefits, government 

agencies must take a lead role in crafting a regulatory framework to support the initiation 

process. 

5.2.2 Initiation as a Phase in Hydrogen Infrastructure Development 
The initiation strategy is distinct from the conceptualization of a “smooth transition” to 

hydrogen fuel – in which hydrogen refueling networks, in response to market signals, 

expand in step with gradual increases in demand for hydrogen fuel.  The distinction 

between these two development patterns is portrayed in Figure 5-5, where smooth growth 

in hydrogen stations is shown as a logistic growth pattern similar to that for hydrogen 

demand, and initiation growth involves the establishment of a threshold of stations by 

2015, just before hydrogen vehicles begin to be mass-produced.  The National Petroleum 

News estimate for the total number of U.S. gasoline stations is indicated as the upper 

threshold on the total number of future hydrogen stations (see Chapter 3).  Note that the 

NAS optimistic scenario, NAS-2032, would involve a cumulative production of some 3.5 

million hydrogen vehicles by 2020, and roughly 13 million by 2025.  Given that many 

consumers may contemplate the purchase of a hydrogen vehicle for years in advance, the 

level of refueling availability offered by the smooth station growth pattern in Figure 5-5 

would not be sufficient to satisfy the millions of consumers intent on purchasing a 

hydrogen vehicle before 2020.   

Figure 5-5 indicates three distinct phases leading up to the mass production of 

hydrogen vehicles: 1) stakeholder engagement, 2) initiation, and 3) vehicle ramp-up.  The 

first stage would involve an increasing number of vehicle and refueling station 

demonstration projects, many of which may be characterized as strategic niche 

management projects fostering innovation clusters and networks of actors (Kemp et al. 

1998).  During this phase, technological uncertainty will be diminished as the number of 

potential dominant designs is reduced, in both vehicles and station configurations 

(Abernathy and Utterback 1978).  If the initiation phase is to begin by 2010, major 
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stakeholders would need to become committed to the initiation process almost 

immediately.  The stakeholder engagement phase will likely involve significant 

negotiations as partnerships and coalitions take form, development goals are identified, 

and required capital resources are secured.  These negotiations must be undertaken with 

the understanding that most stakeholders will not realize concrete benefits from hydrogen 

vehicles, such as significant revenue from fuel sales or reductions in petroleum use or 

GHG emissions, for at least a decade or more. 
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Figure 5-5. Comparison of smooth and initiation approaches to early hydrogen 
infrastructure development. 

 

 

Different stakeholders will face distinct challenges during these early phases of 

hydrogen infrastructure development.  While it may seem obvious that stations must be 

installed before vehicles can be mass-produced, both fuel providers and vehicle 

manufacturers would need to make relatively simultaneous investments in technological 

and human capital throughout the stakeholder engagement and initiation phases.  The 

process of developing new vehicles for mass production is very capital intensive, and 

very risky when there is uncertainty surrounding dominant designs, which will likely be 
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the case for early hydrogen vehicles.  Fuel providers may face lower technological risks 

by comparison, but will have higher transaction costs due to the high level of stakeholder 

coordination required during the initiation phase, especially concerning the planning of 

and investment in networks of urban refueling stations.  While the upfront capital cost of 

early station networks has been estimated at $3.9 to $7.2 billion (see Chapter 4), the 

upfront capital needed to develop new vehicle designs and mass production plants for 

hydrogen vehicles may be as much as an order of magnitude greater, depending upon the 

number of models and volume of vehicles to be produced during the ramp-up period (see 

section 5.3.3).  Therefore, successful completion of the stakeholder engagement phase 

will be contingent upon both fuel providers and vehicle manufacturers convincingly 

demonstrating that they have made the investments needed to begin producing the 

required hydrogen infrastructure and vehicle technologies.  However, the technological 

uncertainty and capital expense associated with mass-producing hydrogen vehicles, 

especially fuel cell vehicles, will be greater than that of infrastructure development, and 

therefore must be adequately addressed before finishing the engagement phase and 

beginning the initiation process. 

Two other major stakeholders – consumers and government entities – must also 

be highly engaged during each of the phases shown in Figure 5-5.  Consumer awareness 

and public acceptance of hydrogen vehicles must build throughout these phases in order 

for hydrogen vehicles to be sold successfully and in large numbers during the ramp-up 

phase.  Both government and non-government organizations (NGOs) will be engaged to 

some degree in the negotiations that form the partnerships and coalitions needed to carry 

out the initiation process.  For example, both government and NGOs will be interested in 

the safety and environmental impacts of technological choices, and government agencies 

will play a key role in establishing codes and standards, directing funds for R&D and 

demonstration projects and coordinating stakeholder interests.  While this involvement 

may be viewed by industry as inefficient or interventionist, and will increase transaction 

costs, some degree of public engagement will be required to ensure the successful 
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adoption of hydrogen-fueled vehicles.57  Industry will have much to gain by learning 

about consumer needs and concerns, and by working closely with government agencies 

to determine appropriate regulatory environments to support stakeholder efforts through 

each development phase.      

In addition to these four main stakeholders – fuel providers, vehicle 

manufacturers, government agencies and consumers – are a number of additional or 

subgroup stakeholders that will have distinct interests in, and contributions to, the 

development of a hydrogen infrastructure.  Among fuel providers, there will be primary 

energy feedstock producers, hydrogen producers, electric utilities, hydrogen storage and 

transmission companies, hydrogen and gasoline retail outlets.  Each of these will have a 

different stake in the outcome of partnership arrangements and the influence of 

supportive regulatory environments.  Among both fuel providers and vehicle 

manufacturers wil be a variety of equipment supplies, and on the consumer or non-

government organization side will be universities, private research institutions and 

private investors.  Though not all of these stakeholders would necessarily be formally 

participants in public-private partnerships, their influence on regulatory responses, 

business strategy and technological uncertainty cannot be overlooked, resulting in a 

highly complex system of stakeholder interrelationships.    

As indicated in Figure 5-5, in order to prepare for the ambitious hydrogen 

scenario presented by the National Academy of Sciences, the stakeholder engagement 

and initiation phases must be completed before 2015.  Given the high degree of 

stakeholder commitment and coordination that must be realized during both of these 

phases, this timeline seems too ambitious, at least for deployment on a national scale.  

Adhering to this strict timeline, whether because of industry initiative, market demand, or 

government mandate, could unnecessarily increase the costs of the human and 

technological capital required to establish and early hydrogen infrastructure.  Further 

analysis of the decisions and investments needed during these three phases must be 

carried out to better understand the potential merits of delaying the introduction (or ramp-

                                                 
57 Hydrogen production and handling technologies require a high degree of technical expertise, which will 
likely prove to be an effective barrier to “farmer cooperative” or “grassroots” efforts to establish (and 
control) hydrogen refueling capability.  
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up) of hydrogen vehicles.  To analyze these investments and decisions, a better 

understanding is required of the types of policy challenges that will be faced during early 

hydrogen infrastructure development.  Examples of these policy challenges and potential 

policy responses are described in section 5.3. 

5.2.3 Regulation and Public-Private Partnerships 
In his historical review of energy policies influencing each of the major fuels introduced 

since the industrial revolution (in order: coal, oil, natural gas, electricity and nuclear 

energy), Davis observes that the regulatory environments accompanying each fuel have 

varied over time, and that the types of regulations employed have been influenced by 

issues and trends dominating U.S. politics at the time each of the fuels was introduced.  

For example, fuels introduced in the 1930s, such as natural gas and hydroelectricity, were 

marked by the New Deal, and nuclear energy’s close connection to government was 

reinforced by the big-government era of the 1940s.  In contrast, the highly privatized 

nature of the coal industry is a remnant of the laissez-faire spirit of the 19th century.  

Government relations with oil companies have been molded by regulatory structures 

established during WWI and WWII to secure fuel supplies for military operations.  Davis 

concludes that all of the major fuels “show a political style influenced by the overall 

political context dominant at the time of their birth” (1993, 24).  

If this type of influence continues into the future, a regulatory framework 

supporting an initiation process would be marked by contemporary policy trends in the 

governance or regulation of stakeholders that have interests in hydrogen infrastructure 

and vehicles.  For example, the inclusion of environmental NGOs and government 

environmental agencies may draw upon recent developments in environmental policy 

(Dietz et al. 2003; Mazmanian and Kraft 1999); inclusion of utilities or regulatory 

institutions may draw upon recent trends in infrastructure provision and utility regulation 

(Mody 1996; Robinson 2004); and inclusion of automakers and oil companies may draw 

upon recent attempts to improve the regulation of these industries (Bandivadekar and 

Heywood 2004; Greene et al. 2005).  The degree to which these or other policy and 

regulation trends might influence a hydrogen infrastructure regulatory framework will 

depend upon the institutional arrangements that emerge from the stakeholder engagement 
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phase, as well as convergences between different policy trends and political windows of 

opportunity (Fiorino 1995, 10). 

Changes in policy trends and stakeholder interests cannot be anticipated with 

certainty, but aspects of at least two contemporary trends are likely to have a significant 

influence on the governance of early hydrogen infrastructure development: the 

deregulation of networked industries and the increasing reliance on public-private 

partnerships.  How regulations are used to influence an industry or company can be 

located anywhere along the spectrum from strict regulation (e.g., tight management of 

returns on investment, or technology-specific mandates) to various degrees of 

deregulation (e.g., employment of market-based mechanisms or relinquishment of price 

controls).  Moreover, the rationale for regulation can vary; it can be justified as a check 

on natural monopolies, as a substitute for competition, as a means of bolstering emerging 

industries or as a means of achieving specific social goals or safeguards (Priest, 1993).   

In the present discussion, it is proposed that an appropriate regulatory framework 

is one that recognizes the needs of different phases of early hydrogen infrastructure 

development, and gradually incorporates additional elements of competition as more 

stable demand for hydrogen fuel and hydrogen vehicles develops.  Acting within these 

“rules of the game” would be various coalitions and cooperative or joined-up institutional 

arrangements – all of which are described here as public-private partnerships that involve 

a range of stakeholders, at least one of which would be a government agency.58  The 

governance of early hydrogen development will result from the combination of public-

private actions and the regulatory environments they act within.  The history of network 

industry (de)regulation and characteristics of public-private partnerships are briefly 

reviewed below.  

During the early years of industrialization, infrastructure projects were almost 

solely funded by the private sector.  Later, government began to take control of basic 

infrastructure needs, such as roads, waterways and sanitation.  This typically occurred in 

response to some type of crisis rather than as a result of a deliberate plan (Smith 1999, 

41).  In the United States, uniquely structured utilities emerged as a form of increased 

                                                 
58 Public-private partnerships for infrastructure can vary across a spectrum of degrees of control by either 
government or industry (see Savas, 2000, 237). 
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government control and regulation, beginning as municipal franchise agreements and 

expanding into state utility commissions with Federal oversight in the 1930s.  Utility 

commissions were justified conceptually as substitutes for competition, and they 

coordinated business decisions that were considered to be “affected with the public 

interest” (Farris and Sampson 1973, 13).  Many utilities were commonly believed to be 

natural monopolies that could not be improved upon by the introduction of competition 

(Hirsh 2001, 17).  Increased control over prices, returns on investment and expansion 

decisions, as well as establishment of common power pools and shared underground 

storage for natural gas, resulted in a “cooperative” phase that dominated the evolution of 

the three major utilities (electricity, natural gas and telecommunications) after the mid 

1950s (Farris and Sampson 1973, 15).  This cooperative phase contrasts sharply with the 

subsequent trend toward deregulation, which began in the late 1970s and has influenced a 

range of network industries including airlines, natural gas, electric utilities, trucking, and 

telecommunications (Peltzman and Winston 2000).   

As an energy carrier, hydrogen is similar in many respects to electricity.  Both 

hydrogen and electricity infrastructures are capital intensive and both can be derived from 

a range of production sources.  State regulatory commissions became the dominant form 

of electric utility regulation in the early decades of the 20th century, but before the turn of 

the century, if regulated at all, electricity companies typically operated through municipal 

franchises.  The development of alternating current (AC) transformers in the 1880s 

allowed electricity to be transmitted over longer distances, and utilities in large cities 

grew into major corporations by acquiring and consolidating competitors (Hirsch 2001, 

13).  However, before these monopolies began to dominate major urban areas, 

competitive environments existed with multiple companies vying for municipal 

franchises.  Priest (1993) contends that these franchises evolved over time into complex 

regulatory structures, incorporating detailed rate structures, flexible contract 

arrangements, and boards and councils providing oversight, and for all practical purposes 

became more or less indistinguishable from state regulatory commissions.  Moreover, 

municipal franchises tended to involve long-term contracts, ranging from 10 to 50 years 

in length, and municipalities adopted various strategies to maintain influence over 
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franchise conditions, such as issuing multiple franchises and retaining provisions 

allowing municipalities to buy out utilities.    

The primary appeal of municipal electricity franchises, according to Priest, was 

the granting of rights-of-way to urban markets.  Early electric utilities were developed 

with private rather than public funds, and municipalities had little control over market 

entry; thereby having few avenues for influencing utility behavior.  However, where the 

transaction costs of dealing directly with individual customers were great, franchise 

agreements promised significant savings to private utilities.  As stated by Priest: “Where 

there is no government power to limit entry and where the savings in transaction costs 

that the government can offer to a franchisee are relatively limited, it may not be possible 

for the governmental entity to extract full monopoly profits from the potential franchisee” 

(1993, 307).  When full monopoly profits could not be extracted – that is, when prices 

were not held near average costs (Train 2001, 15) – regulation, by franchise agreement or 

commission, was considered lacking or ineffective.  Indeed, one of the major arguments 

against municipal franchises during the rise of state commissions was inefficient 

governance, in addition to legitimate claims of corruption.  While some municipalities 

succeeded in effectively regulating electric utilities, others allowed or contributed to 

significant monopoly abuses, as was the case with the New York Gas and Electric Light, 

Heat and Power Company, which in 1905 produced electricity for 3.7 cents per kWh and 

sold it to consumers for as much as 15 cents per kWh (Hirsch 2001, 20).  By 1922, state 

regulatory commissions had been established in thirty-seven of the forty-eight states 

(Priest 1993, 296).   

The regulatory “consensus” governing electric utilities, with its roots reaching 

back to the Progressive Era, is today being dismantled in the name of deregulation.  

Accompanying this trend toward deregulation (which has restructured a broad range of 

industries) has been an increased reliance on public-private partnerships, which are 

viewed as an efficient and cost effective approach to providing services to the general 

public, while simultaneously allowing government to pursue broad social goals and 

ensure the private sector adequate return on investment.  A commonly cited example of a 

large-scale public-private partnership is the Program for a New Generation of Vehicles 

(PNGV) established in 1993 (GAO 2000; Sperling 2001), in which the federal 
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government partnered with major automotive companies to develop a more efficient 

passenger vehicle.  Other examples of collaborative, technology-based public-private 

partnerships include Cooperative Research and Development Agreements (CRADAs) 

and the Manufacturing Extension Partnership (MEP) program.  CRADAs are formed 

between national laboratories and private firms in order to facilitate the 

commercialization of technologies developed within the national laboratories, while the 

MEP program is a nationwide network of not-for-profit centers that provide expertise and 

services to small and medium sized manufacturers (Stiglitz and Wallsten 1999).  While 

PNGV focused on research and development, CRADAs and the MEP program attempt to 

guide technologies towards commercialization. 

The use of public-private partnerships in technology development is an innovative 

organizational process, and generalizations about their effectiveness or proper structure 

are elusive.  In a review of the strengths and weaknesses of public-private partnerships, 

Rosenau concludes that their effectiveness varies by sector, that they tend to increase 

rather than decrease regulation, and that their greatest promise lies in addressing 

problems in which “the strengths of more than one player are required” (2000).  Mody 

states that public-private partnerships “challenge us to think of new structures that blend 

private initiative with public accountability” (1996, xxxvi). 

In the case of hydrogen infrastructure development, the structure of public-private 

partnerships will be closely linked to the regulatory environments that influence 

hydrogen development over time.  As has been the case with many previous 

infrastructure developments (Jacobson and Tarr 1996), including electricity, the 

regulation of hydrogen infrastructure development will likely move from a more 

controlled regulatory environment to one that includes greater degrees of competition.  

How competition is introduced over time, a process referred to as “unbundling,” will 

depend upon technological developments (e.g., hydrogen storage or production) and the 

relationships or partnerships formed between different stakeholders (e.g., producers and 

retailers).  Mody emphasizes that the appropriate degree and type of competition can vary 

between different industries, and that the “extent of unbundling, the exact nature of 

competition, and the objectives of regulation depend on the physical ad institutional 

characteristics of the sector” (1996, xix).     
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Unbundling can be characterized as either vertical or horizontal.  In vertical 

unbundling, a separation is made between entities providing intermediate inputs and 

those directly serving consumers.  In the electricity sector, vertical unbundling separates 

production from transmission and transmission from distribution, with each segment of 

the fuel chain owned and managed by different entities.   Horizontal unbundling, also 

referred to as “benchmark” or “yardstick” competition (Mody 1996, xxi), allows 

consumers (or other entities along the value chain) to make comparisons between two or 

more service providers.  Using, again, an example from the electricity sector, horizontal 

unbundling would include residential or commercial customers offered a choice between 

two or more electricity companies.  Vertical unbundling, if applied to a hydrogen 

infrastructure, could occur between production, transmission, storage, and retail refueling 

outlets.  Horizontal unbundling could occur, for example, between producers and storage 

facilities, between stations and tank truck delivery companies, or between producers and 

consumers.  Given these various possibilities, it is clear that robust partnerships will be 

those that adapt to (or potentially influence) unbundling as it is introduced over time. 

The large upfront capital costs of early hydrogen infrastructure development, 

combined with the necessity of ensuring adequate demand, suggests that significant 

subsidies and incentives will be required during early hydrogen infrastructure 

development stages.  This support would be similar to that provided today for new energy 

technologies and fuels associated with social benefits not reflected in the marketplace, 

such as wind turbines, solar collectors and ethanol fuel produced from corn.  The type 

and degree of subsidy, regulation and competition appropriate for an early or evolving 

hydrogen infrastructure is unclear given the great uncertainties in technology change 

(with hydrogen storage being one of the major sources of uncertainty) and the long-term 

nature of the infrastructure development process.  However, based upon the present 

analysis of hydrogen station networks, some general regulatory or policy challenges 

facing early infrastructure development can be anticipated.  These are discussed in the 

following section.      
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5.3 Policy Challenges for Initiating Hydrogen Infrastructures 

The challenges discussed below are not intended to be a comprehensive review of policy 

issues related to the introduction of hydrogen energy.  The adoption of a new automotive 

to displace petroleum-based fuels would involve a wide range of energy policy issues, 

and introducing hydrogen would likely involve more complex policy issues that most 

other alternative fuels, due to its capacity to be produced through multiple energy 

conversion processes and from multiple primary energy sources.  This diversity of 

potential conversion processes, let alone the multiple storage and transport options 

available, will likely require a multifaceted regulatory environment that overlaps the 

political domains of a variety of energy types, including natural gas, coal, nuclear, 

renewable energy and electricity.  In addition, a long term alternative transportation fuel 

must be consistent with energy policy goals concerning issues such as energy security, 

climate change, economic growth and urban air pollution. 

 Rather than attempting to convey the significance of a future hydrogen-powered 

transportation sector in reference to these broad energy policy topics, the present analysis 

discusses six policy issues that are directly related to the structure of hydrogen station 

networks, as modeled in the analyses discussed in Chapters 3 and 4.  These six policy 

issues include the following: 1) the geographic dispersion of early hydrogen refueling 

station networks, 2) the cost of hydrogen at the pump, 3) ensuring early demand for 

hydrogen, 4) guiding network expansion beyond the initiation phase, 5) strengthening the 

commitment and engagement of key stakeholders, and 6) the timing and scale of the 

initiation process.  These policy challenges are interrelated rather than isolated, and any 

policy response to one is likely to influence one or more of the others.  The first four 

challenges are directly related to the structure of hydrogen station networks, and are 

discussed in reference to the bottom-up simulation of the initiation process (Chapters 3 

and 4).  The last two challenges integrate issues from the first four, and focus on the 

effectiveness of public-private partnerships and the structure of supportive regulatory 

frameworks.  Taken together, these challenges indicate some general characteristics of 

the types of governance needed to initiate hydrogen infrastructures.   
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5.3.1 Geographic Dispersion of Network Stations 

The initiation approach to developing a hydrogen infrastructure has been explicitly 

described as having a goal of removing concerns over refueling availability for a large 

number of persons within a particular geographic area or region (Chapter 4).  Given this 

description, any public-private partnerships adopting the initiation strategy would focus 

on a specific geographic region, such as a city, interstate corridor, an entire state or some 

natural travel basin within which local or regional travel patterns are relatively well 

contained.  Two levels of network dispersion can be anticipated: 1) within urban areas, 

and 2) across geographic regions that encompass multiple urban areas.  Providing 

adequate refueling availability on each of these levels will require detailed analysis of 

issues such as existing and projected travel patterns, likely rates and patterns of demand 

growth, and energy resource availability.  Institutional capacity will be required on both 

local and regional levels to coordinate this analysis, and must draw upon resources 

available from a wide range of stakeholders, such as municipal governments, state 

agriculture agencies, local businesses, regional utilities, etc.    

An initiation process that results in seamless refueling availability across broad 

geographic regions will result in a different competitive atmosphere than that seen in 

early gasoline station networks.  The low entry cost of establishing early gasoline 

refueling outlets was a significant factor in the over-development of stations in the early 

1900s, resulting in a high degree of clustering of competing brands of gasoline at major 

intersections and along major arterials, a tendency still observed today, though to a lesser 

degree (see Chapter 3).  The entry costs for early hydrogen stations will be high in 

comparison to those for the first gasoline stations, particularly due to economies of scale 

in onsite production and high hydrogen storage costs.  Moreover, installed production or 

delivery capacity will initially be underutilized at most early stations, and rates of growth 

in demand will vary between stations.   

An option for ensuring geographic dispersion within cities is the allocation of a 

limited number of franchises within a given service area, such as a neighborhood or one 

section of a major arterial road.  Franchise agreements, which could be mandatory in 

some areas, would limit the physical proximity of early hydrogen stations in a given area 

or region, effectively suppressing competition on the basis of geographic location.  These 
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franchises (or concessions) could be allocated through a competitive process, subject to 

the quality of service provided, and could be modified over time according to changes in 

levels of demand.  As demand increases, competition on the basis of geographic location 

could be increased by awarding a larger number of franchises within a given area.  The 

allocation of franchise rights to provide infrastructure services has been proposed by 

Demsetz (1968) as a general means of introducing competition into monopoly industries.  

Moreover, in retrospect, many early municipal utilities have been described as franchise 

contracts, though they did not arise through a competitive bidding process (Priest 1993).  

If administered under appropriate conditions (Williamson 1976), franchise bidding may 

prove to be an effective means of guiding capital investments and ensuring the 

geographic dispersion of stations during the initiation process.59    

Stations located in remote or less frequently traveled areas, especially those 

located along interstates, but also some inter-city stations, will not necessarily experience 

high levels of demand, but will nonetheless be critical in maintaining the geographic 

continuity of hydrogen refueling services.  In particular, interstate highway stations, 

which are likely to have high delivery costs due to long distances and high storage costs 

due to strong seasonal demand fluctuations, will be more susceptible to the financial 

penalties of under-utilization than urban stations.  To compensate for the network 

coverage value these stations provide, which benefits higher volume stations located 

within cities, some degree of cost sharing between stations may be justified.  This cost 

sharing could occur at the outset, when initial network investments are made, or it could 

be maintained over time as a component of a network service charge.  Unlike the rural 

electrification in the 1930s, providing hydrogen in remote regions (such as along 

interstate highways) would serve not only local rural residents but also, and perhaps more 

importantly, urban residents traveling on long-distance trips.   

Another regulatory option for addressing geographic dispersion, either within or 

between cities, would be the establishment of multi-brand stations that allow different 

                                                 
59 Williamson suggests, somewhat begrudgingly, that when many qualified and noncollusive bidders 
compete to become suppliers of a monopoly service, and when franchises are awarded on the basis of 
lowest per unit price, franchise bidding may prove effective.  The instances in which these conditions are 
met, however, may be limited.  And perhaps more importantly, Williamson claims, complicating factors 
such as equipment durability, uncertainty and technological change may limit the effectiveness of bidding 
compared to alternative institutional arrangements, such as direct regulation.   
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fuel providers to compete, or share capital expenses, at individual stations.  Multi-brand 

hydrogen stations would allow multiple fuel providers to sell hydrogen through a single 

hydrogen delivery, storage and dispensing system; there would be one pump, but the 

option to purchase from multiple providers.  These stations could be established through 

cooperative agreements between stakeholders, or they could be mandated as a select 

fraction of early hydrogen stations.  Multi-brand stations were not uncommon in early 

gasoline station networks, but they were eventually abandoned as competition for market 

share between stations owned by major oil companies intensified.60  Given the capability 

for complex sales transactions through internet services, and card readers at stations 

being the norm, the potential for fuel providers to compete on services other than station 

location are ample.  As a form of both vertical and horizontal unbundling, individual 

owners of multi-brand stations could compete for customers by offering multiple 

hydrogen brands (through the same dispensers), while fuel providers could compete on 

issues such as hydrogen production and delivery costs.  Like consumer choice in 

electricity, hydrogen molecules dispensed from a particular station do not have to 

originate from equipment owned exclusively by a single company; financial 

arrangements can determine branding and the profits derived from consumer choices. 

A more dynamic relationship between outlets and fuel providers would allow 

hydrogen refueling purchases to be combined with other non-fuel services, such as 

parking permits, toll passes or airline tickets.  Alternatively, refueling credits could be 

purchased in advance through competitively structured pricing and usage arrangements, 

much like cell phone minutes are purchased today.  Multi-brand stations could also allow 

consumers the choice between different types of hydrogen purchase agreements.  The 

hydrogen delivered would meet standard purity requirements, but there could be 

variations in the source of hydrogen (fossil, wind, nuclear, local biomass, etc.) or 

bundling of hydrogen refueling with other services such as parking or insurance.  This 

variation would generate valuable feedback on consumer preferences, as well as raise 

consumer awareness of distinctions between fuel providers and the benefits (and costs) of 

hydrogen energy.  As demand in a given locality increased, multi-brand arrangements 

                                                 
60 Very early gasoline outlets did not offer any type of branded gasoline, they simply sold “gasoline” 
(Vierya, 1979). 
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could be further unbundled to allow increased spatial competition between stations, 

possibly by selling off the station to a single company (brand) while reducing the 

geographic area of the franchise contract to make space for additional stations.   

Multi-brand arrangements may be more appropriate for certain types of stations, 

such as interstate stations or those located on the fringes of urban areas.  Given that these 

types of stations would tend to be visited only infrequently by drivers who customarily 

refuel at other stations, presumably those located closer to city centers, it is not 

unreasonable to assume that multiple stakeholders (including government agencies) 

would find value in sharing the costs and risks associated with these stations. 61     

The dispersion of early station networks will result in a range of station sizes.  For 

example, Figure 5-6 portrays a simulated early hydrogen station network, in which the 

number of stations indicated is 8 percent of the actual number of stations serving 

Hartford, Connecticut, and relative station sizes are based upon existing refueling 

patterns (see Chapter 3).  The absolute station sizes are adequate to serve 13 percent of 

the total LDV fleet in Hartford, and the average station size is 100 kg per day.62  The 

stations have been dispersed to the extent that no station is closer than 3 miles from any 

other station.  The shaded areas indicate population density, with white areas having less 

than 500 persons per square mile and the darkest areas having more than 5,000 persons 

per square mile.  As indicated, only three stations would experience hydrogen demand 

greater than 200 kg per day, while 16 stations experience demand less than 100 kg per 

day.  Five stations experience less than 30 kg per day in hydrogen demand; total network 

demand would have to more than triple before justifying 100 kg/day onsite production 

capacity at these stations.  Note that these smaller stations tend to be located near the 

fringes of the city.  Due to this variation in station size, the cost of providing hydrogen 

will vary significantly between stations, especially if each employs onsite production 

technology.  Cost heterogeneity, between stations or suppliers, could be further increased 

                                                 
61 Within current urban gasoline stations networks, it is not unusual to find high volume stations on the 
fringes of cities, near interstate exchanges or large malls for example.  It may be that these types of stations 
receive a large number of customers who normally refuel at stations near work or home, which may be 
located anywhere in the city, and refuel at these fringe stations only infrequently.      
62 The hydrogen network indicated in Figure 5-6 has a maximum capacity equal to 20 percent of total fuel 
demand in Hartford, assuming that hydrogen vehicles are twice as efficient as gasoline vehicles.  Taking 
into account a 66 percent utilization factor results in 13 percent of total fuel demand.   
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Figure 5-6. Simulation of an early hydrogen station network, Hartford, Connecticut. Each station is no less than 3 miles 
from any other station.
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if multiple conversion technologies (electrolysis, biomass gasification, etc.). contributed 

to the network. 

This distribution of stations by size would influence the cost of hydrogen from 

early stations in any urban area, and therefore the cost from a nationwide network.  

Figure 5-7 indicates the levelized cost of hydrogen from different sizes of stations 

employing onsite SMR conversion units.  The costs vary due to economies of scale, and 

are reduced over time due to learning-by-doing and increased rates of utilization.  These 

costs reflect stations in a nationwide network under the NAS-2032 scenario.  The average 

cost is weighted by the installed capacity of each station type, and drops as total network 

capacity becomes dominated by large stations and stations connected to pipeline and 

centralized production systems.  Costs from mini and small stations remain 

highthroughout the time period, but these stations tend to be phased out quickly and 

replaced with larger stations as demand grows.  In urban areas where demand builds only 

gradually, these smaller stations may persist for some time. 
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Figure 5-7. Variations in the levelized cost of hydrogen for various sizes of onsite SMR 
stations in the NAS-2032 scenario (urban station costs only). 
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Given that only a fraction of early network stations will attain large economies of 

scale, there will be a natural tendency toward cream skimming on the part of early 

investors, who will naturally prefer higher volume stations.  Moreover, there may be a 

tendency toward excessive capacity installation as investors pursue economies of scale to 

establish more competitive stations.  Policy responses tailored to counteract these 

tendencies, such as network service charges based on capacity or direct incentives for 

smaller stations, would have to be based upon detailed analyses of potential and realized 

costs associated with providing hydrogen fuel from different types and sizes of stations.  

Given the degree of technological change likely to occur during the early phases of 

infrastructure development, identifying mechanisms to ensure the viability of qualified 

smaller stations located in less frequently traveled locations will prove challenging.   

 

5.3.2 Cost of Hydrogen at the Pump 
Another remarkable characteristic of the costs indicated in Figure 5-7 is that the average 

network cost of hydrogen does not stabilize until a decade or more after completion of 

the initiation phase.  Whether or not this stabilized cost will be competitive depends upon 

various uncertain factors, such as the future price of gasoline (or other competing fuels) 

and the fuel economy of future vehicles.  For example, with gasoline at $1.50 per gallon, 

and assuming a 30 mpg gasoline LDV, the equivalent hydrogen price on a per mile basis 

would be $3.25 per kg for a 65 mpgge hydrogen vehicle, or $4.00 per kg for an 80 mpgge 

hydrogen vehicle.  With gasoline at $2.50 per gallon, the projected price of gasoline by 

about 2030 in the AEO high gasoline price case (EIA 2005a), and assuming a 40 mpg 

LDV to account for improved fuel economy in gasoline vehicles by 2030, the equivalent 

hydrogen price would be $4.00 per kg for a 65 mpgge hydrogen vehicle, and $5.00 per kg 

for an 80 mpgge hydrogen vehicle.  Before the cost of hydrogen becomes competitive 

with gasoline, substantial subsidization may be required, either by government or 

industry or both.  It is currently uncertain how long this subsidy must be maintained, or 

how large it must be over time; this uncertainty must be reduced to identify effective 

policy responses to manage the cost of hydrogen at the pump.  

Determining an efficient level of government subsidy will also prove difficult 

because industry will have an incentive to reduce costs to gain market share, and may 
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therefore choose to subsidize (or cross-subsidize) the cost of hydrogen.  This behavior, 

idealized in terms of relative costs and prices over time in Figure 5-8, is not unusual for 

firms introducing novel technologies.  Costs are shown exceeding the price of hydrogen 

during the pre-commercial phase.  After costs have dropped due to increased utilization, 

economies of scale and learning-by-doing, prices are allowed to exceed costs in an 

umbrella phase, during which the losses endured during the non-competitive phase are 

recovered.  After the losses of the pre-commercial phase have been recouped, increased 

competition would result in a “shakeout” or restructuring phase, when prices drop toward 

actual costs, followed by a period of increasing returns to scale, improved efficiencies, 

further technological development and subsequent cost and price reductions.   

 

 

Figure 5-8. Relationships between price and cost across development phases (derived 
from Boston Consulting Group 1968, presented in Wene 2000). 

 

 

In contrast to this pattern of strategic pricing on the part of firms, a regulatory 

response to excessive pre-commercial costs might involve direct subsidization of fuel 

costs, after which prices would be allowed to approach costs rather than being inflated 

during an umbrella phase, thereby increasing demand.  The level of subsidy required 
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during the pre-commercial phase can be estimated as the buydown cost needed to bring a 

new technology to market (Wene 2000).  In theory, this type of government intervention 

is justified if the social benefits of commercializing the technology outweigh the level of 

subsidy needed – though in actuality these social benefits are both highly uncertain and 

sensitive to discounting practices (Ayers and Axtell 1996).  This regulatory approach can 

reduce the uncertainty and risk of the restructuring phase, but would moderate profits 

during the price umbrella phase.   

In a public-private partnership arrangement, both industry and government would 

contribute to the buydown costs associated with the early hydrogen fuel sales.  A first-cut 

estimate of the magnitude of these buydown costs can be generated based on results of 

the simulation of early hydrogen infrastructure development, and the sensitivity of these 

costs to the price of gasoline can also be examined via different gasoline price scenarios.  

The average historical retail price of gasoline since 1970 is compared to two projections 

of future gasoline prices in Figure 5-9.  The high price projection for gasoline, AEO High, 

is derived from a high world oil price scenario presented in AEO 2003 (EIA 2003)63, 

while the reference gasoline price, AEO Reference, is the standard projection indicated in 

AEO 2005 (EIA 2005a).  Also indicated are the levelized costs for hydrogen determined 

for each of the NAS scenarios, which fall to between $3 and $4 per kg of hydrogen 

between 2025 and 2040 (see Chapter 4).  All costs have been adjusted to constant year 

2005 dollars.  

The supposedly “high” cost of gasoline indicated in Figure 5-9 is almost certainly 

a low projection.  With studies suggesting that either global oil production or non-Middle 

East oil production could peak within the next 10 to 20 years (Greene et al., 2003), even a 

gradual increase to $2.75 per gallon of gasoline by 2040 seems unlikely.  The DOE 

gasoline price forecast (derived based upon projected growth in the price of oil) is relied 

upon due to the lack of a more reliable source; it is best interpreted as being 

optimistically low.  Recently, the price of oil has exceeded 65 dollars per barrel, and the 

DOE has forecast that the average gasoline price in the United States in 2006 will exceed 

$2.10 per gallon (EIA 2005b).   

                                                 
63 The growth rate of gasoline price follows that of oil, which is projected at $48/bbl by 2025. 
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Figure 5-9. Average fuel prices for hydrogen and gasoline.  Gasoline prices include a 
reference price and a high price projection (AEO 2004). 

 

 

 Fuel consumption associated with each of the simulated scenarios is indicated in 

Figure 5-10.  Combining these price and fuel consumption trends, the buydown costs, 

CBD, associated with early hydrogen infrastructure development can be calculated as the 

difference in annual fuel costs between different scenarios: 

 

( ) AEOGSTHBGNASHNASHAEOGNASGBD PQPQPQC −−−−−− ⋅−⋅+⋅= 22  

 

where QG-NAS and QH2-NAS are the volumes of gasoline and hydrogen consumed in each 

NAS scenario (NAS-2032, NAS-2042 and NAS-2052), QG-STHB is the volume of gasoline 

consumed in the STHB scenario, PG-AEO is the price of gasoline in the AEO scenario 

(either reference or high), and PH2-NAS is the average levelized cost of hydrogen 

determined for each NAS scenario.  The resulting cumulative fuel buydown costs, 

measured in billions of dollars, are indicated in Figure 5-11.  In the reference gasoline 
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price scenarios, buydown costs are never recovered, and continue to increase throughout 

the time period.  In the high gasoline price scenarios, cumulative fuel buydown costs 

increase to approximately 3.3 billion in each scenario, and are then recovered as a result 

of fuel savings, with net savings being achieved by 2025 for the NAS-2032 and 

NAS02043 scenarios, and by 2026 for the NAS-2052 scenario.  These calculations do not 

take into account discounting of future costs.  If distributed over the amount of gasoline 

consumed within a 5-year time period, assuming about 145 billion gallons per year, 3.3 

billion in buydown costs is equivalent to about $0.0045 per gallon of gasoline.  

These buydown costs and their associated breakeven years are very sensitive to 

the projected price of gasoline.  For example, the majority of the price range between the 

high and reference gasoline prices indicated Figure 5-9 results in breakeven years beyond 

2040 when considering gasoline consumption in the STHB scenario, if costs break even 

at all.  With a 10 percent reduction in the AEO high gasoline prices, the NAS-2032 and 

NAS-2042 scenarios breakeven by 2030, but buydown costs for the NAS-2052 scenario 

continue indefinitely.64  A more elaborate analysis of buydown costs would incorporate 

external costs, such as carbon emissions or air pollutants.  However, because the life 

cycle carbon emissions for gasoline and hydrogen produced from natural gas are 

relatively similar on an energy basis, significant carbon credits for hydrogen would have 

to be due to an increased fraction of low-carbon hydrogen produced either within the 

2020 to 2040 time period or at some point in the future.  Projecting the cost of hydrogen 

produced from renewables introduces an additional degree of uncertainty to the analysis, 

but would be necessary to understand the long-term competitiveness of hydrogen 

vehicles on a full social cost accounting basis. 

                                                 
64 It should be noted that the natural gas prices used to determine the hydrogen costs indicated in Figure 5-9 
are based upon the same EIA projection as the reference gasoline price projection.  To the degree that 
natural gas and oil price will be linked in the future, the high gasoline price scenario should be compared to 
hydrogen produced from more expensive natural gas for a more rigorous comparison. 
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Figure 5-10. Fuel consumption for MOTS, STHB and NAS scenarios. (GV = Gasoline 
vehicles, HV = hydrogen vehicles) 
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Figure 5-11. Cumulative buydown costs for each NAS scenario in reference to gasoline 
consumption in the STHB Scenario.  High and reference costs of gasoline are indicated. 

 



 

 222

5.3.3 Ensuring Early Demand 

As discussed in the previous section, the cost of hydrogen over time will be heavily 

dependent upon economies of scale in production and increasing capacity utilization.  

The deployment of a large number of stations based upon small-scale onsite production 

technologies does appear to be an effective approach to reducing upfront capital costs, as 

has been highlighted by static techno-economic analyses of early hydrogen infrastructure 

technologies (Ogden 2002; Thomas et al. 1997).  However, if a significant lag period 

occurs between installing stations and deploying vehicles, even small upfront costs (for 

example, $0.5 to $1.5 million per small onsite SMR station) can become major financial 

burden to investors.  And even if fuel providers and auto manufacturers do coordinate the 

timing of infrastructure and vehicle rollout rates, hydrogen vehicles must be 

competitively priced to be successfully deployed in the large numbers needed to ensure 

adequate fuel demand. 

Two approaches to firming up early hydrogen demand are niche market formation 

strategies and subsidies or tax incentives for early hydrogen vehicle purchasers (or 

manufacturers).  The niche market approach is an integral aspect of the Clean Cities 

program, in which coalitions of local stakeholders encourage interaction between fleet 

managers and fuel providers to coordinate the acquisition of both vehicles and refueling 

infrastructure.  The fostering of niche markets as a general strategy for technological 

innovation has been elaborated upon by Kemp and Hoogma (Kemp et al. 1998) as an 

essential step in shifting technological trajectories toward a more sustainable design 

regime.  Though there are many advantages to deploying early hydrogen vehicles within 

fleets, such as regular driving patterns and a tendency to refuel at central locations, a 

closer examination of fleets and fleet manager behavior uncovers several obstacles.  For 

example, there appears to be a trend away from central refueling, few fleet vehicles refuel 

exclusively at central refueling facilities when they do exist, and many fleet managers 

rely on past experience and established relationships with dealers rather than detailed cost 

analysis when purchasing new vehicles (Nesbitt and Sperling 1998). 

 The strategy of subsidizing the cost of early hydrogen vehicles to consumers is 

similar in some respects to the strategy of fuel subsidies (see Figure 5-8), in that the 

additional cost of hydrogen vehicles may be shared to some degree by both industry and 
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government, and may be partially passed on to hydrogen vehicle enthusiasts.65  If large 

numbers of hydrogen vehicles are to be deployed, costs to consumers must be 

competitive with (if not lower than) the cost of owning and operating gasoline or diesel 

vehicles, or hydrogen vehicle must offer appealing attributes not offered by other 

vehicles.  Options for adding exclusive value to hydrogen FCVs have been proposed, 

such as vehicle-to-grid power or additional onboard accessories (Kurani et al. 2003), but 

it is not clear to what degree these attributes may compensate for the additional cost of 

producing FCVs.  

The potential buydown costs associated with hydrogen vehicles are on a similar 

order of magnitude as total hydrogen infrastructure capital costs.  A simplified 

representation of the scale of buydown costs that might be associated with gasoline 

hybrid-electric vehicles (GHEVs) and hydrogen FCVs is presented in Table 5-2.  The 

average incremental cost of GHEVs over the 2005 to 2030 time period is assumed to 

range from $500 to $1,500 per vehicle (see Das 2004; Johansson and Åhman 2002).  By 

comparison, the average incremental cost of HFCVs is assumed to be three times greater, 

ranging from $1,500 to $4,500 per vehicle.  In the NAS-2032 scenario, some 145 million 

GHEVs are deployed between 2005 and 2030, compared to 39 million HFCVs.  The 

NAS-2042 and NAS-2052 scenarios deploy roughly half as many HFCVs during this 

time period, and a corresponding larger number of GHEVs.  The combined buydown 

costs for these vehicles in the time period indicated are measured in hundreds of billions 

of dollars.   

 

Table 5-2. First-cut approximations of buydown costs associated with the deployment of 
gasoline hybrid-electric and hydrogen fuel cell vehicles, with comparison to hydrogen 
infrastructure capital costs. 

Gasoline Hybrid-Electric $500 - $1,500 $72 - $217 $79 - $238 $81 - $244
Hydrogen Fuel Cell $1,500 - $4,500 $58 - $175 $32 - $97 $26 - $77
Combined $131 - $392 $112 - $335 $107 - $321
H2 Infrastructure Capital $137 - $222 $86 - $134 $72 - $111

Cost Type (2000-2030)
Cost per Vehicle $ billions $ billions $ billions

NAS-2032 NAS 2042 NAS 2052Average Incremental

 

                                                 
65 For example, some early generations of limited production fuel cell vehicles could be sold as luxury 
vehicles. 
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These vehicle buydown costs are rough estimates, but they probably capture most 

of the range of uncertainty surrounding the future costs of these advanced vehicles.  It is 

not clear how these buydown costs might best be distributed between government, 

industry and consumers, and future costs beyond 2030, including fuel costs, would need 

to be taken into account to make a direct comparison between technological options.  

However, these rough estimates are at least somewhat interesting.  For example, in each 

scenario, the buydown costs associated with vehicles are comparable to the total capital 

costs required to establish a hydrogen infrastructure.  From a government perspective, 

this suggests that the cost of providing long-term subsidies sufficient to “force” the 

dominance of hybrid-electric and fuel cell vehicles over conventional vehicles is 

probably greater than costs required for complete indemnification of the first 25 years of 

hydrogen infrastructure development.66  Moreover, these costs are coupled in terms of 

vehicle efficiency: if hydrogen fuel cell vehicles (or their platforms67) are designed to be 

more efficient, the capital costs of supporting fuel infrastructure will be reduced.  An 

integrated policy approach would therefore take near-term vehicle efficiency 

improvements into account in determining the long-term costs of hydrogen vehicles and 

infrastructure. 

5.3.4 Guiding Network Expansion 
Assuming that demand for hydrogen vehicles begins to grow after completion of the 

initiation process, a policy dilemma is faced in determining how networks of hydrogen 

stations should then expand in response to increased demand.  This issue is especially 

complicated if the initiation process is completed through public-private partnerships, in 

which financial risks and technological decision making have been distributed across 

multiple stakeholders.  An argument can be made that immediately following the 

initiation phase, which will probably require a controlled economic environment, any 
                                                 
66 This discussion assumes that risks posed to vehicle manufacturers are associated with only incremental 
costs, but this will not necessarily be the case, and will depend upon the novelty of hydrogen vehicle 
designs (see Burns et al. 2002).   
67 If vehicle gliders (components other than the drivetrain) begin to be designed for increased efficiency, 
drivetrain power requirements will be reduced, thereby reducing fuel cell stack and hydrogen storage costs 
and sizes.  These types of non-drivetrain improvements, especially mass reduction but also aerodynamic 
drag and tire rolling resistance reduction, can begin to be introduced into the LDV fleet well before the 
introduction of FCVs.  For the potential for vehicle efficiency to reduce hydrogen storage requirements, see 
James et al. (1999).  For the effects of mass on vehicle safety, see Wenzel and Ross (2005).   
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additional expansion should be subject to market risks.  However, additional investments 

in one part of an urban network will likely draw demand away from other parts of the 

network, reducing anticipated returns on investment for those choosing not to expand.  

And latecomers to a hydrogen network may employ more efficient and larger-scale 

production methods or delivery volumes, resulting in reduced unit costs.  For example, 

once fuel demand begins to exceed the capacity provided by the first generation of 

hydrogen stations, entities such as refineries or chemical plants may choose to 

reconfigure existing systems, at low incremental cost, to increase production of surplus 

hydrogen.  The same behavior could be exhibited by electric utilities – or, for that matter, 

any firm willing to invest in hydrogen production capacity for the sake of gaining market 

share – at the expense of early investors who endured the high risks of the initiation 

process. 

The capacity to realize decreasing average costs with increased output typifies 

many natural monopolies, and will likely be found in expanding hydrogen networks as 

well, due to increasing economies of scale and utilization rates, spillover effects, 

learning-by-doing and technological refinements.68  The risk of future price wars could 

therefore be a deterrent to stakeholders engaging in the initiation process, who will justify 

their decisions to engage based upon some level of anticipated market share and return on 

investment in a more robust future market.  If these returns cannot be ensured with some 

degree of certainty, investors may prove reluctant to come to the table during the 

stakeholder coordination and initiation phases.   

On the other hand, ensuring adequate returns on investment or market share for 

early investors may stifle technological innovation and reduce quality of service.  

Moreover, stakeholder negotiations leading up to the initiation process could potentially 

be captured by the investors themselves, as was the case with municipal electric utilities 

in the early 1900s (Jarrell 1978).  To navigate successfully between these two 

possibilities – excessive risks posed to early investors by price-cutting latecomers and 

excessive returns on investments or market share retention by early investors – some type 

                                                 
68 At some point, several factors may begin to counteract these reductions in average costs, such as rising 
natural gas prices, portfolio requirements for renewable hydrogen, or increased taxes on hydrogen to 
compensate for lost tax revenue from reduced gasoline sales (if other sources of tax revenue are not 
pursued instead).  
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of competition, market-based mechanisms or regulation must be established to guide 

network expansion beyond the initiation phase.  This system must be established during 

the stakeholder engagement phase, must span the initiation process, and must anticipate 

likely stakeholder responses to increased hydrogen demand during the vehicle ramp-up 

phase.  Furthermore, these competitive mechanisms must be responsive to, and 

anticipate, at least to some degree, changes in technology development across multiple 

hydrogen infrastructure components and vehicle technologies.  

Some synergies may be achieved by integrating policy responses that ensure early 

demand (section 5.3.3) and guide network expansion.  For example, during the period of 

low demand immediately following the initiation phase, and prior to the vehicle ramp-up 

phase, one challenge will be maintaining quality service in the absence of substantial 

market demand.  A performance-based standard could be useful here: credits or 

allowances for network expansion could serve as an incentive to fuel providers and 

station owners to maintain quality service and suppress operation costs.  One approach to 

monitoring performance could be via fleets of government and commercial hydrogen 

vehicles, acting as surrogates for a diverse consumer base and providing feedback on 

station and network performance.  This type of feedback would be especially important 

for urban areas in which either the initiation phase has stalled or sufficient demand does 

not develop quickly.  Given that significant growth in demand for hydrogen will not 

occur for several years after completion of the initiation phase, stakeholders will have 

great incentive to maintain or acquire long-term contracts or franchises, and these 

agreements could be made contingent upon meeting various performance criteria prior to 

the vehicle ramp-up phase.  

5.3.5 Partnerships and Stakeholder Engagement 
Efforts to engage key stakeholders in the initiation process will be difficult for the various 

reasons discussed in section 5.2.  Each stakeholder may stand to gain from the 

introduction of hydrogen vehicles, but a lack of engagement on the part of any individual 

stakeholder could increase risks posed to other stakeholders, making the initiation process 

a collective action problem.  Public-private partnerships are one approach to managing 

these risks and reinforcing stakeholder engagement.  Public-private partnerships are not 

silver bullets in terms of organization form, as they must be structured appropriately to 
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address any specific problem or goal.  To be effective, these partnerships must: 1) have 

long-term goals, some of which must span each of the early hydrogen infrastructure 

development phases, 2) be responsive to a regulatory environment that encourages 

efficient use of resources through competitive mechanisms, and 3) address issues of 

accountability and non participation.    

Public-private partnerships facilitating the initiation of a hydrogen infrastructure 

are likely to be more effective if all involved stakeholders are allowed to pursue their 

own interests within their own areas of expertise in a coordinated manner, with each 

stakeholder providing capabilities and resources that complement the efforts of other 

stakeholders.  For example, strengths of stakeholders in the public sector include their 

ability to develop and enforce standards, the capacity to ensure transparency and raise 

public awareness, and a dedication to social responsibility and environmental 

stewardship.  Strengths of the private sector include a high capacity for technological 

innovation, managerial efficiency, and adaptability to changing market (and policy) 

conditions.  In theory, partnerships that have identified common ground that is 

sufficiently attractive to engage each stakeholder in a high level of commitment should 

be capable of coordinating expertise and resources toward common goals.  As suggested 

by the discussion of infrastructure development phases in section 5.2.2, some of these 

goals will necessarily be long-term.      

Some of the general goals public-private partnerships are likely to adopt include 

reducing risks posed to each stakeholder, increasing levels of commitment from each 

stakeholder, and characterizing technological options and economic incentives that 

balance both public and private interests.  How these goals are to be pursued will 

determine the structure or “rules of play” governing how stakeholders interact within 

partnerships, and would likely be determined through an extended negotiation process.  

Whether conceived of as substitutes for competition, incubators for future technologies, 

or safety nets for future generations, these partnerships will probably take shape 

gradually and with great effort, requiring extensive communication and negotiation 

among all involved parties.    

If a main goal of these partnerships is to reduce stakeholder exposure to 

technological risks, they must be supported by (rather than struggle against) policies and 



 

 228

regulations put in place to move the light duty vehicle sector toward a more efficient and 

less carbon-intensive state.  As demonstrated by Norberg-Bohm (2002) and Alic (1999), 

a variety of policy mechanisms can be adopted on local, state or federal levels of 

government to influence technological innovations at different stages of the innovation 

process.  A challenge faced by legislators will be identifying regulatory frameworks that 

efficiently guide public-private partnerships toward policy goals, without generating the 

types of excesses and abuses described in section 5.3.4.  Partnerships without a 

sufficiently supportive regulatory environment will struggle and be more likely to fail, 

while supportive regulatory environments – such as those valuing the social benefits of 

reduced oil dependence and carbon emissions – would provide incentives for partnerships 

to improve their effectiveness and achieve performance goals.69  It has been observed that 

past efforts to promote alternative fuel vehicles have failed in part because the broader 

U.S. policy environment has not valued the attributes of alternative fuels (McNutt and 

Rogers 2004, 179).  It is unlikely that public-private partnerships focused on long-term 

hydrogen infrastructure development and hydrogen vehicle deployment will succeed if 

this policy environment persists.   

It should be noted, however, that some hydrogen partnerships have already taken 

shape, and though they do not have goals as ambitious at an initiation process, they are 

making progress in gathering stakeholders, supporting demonstraton projects and raising 

public awareness (CFCP 2005, FEO 2005, LHP 2005).  

The ability to bring a diverse group of stakeholders into a state of high 

commitment will ultimately depend upon the consequences of non-participation or 

stakeholder retreat from agreed upon commitments.  Rosenau, in the context of 

partnerships within the health care industry, discusses the issue of accountability as a 

central feature of public-private partnerships, and states that ultimately it is government 

that is accountable if the goals of the partnership are not attained (1999).  The issues of 

accountability and disengagement from a partnership will be significantly influenced by 

the regulatory environment established through legislation that either supports hydrogen 

                                                 
69 An example of the complementary tension that can form between regulators and the regulated is 
described by Dubin and Narvarro (1982) in their study of the effects of regulatory environments on the cost 
of capital to utilities.  The authors conclude that stringent constraints on returns on investment can increase 
the cost of capital to utilities, resulting in both higher costs to customers and poorer quality of service.  
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technologies or penalizes established competitors (e.g., taxing petroleum fuels or capping 

carbon emissions).  If a stakeholder’s alternative to partnership engagement does not 

remain less attractive than participation throughout the early phases of infrastructure 

development, the stability and effectiveness of the partnership will be threatened.  In 

summary, to maintain stakeholder engagement, partnerships must be both supported by 

and adaptive to changes in the regulatory environment, and must persist as an effective 

means of attaining the shared goals of all involved stakeholders. 

5.3.6 Timing and Scale 
The estimation methods discussed in Chapter 4 suggest that the nationwide installation of 

some 7600 urban and 1600 interstate stations would provide a sufficient level of refueling 

availability for most early vehicle purchasers in the United States.  In the simulation of 

infrastructure growth, it is assumed that these stations are established nationwide and 

within a five-year time period.  A more probable realization of the initiation process 

would involve a series of initiations occurring on the urban area and regional scale, as 

indicated schematically in Figure 5-12, which compares initiation on a nationwide level 

(top) with a series of initiation processes occurring within cities (dotted lines) and regions 

(solid lines).  The threshold number of stations needed in an urban area could be 

established within a short time period, and clusters of cities within regions could 

coordinate efforts to provide inter-city refueling availability as well as determine the 

timing of initiation of individual cities.  As suggested in the figure, some urban areas and 

regions will undertake the initiation process sooner than others.  It is likely that the ramp-

up of vehicles and hydrogen demand would be slower in this urban area and region-

specific approach than if initiation were undertaken on a nationwide scale.  

A regulatory framework on a state or federal level would take into account 

variations in the rates at which different urban areas, regions and partnerships prepare for 

and carry out the initiation process.  Due to the importance of network dispersion on a 

regional scale, an efficient regulatory structure might encourage cities within different 

regions to undertake the initiation process in close succession.  Conceivably, government 

support for initiation processes within cities and regions could be contingent upon 

meeting certain goals or criteria, such as efforts to address air quality, perceived market 

viability of hydrogen vehicles, or the success of previously supported demonstration 
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projects and outreach programs.  Requiring that cities or regions meet established criteria 

could improve the efficiency with which resources are distributed.  The timing of the 

initiation process would therefore be dependent upon when established criteria are met. 

 

Figure 5-12. Schematic of nationwide and urban area initiations. 

 

 

Urban areas are a reasonable focus for the initiation process, but development on 

a larger scale will also be required to develop demand for vehicles.  Many vehicle owners 

in urban areas are likely to make trips by personal vehicle to other nearby urban areas, 

some on a routine basis.   In addition, to establish what have been identified as innovation 

clusters (Doloreux 2002), relatively large markets and networks of actors (maintenance 

staff, outreach personnel, sales persons, etc.) must be engaged in hydrogen infrastructure 

development.  Expanding development efforts beyond the municipal level will 

complicate stakeholder interactions, but will be required to ensure large vehicle markets.  

In addition, it has been predicted that future urban areas will cross multiple state 

boundaries.  This is demonstrated by future “megapolitan” regions identified by Lang and 

Dhavale (Lang and Dhavale 2005) and indicated in Figure 5-13.  Most of these regions 
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are spread across more than one state, and each is projected to contain at least 10 million 

persons by 2040, which would be a significant market for even limited production 

vehicles (i.e., less than 100,000 units per year).  Governance on larger scales (i.e., one or 

more states) will also be important in planning for regional hydrogen production and 

delivery infrastructure, such as central production facilities and transmission pipelines. 

 

 

Figure 5-13. Proposed megapolitan regions, with interstates (Lang and Dhavale, 2005)  

 

 

The ambitious hydrogen scenario described by the National Academy of Science 

study (2004), portrayed in Figure 2-1, is contingent upon various technological 

achievements, including reduced fuel cell system costs and hydrogen storage technology 

improvements.  The initiation process, and probably any strategy to introduce hydrogen 

vehicles, would also be contingent upon these developments.  However, even if these 

hydrogen-specific technological goals are met, various macro-scale issues could delay or 

further complicate a transition to hydrogen vehicles.  Examples of technological and 

socio-economic trends that could influence the timing of the introduction of hydrogen 
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vehicles (and infrastructure) are indicated in Table 5-3.   It is difficult, if not impossible, 

to predict the outcome of future causal relationships within a techno-economic systems as 

complex as the introduction of a new alternative fuel.  However, it is possible to 

speculate upon the general influence of broadly defined trends, assuming all other factors 

remain unchanged, and identify some particular circumstances under which exceptions to 

these influences may emerge.  Each trend in Table 5-3, indicated as accelerating and/or 

decelerating the introduction of hydrogen vehicles, is discussed in more detail below. 

Five of the macro-trends are technological and concern improvements in future 

vehicle or vehicle fuel technologies.  All other factors remaining relatively unchanged 

(i.e. no breakthroughs in ethanol or battery technologies), advanced in hydrogen storage 

or fuel cell system costs would tend to push forward the introduction of hydrogen 

vehicles.  Moreover, advances in hydrogen storage could facilitate both vehicle design 

and infrastructure development efforts.  Improvements in the efficiency and/or cost of 

hydrogen production would make hydrogen more competitive with both conventional and 

alternative fuels, thereby tending to accelerate the introduction of hydrogen vehicles. 

Alternatively, if advances in ethanol production are achieved, such as development of 

low-cost and efficient cellulosic ethanol production, ethanol vehicles may tend to 

dominate alternative fuel vehicle markets, effectively suppressing demand for hydrogen 

vehicles and therefore delaying the initiation of a hydrogen infrastructure.  (Conceivably, 

the success of a single alternative fuel could shift consumer demand away from gasoline 

and diesel vehicles in general, resulting in an increased demand for alternative fuel 

vehicles of any type, but this seems less likely than increased competitive among 

different alternative fuels.)  A similar influence may result from advances in battery 

technology (extending the range and reducing the cost of battery electric or plug-in 

hybrid vehicles), however, battery technology advances could also facilitate the 

development of hybrid fuel cell vehicles, thereby accelerating the introduction of 

hydrogen fuel cell vehicles.  Market segmentation will be an important consideration in 

determining the influence of any particular technological advance.  For example, due to 

infrastructure constraints, early battery electric and hydrogen vehicles are more likely to 

succeed in urban areas, while ethanol vehicles may find more support in rural areas or 

regions rich in biomass resources.  
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The remaining three macro-level trends indicated in Table 5-3 are socio-economic 

in nature.  The first trend, and the one most likely to be included as a variable in techno-

economic projections of future scenarios, is the price of oil.  In general, a sustained 

higher price of oil will tend to improve the competitiveness of alternative fuels.  In 

addition, supply disruptions, such as those experienced during the first energy crisis, 

could also shift consumer choice towards alternative fuels.  However, all other factors 

remaining the same, it is not certain that an increased preference for alternative fuels will 

benefit hydrogen vehicles, and this trend is therefore shown as capable of either 

accelerating or decelerating the introduction of hydrogen vehicles.  For example, higher 

oil prices may result in the development (and eventual entrenchment) of synthetic liquid 

fuels produced from coal or tar sands, which could prove to be more competitive in the 

marketplace than hydrogen fuel, especially in the absence of restraints on carbon 

emissions (see Hirsch et al. 2005).  The second socio-economic trend, an increased 

preference for “green” vehicles among consumers (which could occur due to a variety of 

factors, including higher gasoline prices or increased media attention, for example), could 

also either accelerate or decelerate the introduction of hydrogen vehicles.  One scenario 

in which this trend could work against hydrogen is an emphasis on production from 

natural gas or nuclear power, rather than renewables, resulting in a coalescing of the 

“black” hydrogen stigma in the public consciousness (for example, see: http://www. 

greenhydrogencoalition.org). 

 

Table 5-3. Examples of macro-level trends influencing the timing of hydrogen vehicle 
introduction. 

Accelerate Decelerate
Technological
Improvements in hydrogen storage X
Fuel cell system cost reductions X
Increased efficiency/cost H2 production X
Improvements in ethanol production X
Improvements in battery technology X X
Socio-economic
Sustained high price of oil (or disruption) X X
Greening of consumer choice X X
Climate change policy or carbon tax X

Macro-Level Trend Influence on Timing of H2 Introduction
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 The third macro-level trend, institution of a climate change policy or carbon tax, 

would tend to favor the introduction of hydrogen vehicles.  However, this influence 

would be contingent upon the carbon intensity of competing alternatives, such as the 

source of synthetic fuels or ethanol production methods.  If alternatives to hydrogen 

vehicles are favorable in terms of carbon intensity – a distinct possibility if hydrogen is 

predominantly produced from natural gas or other fossil sources, in the absence of carbon 

sequestration – a climate policy or carbon tax would offer these fuels or vehicles an 

advantage over hydrogen vehicles.     

5.4 Summary and Conclusions 

Energy use within the transportation sector is central to the issues of energy security and 

greenhouse gas emissions.  Growth trends suggest that the relative contribution of the 

transportation sector to both of these problems will increase over time.  Despite a long 

history of legislative support for alternative fuel vehicles in the United States, petroleum-

based fuels continue to dominate the transportation sector, accounting for approximately 

97 percent of transportation energy use (Davis 2003).  The introduction of hydrogen as an 

alternative fuel can reduce petroleum consumption and greenhouse gases, but significant 

reductions would only begin to be achieved in the long-term, no sooner than 2030 based 

upon optimistic analyses (NAS 2004).  In the meantime, a wide range of technologies is 

available to cost effectively improve light duty vehicle fuel economy; these include 

vehicle light-weighting, engine efficiency improvements and hybrid drivetrain 

configurations (DeCicco et al. 2001; NAS 2002).  Moreover, other alternative fuels, such 

as ethanol, biodiesel, electricity and natural gas, while ultimately limited due to issues 

such as vehicle range or resource limitations, can also make near-term contributions to 

reductions in petroleum consumption and greenhouse gas emissions.   

Despite the potential of these near-term technological options, achieving deep 

long-term reductions in greenhouse gas emissions and petroleum consumption will 

require a transition to a versatile alternative fuel that can be produced from sustainable 

energy resources.  Hydrogen may prove to be this sustainable transportation fuel 

(Sperling and Ogden 2004).  Fuel cell vehicles may not be ready for mass production 

until 2015 or 2025, but given the long lead times and policy challenges associated with a 
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hydrogen refueling infrastructure, a concerted infrastructure development effort would 

have to begin within the next few years if FCVs are to be deployed in large volumes (i.e., 

millions per year) within this time frame.  Efforts to establish a refueling infrastructure 

for hydrogen vehicles must therefore begin to build in momentum at the same time that 

light duty vehicle fuel economies are improved and that other alternative fuels are 

promoted for certain markets.70 

 The initiation of a hydrogen infrastructure can be conceived of as involving three 

phases of development: stakeholder engagement, initiation, and a vehicle ramp-up phase.  

Involved stakeholders, such as fuel providers, auto manufacturers, government agencies 

and public advocacy groups, will face different challenges during each of these phases.  

A regulatory framework supporting the transition to hydrogen vehicles must support 

stakeholder partnerships and coalitions through each of these phases, and will therefore 

need to anticipate future stakeholder decisions and establish long-term (i.e., 10-20 years)  

technology and infrastructure development goals.  Because early hydrogen infrastructure 

development is a collective action problem, it is likely that public-private partnerships 

will be formed with goals of reducing risks posed to involved stakeholders by 

coordinating decisions and investments.  In addition, these partnerships are likely to focus 

on specific urban areas or regions to carry out the initiation process. 

 Four policy challenges have been identified with regard to the structure of early 

networks of hydrogen stations, and two integrated policy responses ha been proposed 

concerning public-private partnerships and the timing and scale of initiation.  The first 

challenge concerns the dispersion of hydrogen station networks across large geographic 

areas, such as cities or regions encompassing multiple cities.  Analysis suggests that early 

stations within an urban area will vary significantly in size, with the result that some 

stations will be able to achieve greater economies of scale than others.  However, all of 

the stations in a minimal network would contribute to maintaining continuity of refueling 

service across a given area, and all stations are therefore mutually supportive to some 

degree.  It is proposed that the competitive allocation of franchises with distinct territories 

                                                 
70 Ethanol and biodiesel fuels are unique among alternative fuels in that, unlike electricity or natural gas, 
they require relatively minor changes in vehicle and refueling infrastructure technologies, mostly due to 
their ability to be introduced as blends with conventional fuels.  This makes ethanol attractive in 
Midwestern states, due to supply, and biodiesel for large vehicles, due to emissions improvements.  
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may prove to be an effective approach to ensuring the geographic dispersion of hydrogen 

station networks.  Another option could be establishing some fraction of network stations 

as multi-brand stations at which fuel providers are allowed to compete side-by-side, 

rather than competing on the basis of location through multiple stations. 

The second challenge concerns management of the cost of hydrogen at the pump, 

which will not only vary between stations but will likely remain high during the vehicle 

ramp-up period due to the underutilization of early stations.  Unit costs will drop as the 

infrastructure becomes more fully utilized; and as networks expand to meet growing 

demand, learning effects and technological advances will reduce unit costs even further.  

Direct subsidies by government, cross-subsidies by industry, cost sharing between 

stations, and other types of financial support will be required during the vehicle ramp-up 

period.  Determining the levels of government subsidy or types of financial mechanisms 

needed to manage the cost of hydrogen at the pump will be complicated by the 

uncertainty of future gasoline prices, variability in vehicle fuel economies, and the 

tendency for firms to cross-subsidize in order to gain competitive advantage.   

Analysis indicates that hydrogen fuel buydown costs will be very dependent upon 

the cost of gasoline.  Based on a high gasoline price scenario, in which gasoline prices 

increase gradually to $2.60 per gallon by 2040, the cumulative buydown costs for 

hydrogen peak at $3.3 billion by 2021, and net savings are attained by about 2028.  For 

gas price trends lower than this projection, fuel savings do not compensate for the 

relatively higher cost of hydrogen, and buydown costs increase indefinitely.  Moreover, 

high gasoline prices may be associated with high hydrogen production costs, if hydrogen 

is produced from natural gas for example, and if natural gas prices in the future tend to 

follow oil price trends. 

The third challenge concerns management of the deployment gap between 

installing hydrogen stations and building demand from hydrogen vehicles.  Two policy 

options to stimulate demand for vehicles include: 1) niche management strategies, where 

vehicles are deployed in a controlled setting associated with managed fleets, and 2) 

providing temporary subsidies or tax incentives for early hydrogen vehicles, either to 

consumers or to manufacturers.  As is the case with the cost of hydrogen at the pump, the 

burden of subsidization may be distributed across both government and industry 
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stakeholders.  Government justification for subsidies would be based upon the public 

benefits of hydrogen vehicles, while industry subsidies (or cross-subsidies) would occur 

in an attempt to increase market share.  A first cut analysis of early incremental vehicle 

costs suggests that mass-produced gasoline hybrid-electric and hydrogen fuel cell 

vehicles will have combined buydown costs that are comparable to the entire capital costs 

of a hydrogen infrastructure.  This suggests that the investment risks posed to auto 

manufacturers will be on the same scale with those posed to fuel providers, if not larger.  

In addition, if infrastructure and vehicle technology rollout schedules are coordinated, 

which would be required to reduce the deployment gap, major investment commitments 

from fuel providers and auto manufacturers would be made at roughly the same time.   

 A fourth challenge arises after sufficient demand for hydrogen fuel has been 

established, and stakeholder partnerships are faced with the need to expand urban station 

networks by adding additional stations or production capacity, or both.  This expansion 

has the potential to jeopardize the market share of existing stations, and therefore must 

occur within a somewhat controlled regulatory environment to reduce risks posed to 

stakeholders.  Simulations of hydrogen costs within early station networks suggest that 

unit costs are likely to decrease with increased output, which could result in price wars as 

demand increases and existing or new entrants cut prices to gain market share.  If 

stakeholders cannot be assured some degree of market share or return on investment 

during the period of demand growth, it is less likely that they will be willing to engage in 

the initiation process.  On the other hand, large returns on investment or fixed market 

shares could stifle innovation and efforts to suppress costs.  It is proposed that public-

private partnerships, in response to the regulatory environments that support them, should 

allow for greater degrees of competition to be introduced between stakeholders over time 

as infrastructures expand and demand builds.  The manner in which competitive 

mechanisms are to be introduced, however, must be addressed in the stakeholder 

engagement phase as part of the effort to manage risks posed to stakeholders who choose 

to engage and invest in the initiation process.   

 The first integrated policy response is the identification of effective structures for 

public-private partnerships.  Because the stakeholder engagement phase and initiation 

process are likely to occur over the period of a decade or more (at least on a national 
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scale), and vehicles will not be deployed in large numbers until after initiation is 

completed, the benefits of stakeholder efforts within public-private partnerships will not 

be realized for some time.  These partnerships must therefore be structured to encourage 

sustained stakeholder engagement.  This can be achieved by identifying long-term 

technology and infrastructure development goals, by incorporating adaptive mechanisms 

to coordinate stakeholder decisions, and by addressing issues of accountability and 

nonparticipation.  Partnerships must remain flexible to a wide range of potential 

stakeholder decisions and strategic initiatives, as well as changes in the regulatory 

framework supporting hydrogen vehicles and infrastructure.  Partnerships must also 

identify fallback positions when goals are not met.  For example, will government 

ultimately be responsible for financial risks, or would the risks be shared among 

stakeholders when goals are not met?  To ensure stakeholder engagement, partnerships 

must remain a favorable alternative to nonparticipation throughout the early phases of 

hydrogen infrastructure development.  

 The second integrated policy response concerns the timing and scale of the 

initiation process.  Multiple, overlapping partnerships focusing on urban areas and 

regions must be coordinated on an appropriate scale, which is likely to be larger than a 

single city, yet smaller than most states.  Continuity of refueling service would be 

enhanced if clusters of nearby cities undertook the initiation process within the same time 

period, with coordinated development on a regional level to assure refueling availability 

along interstates between cities.  It is proposed that the timing with which these groups of 

cities and regions undertake the initiation process should be dependent upon meeting 

specified goals or criteria, which would result in a more efficient distribution of resources 

and would improve the likelihood of a successful initiation process. 

 Due to these various policy challenges, the governance of early hydrogen 

infrastructure development will be a time and resource-intensive process.  Even if 

adequate stakeholder capital is available to establish a sufficient threshold of stations, a 

significant degree of innovation will be required in structuring the institutions, 

regulations and public-private partnerships that will support and manage early hydrogen 

station networks.  These governance challenges must be taken into account when 
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considering the sequence of events and stakeholder decisions that would both lead up to 

and immediately follow the initiation of a hydrogen infrastructure.   
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Chapter 6 
 

6  Summary of Major Conclusions and Recommendations   
for Further Research  

 
 

6.1 Summary of Major Conclusions 

This study has examined the early phases of hydrogen infrastructure development by 

focusing on a particular strategic approach, an initiation process, in which a large number 

of hydrogen refueling stations are installed before the mass production of hydrogen 

vehicles.  In simulating the initiation of a nationwide hydrogen infrastructure, based upon 

detailed analysis of costs and refueling station network structures, some general 

conclusions can be drawn concerning early hydrogen infrastructure development.  The 

most important, though perhaps not the most surprising, is that significant government 

support and market intervention would be required to attract adequate capital resources 

and coordinate stakeholder decisions and activities to undertake the initiation process.  A 

second conclusion is that the geographic dispersion of hydrogen demand can significantly 

influence the average cost of hydrogen from a network of dispersed stations.  

Infrastructure development projections and cost analyses should therefore take into 

account network effects in evaluating policy initiatives to establish a minimal level of 

hydrogen refueling availability.  A third major conclusion is that the issues of timing and 

technology uncertainty would be critical to the success of an initiation approach to 

infrastructure development.  The bottom-up simulation of hydrogen infrastructure 

development presented here does not attempt to resolve the issues of timing and 

technological uncertainty analytically, but a detailed consideration of the physical assets, 

capital expenses and stakeholder decisions underlying each of the scenarios developed 

suggests that an initiation approach would be a high risk endeavor requiring extensive 
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stakeholder negotiations, carefully constructed long-term contractual arrangements and 

governance structures that are adaptive to technological change.    

 These three conclusions are based upon the combined results of each of the four 

central chapters, which address the following issues: 1) innovations in vehicle refueling 

technology, 2) the geographic dispersion of networks of refueling stations, 3) the startup 

costs of initiating a hydrogen infrastructure, and 4) governance challenges for early 

hydrogen infrastructure development.  Results from each of these chapters supports the 

first major conclusion: significant government intervention will be required to initiate a 

hydrogen infrastructure.  On the second major conclusion, Chapter 3 presents analysis of 

empirical data on network dispersion, and Chapter 4 indicates the influence of geographic 

dispersion on evolving networks of stations.  The results of both Chapters 4 and 5 

emphasize the importance of timing and technological uncertainty, supporting the third 

major conclusion.  Chapter 4 presents detailed scenarios with cost projections and 

technology rollout rates out to 2040, and Chapter 5 discusses regulatory and policy 

challenges that would be associated with an initiation approach to hydrogen infrastructure 

development.  Highlights from each central chapter are summarized in turn in the 

following sections. 

6.1.1 Guidelines for Refueling Innovations  
Hydrogen and gasoline fuels have very different physical properties, and the specific 

innovations applied during early gasoline infrastructure development cannot be mimicked 

by future hydrogen refueling systems.  However, the historical review of gasoline 

methods presented in Chapter 2 suggests that some general guidelines may provide 

insights into the types of innovations that will facilitate the introduction of hydrogen fuel.  

The first observation is that gasoline delivery technologies were introduced in a series of 

phases, beginning with low-volume dispensing methods and evolving towards higher 

volume dispensing and storage methods.  The low-volume methods are referred to as 

dispersed methods, due to their ability to be easily located, installed or transported across 

large geographic areas.  Dispersed methods included cans, barrels, home refueling 

pumps, parking facility pumps, mobile tank trucks and handcarts, and curb pumps.  In 

contrast, dedicated refueling stations required land and significant capital expensive, but 

could supply much larger volumes of fuel.  Some early types of dedicated stations shared 
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characteristics with their dispersed refueling method precursors, such as drive-in stations, 

which were inexpensive and easily installed, and prefab stations, which were somewhat 

mobile, easily installed and inexpensive to purchase and maintain.  It is proposed that 

early hydrogen refueling methods may share some of the general characteristics of 

dispersed gasoline refueling methods, and are likely to differ significantly from refueling 

methods that would be suitable for more robust and high-volume hydrogen markets.  

In addition to refueling method attributes, some additional comparisons can be 

made between early gasoline and hydrogen infrastructure development.  Most 

comparisons suggest that hydrogen will be more difficult to introduce than gasoline.  

Gasoline and diesel fuels evolved out of the infrastructure established to provide kerosene 

for illumination, a transition that can be compared to the option of producing hydrogen 

today by piggybacking on existing natural gas, electricity or petroleum infrastructures.  

However, unlike the kerosene industry of the early 1900s, which was threatened by gas 

and electric lighting, today’s electricity, natural gas and petroleum industries are in great 

demand.  Natural gas resources are coveted for electricity production, electricity 

deregulation is stressing existing infrastructure components (such as transmission lines), 

and the petroleum industry is under pressure to develop cleaner low-sulfur fuels, a 

process that requires increased hydrogen capacity.  None of these infrastructures is in the 

same competitive situation as the kerosene industry in the early 1900s, which would 

probably have contracted in size considerably if not for the rise of automotive fuels. 

Another comparison between early gasoline delivery methods and future hydrogen 

delivery methods is the ease or difficulty with which each fuel can be delivered to rural 

areas.  The kerosene industry was already highly dispersed across large geographic areas 

long before the rise of motor vehicles.  Providing gasoline through these same rural 

delivery and storage networks was relatively simple, and a low level of gasoline demand 

in rural areas had already been established by the use of stationary internal combustion 

engines on farms.  In contrast, delivering or storing hydrogen in rural areas will be 

expensive, and it is not clear what niche markets might emerge in rural areas to help 

overcome these expenses.  Hydrogen storage and delivery costs are high, largely due to 

the low volumetric density of hydrogen storage technologies.  This barrier to providing 

inexpensive hydrogen to rural areas may be difficult to overcome.  Two options for 
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addressing this barrier include the use of hydrogen-based distributed generation 

technologies in rural areas (i.e., fuel cells),  and the joint production of hydrogen and 

electricity in rural areas (i.e., wind farms with hydrogen storage or integrated gasification 

combined-cycle plants with excess hydrogen production capacity).  

6.1.2 Geographic Dispersion of Early Hydrogen Station Networks 
The initiation process requires that a sufficient level of refueling availability be 

established before the mass production of hydrogen vehicles.  This will be achieved by 

providing hydrogen from a large number of locations distributed across urban areas or 

regions.  Analysis of existing gasoline station networks in Chapter 3 suggests that 

uniform coverage – that is, a uniform distribution of hydrogen stations across urban areas 

– will result in a small number of high-demand stations and a large number of much 

smaller low-demand stations.  A relative station size distribution function has been 

developed by applying a cluster analysis method to simulate the structure of early 

hydrogen station networks in cities.  This result is based upon analysis of the geographic 

coordinates and monthly output of 3,467 gasoline stations within four different major 

U.S. cities.  It appears that this distribution is independent of network size and city 

demographics such as population density.  The distribution suggests that within early 

urban hydrogen station networks, some 10 percent of stations with be at least twice as 

large as the average station, while some 60 percent of stations will be less than half the 

size of the average station. 

 This distribution of station sizes has important implications for both the 

deployment of hydrogen infrastructure technologies and the types of policies needed to 

support early hydrogen infrastructure development.  For example, if urban networks rely 

upon onsite production technologies (i.e., steam-methane reforming (SMR) or 

electrolysis), many station will necessarily suffer from poor economies of scale, and only 

a few stations will enjoy large economies of scale.  However, these smaller stations are 

required to provide continuous hydrogen refueling availability, and support indirectly the 

same markets served by larger stations.  This suggests that either innovations will be 

required to provide inexpensive hydrogen at low volumes from small stations, or some 

type of cost sharing will be justified between stations of different sizes within the same 

network.   
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6.1.3 Capital Startup Costs 

The results of Chapter 3, summarized in section 6.1.3 above, provide important inputs to 

the dynamic model underlying the results presented in Chapter 4, which estimates the 

capital startup costs associated with initiating a nationwide hydrogen infrastructure.  

Additional analysis contributing to this model includes three estimates of the number of 

early hydrogen refueling stations required to satisfy a minimal level of refueling 

availability for early hydrogen vehicle purchasers.  These three estimates are based upon, 

respectively, the number of existing gasoline stations, land area within major U.S. urban 

areas, and lengths of major arterial roads within urban areas.  In addition, an estimate is 

made of the number of stations required to provide minimal coverage along rural 

interstates connecting major urban areas.  Together, these estimates suggest that between 

5,600 and 11,000 hydrogen refueling stations would be required for the initiation process, 

with the estimate of 9,200 stations based upon arterial roads providing the most 

consistent estimate of refueling needs within urban areas.   

 Based upon cost uncertainty analysis, the capital startup costs associated with 

installing 9,200 hydrogen stations, within the 2010 to 2015 time period, range from $3.9 

to $7.2 billion, with the most probable cost being $5.1 billion.  These capital costs are 

based upon the assumption that all early hydrogen stations employ onsite SMR 

production technology, which is a simplified representation of a process that would 

require a much higher degree of technological diversity.  These capital cost estimates are 

similar to and somewhat less than those found in other studies of initiation-type 

development strategies – $10-$15 billion for 11,700 stations in the United Stations 

(McCormick 2003) and 7-14 billion EURO for 10,000 hydrogen stations in the EU 

(Bünger and Landinger 2004) – but are, to the author’s knowledge, based upon more 

elaborate and detailed analyses. 

The cost of hydrogen from this nationwide network of stations is initially 

excessive, and is gradually reduced with increased utilization, learning-by-doing and 

greater economies of scale achieved by larger stations. Between 2025 and 2040, the 

average cost of hydrogen from this network is estimated at approximately $3.00 to $4.00 

per kg, based upon an interest rate ranging from 9 to 10 percent and natural gas prices 

projected by the Department of Energy.  Between the completion of the initiation process 
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in 2015 and the significant ramp-up of hydrogen vehicle sales in 2025, the average cost 

of hydrogen is excessive (i.e., greater than $5-$10 per kg), presenting a startup barrier 

unlikely to be overcome through market forces or business strategy alone; some type of 

government intervention would be required.  While some large SMR stations produce 

hydrogen at less than $3.00 per kg, the average network cost after 2025 is greater than the 

recently revised Department of Energy cost goal of $2.00 to $3.00 per kg of untaxed 

hydrogen (DOE 2005).  

6.1.4 Governance Challenges 
The introduction of hydrogen vehicles can be discussed in reference to a linear model of 

technology innovation, often referred to as the research, development, demonstration and 

deployment (RD3) pipeline (PCAST 1999).  Given the coupled nature of hydrogen 

vehicles and hydrogen fuel delivery systems, support for hydrogen infrastructure 

development can be considered as a necessary input for the successful commercialization 

of hydrogen vehicles.  Within a linear framework of technological innovation, the 

initiation process can be considered one of three early infrastructure development phases.  

A stakeholder engagement phase would precede the initiation process, involving 

increasing degrees of commitment and coordination on the part of involved stakeholders, 

and a vehicle ramp-up phase would follow the initiation phase, involving the widespread 

deployment of mass-produced hydrogen vehicles.  Any regulatory response supporting 

the introduction of hydrogen vehicles and infrastructure development must take into 

account stakeholder’s changing needs and motivations during each of these phases. 

 At least four policy challenges will be encountered during these early 

development stages, each being directly related to the structure of early hydrogen 

infrastructure networks.  The first challenge is the geographic dispersion of hydrogen 

station networks, analyzed in Chapter 3, which will tend to allow a small number of 

stations to achieve greater economies of scale than other stations within a network.  This 

tendency is related to the second challenge: the management of the cost of hydrogen at 

the pump within early networks of stations.  For a variety of reasons, networks of 

hydrogen stations will tend to experience cost heterogeneity between stations, even 

though the entire network supports the same general consumer base, such as persons 

living within a particular urban area.  This variation in the cost of hydrogen between 
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stations suggests that some degree of cost-sharing or cross-subsidization may be required 

within early hydrogen station networks.  

 Two additional policy challenges are ensuring early demand for fuel and 

providing guidance for network expansion beyond the initiation phase.  Ensuring demand 

for hydrogen, and therefore hydrogen vehicles, will be necessary to reduce financial risks 

posed to investors in early infrastructure components.  This demand may be ensured 

through the fostering of niche vehicle markets, or through some type of subsidy for 

vehicles, either to vehicle purchasers or vehicle manufacturers.  Once firm demand has 

been established, stakeholders must address decisions regarding network expansion, 

which will pose additional risks to early investors due to the potential loss of market 

share.  A balance must be found between ensuring adequate returns on investments for 

early investors and maintaining a competitive regulatory environment that encourages 

technology innovation and continued cost reductions during network expansion.    

 Two responses to these policy challenges are the establishment of public-private 

partnerships and a regulatory environment that guides the timing and scale of hydrogen 

infrastructure initiation.  Public-private partnerships would be composed of multiple 

stakeholders, and would be formed around the goals of reducing stakeholder risks and 

ensuring sustained stakeholder engagement through the early phases of hydrogen 

infrastructure development.  These partnerships could take various institutional and 

organizational forms, but are likely to focus on particular areas or regions that include 

multiple urban areas.  A regulatory framework that guides the timing and scale with 

which these partnerships undertake the initiation process may include performance-based 

incentives that improve the efficient use of resources, and would encourage simultaneous 

development efforts among urban areas within close proximity to one another.   

6.2 Recommendations for Further Research 

Future research assessing the potential of hydrogen infrastructure technologies will 

certainly elaborate, modify and improve upon the results of this and related studies.  

Some of this research may build on topics covered in the central chapters summarized 

above.  Two recommendations are described below for each of the four central chapters.   
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6.2.1 Innovations in Early Refueling Methods 

Chapter 2 reviews the history of gasoline refueling methods in the early decades of the 

20th century.  Based upon this history, general guidelines are proposed concerning the 

types of innovation that will be required for early hydrogen refueling systems.  These 

guidelines are not intended as fast rules, but rather as thought provoking ideas.  Extension 

of this review of historical motor vehicle refueling methods should not necessarily 

attempt to reaffirm or substantiate these guidelines, but rather to examine aspects of 

vehicle refueling technology innovation that might prove useful in guiding future 

innovations in hydrogen infrastructure development.  

One natural extension would be to examine the early history of gasoline delivery 

methods in other countries.  If similar methods accompanied the introduction of gasoline 

in other countries, these guidelines might be considered more general than can be 

assumed based upon the present discussion.  If additional or alternative gasoline delivery 

methods occurred, these guidelines could be extended, reconsidered or enhanced.  The 

present analysis tends to focus on the physical aspects of the delivery methods, but future 

analysis may give greater consideration to institutional and economic factors.  For 

example, the early evolution of gasoline retailing in the United States is likely to be 

unique due to the dominance of Standard Oil, which tended to suppress innovation by 

stifling competition, as well as inflate gasoline retail profit margins. 

Another approach to extending this historical comparison would be to focus on 

the influence of particular societal factors in directing or influencing refueling 

innovations.  For example, the discussion in Chapter 2 largely avoided the issue of safety, 

mostly because substantial insights into this issue would require much more in depth 

analysis, not to mention a thorough understanding of the cultural conceptualization of 

risk in the early 1900s.  Another important cultural influence might be the novelty of the 

automobile, and its potential to overshadow concerns over refueling convenience or 

personal risks.  Policy and innovation analyses might focus on the rise of municipal 

regulations that resulted in the demise of the curb pump, allowing dedicated refueling 

stations to become the dominant refueling method. 
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6.2.2 Network Dispersion and Delivery Mode Analysis 

The geographic dispersion of refueling stations across urban areas is analyzed in Chapter 

3 based upon existing gasoline station data.  However, this analysis is based upon only 

four cities.  Gasoline station networks should be examined across a wider range of cities 

to determine if the relative station size distribution identified is typical of large cities in 

general.  Complete data sets would be needed to carry out this type of analysis, and a 

consistent cluster analysis methodology must be applied.  To improve upon these 

conclusions, gasoline station networks in rural and perhaps suburban areas should also be 

examined, and analysis of network changes over time may provide additional insights 

into recent trends in refueling station network structures.  If inclusion of additional cities 

in the analysis reveals deviations from the station size distribution identified in Chapter 3, 

it might be possible to identify the causes of these deviations.  For example, station size 

distributions might vary between different parts of the country, between different types of 

neighborhoods, or between cities with different types of road networks.  

Another approach to studying dispersed networks as a means of simulating 

sufficient early hydrogen station networks is to examine traffic flow patterns, as has been 

carried out by Nicholas et al. (2004).  To better understand minimal coverage 

requirements in suburban and rural areas, analysis based upon traffic flow patterns may 

reveal the frequency with which different vehicle owners make long or medium distance 

trips by personal vehicle.  This type of analysis would also be valuable in determining 

hydrogen refueling station needs across specific regions.  This has been done to some 

degree with volumes of traffic along interstates (Melendez and Milbrant 2005), but this 

type of data (total volume of vehicles or vehicle miles traveled) does not reveal traffic 

patterns between particular cities (i.e., the origin and destination of different trips).  

 A second extension of analysis presented in Chapter 3 would be to elaborate on 

the effects of geographic dispersion on network costs.  The present analysis examines the 

influence of network dispersion on the capital costs of networks composed of onsite SMR 

stations.  This is clearly a simplification, and a more detailed analysis would include a 

variety of delivery and production methods.  Given the detailed infrastructure component 

cost models available, it should be possible to identify optimal hydrogen delivery modes 

from networks employing multiple technologies at different stages of development.  This 
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analysis could be further enhanced by using traffic flow models to simulate both demand 

fluctuations and hydrogen delivery modes (i.e., tank truck delivery).  Ideally, this type of 

analysis would be carried out using a dynamic model that optimizes delivery modes for 

different stations as total demand within the city increases.   

6.2.3 Modeling Network Expansion 
Chapter 4 discusses results from the majority of the modeling carried out to support this 

dissertation.  Many recommendations for model improvements could be made, but two 

issues stand out as being inadequately understood: the role of vehicle owner behavior in 

determining sufficient refueling availability, and the structure of rural refueling station 

networks.  

 The estimates of adequate station coverage to provide minimal refueling 

availability in Chapter 4 are based primarily on physical and geographic parameters.  

This type of analysis can be improved upon by examining consumer behavior more 

closely, especially existing driving patterns and preferences and conceptualizations 

surrounding the activity of refueling.  An examination of vehicle driving patterns both 

within cities and across suburban and rural areas may reveal insights into the types of 

initial coverage needed in these areas.  Ultimately, a convincing description of adequate 

refueling availability must be based upon not only geographic and physical parameters, 

but also consumer perceptions and expectations.  Innovative work on consumer 

perceptions of adequate refueling has been carried out by Synovate (Miller 2004), but 

additional and more rigorous analysis is needed to quantify and characterize the value 

placed on refueling availability by consumers.  And as discussed in Chapter 4, future 

levels of sufficient refueling availability could be significantly influenced by onboard 

logistical and geographic information technologies, adding to the complexity of the 

interface between drivers and refueling station networks.  An examination of refueling 

times and the facility of equipment use at hydrogen stations may be another component 

of this research topic.  

The ambiguity surrounding the total number of gasoline refueling stations in the 

United States has been described in Chapter 4, and analysis suggests that the annual 

National Petroleum News surveys probably provide good approximations.  However, this 

ambiguity is greater in rural areas.  And because the cost of providing hydrogen in rural 
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areas is likely to be high, this uncertainty directly influences the capital costs needed to 

provide a sufficient level of rural refueling availability.  This issue can be approached 

from at least two angles.  First, a better understanding of existing rural refueling networks 

and consumer behavior is needed.  There is a lack of empirical data on this issue, which 

may warrant some type of field work or survey research.  Second, methods of providing 

low cost hydrogen in rural areas should be examined.  If small-scale hydrogen production 

processes (such as wind turbines or stationary fuel cell systems) can provide hydrogen 

near locations where rural drivers refuel, this could help to alleviate the costs associated 

with rural hydrogen infrastructure development. 

6.2.4 Regulating Hydrogen Infrastructure Development 

Chapter 5 examines some specific policy challenges related to early hydrogen 

infrastructure development.  Four challenges associated with the structure of station 

networks include: station dispersion across geographic areas, the cost of hydrogen at the 

pump, ensuring early hydrogen demand, and guiding network expansion after demand 

has been established.  The two integrated policy responses proposed to address these 

challenges are: to tailor public-private partnerships to be effective across early 

infrastructure development phases, and to take into account the appropriate scale of 

governance and timing of initiation.     

 There are two major aspects of this discussion of policies specific to the initiation 

process that could be explored further.  The first concerns stakeholder behavior, and the 

second concerns the details of the types of contractual arrangements that would improve 

the effectiveness and adaptability of public-private partnerships.  Both of these issues 

move beyond typical techno-economic analysis of technological systems, and both could 

be explored through a variety of methods.   

 The behavior of stakeholders in some future situation in which certain 

technological advances have occurred, and in which certain policy initiatives have been 

put forward, is probably impossible to predict with any accuracy, especially if those 

stakeholders are engaged within undefined partnerships or contractual agreements.  

However, if learning about potential behavioral responses is the goal, rather than making 

accurate predictions, some type of scenario or gaming exercise with industry and 

government representatives may reveal patterns of behavior in response to changes in 
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regulatory environments, technological advances, or the decisions of other stakeholders.  

This type of interactive dialogue with industry or business representatives has been 

established previously during the development of dynamic systems models (Sterman 

2000, 513), and could conceivable be augmented using agent-based modeling methods.  

The use of system dynamic modeling to better understand hydrogen infrastructure 

development has been examined by Gether (2004) and is being pursued by Struben 

(2004), and the use of agent-based modeling is currently being pursued through a 

collaborative research project lead by Argonne National Laboratory.  

 Convincing descriptions of pathways toward a hydrogen economy (or any other 

future transportation fuel) will rely not only on sound engineering and technical analyses 

but also on economic analysis.  In the case of climate change abatement strategies and 

future technological decisions in general, standard or orthodox economic analysis 

approaches often prove inadequate (Ayers and Axtell 1996; Howarth 2000), and the same 

will likely prove to be the case for economic (and policy) analyses of future hydrogen 

infrastructures.  The role of market failures and market barriers in the underutilization of 

cost effective energy efficiency technologies has been discussed by Brown (2001), and 

some similarities may be drawn with future hydrogen technologies.  However, vehicle 

refueling infrastructure involves an additional degree of complexity due to the linked 

nature of vehicle and fuel technologies.  Based upon the discussion of policy challenges 

in Chapter 5, a focus on the contractual arrangements and institutions required to 

undertake the initiation process may lead to fruitful economic analyses.  Williamson 

discusses the science of contract as an essential complement to orthodox economics, and 

as being particularly relevant to cases involving bilateral dependencies and transaction-

specific assets, such as “large discrete investments made in expectation of continuing 

business” and “brand-name capital” (2002, 176).  Moreover, given the diverse 

stakeholders and various levels of policy support needed to successfully commercialize 

hydrogen vehicles, a closer examination of key institutions and their interactions will 

improve our understanding of the hydrogen infrastructure challenge. 

 These recommendations for further research cover a broad range of disciplines 

and topics, but are certainly only a subset of the total number of potential research topics 

concerning hydrogen energy.  In addition to research topics specific to hydrogen 
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infrastructure development, there is a need to integrate models of hydrogen systems with 

established energy models, such as integrated assessment models for climate change, or 

macro-level national and international energy models.  Moreover, few studies have 

focused on the integration of large-scale hydrogen systems with other sectors, such as the 

electricity sector, the buildings sector or large-scale renewable energy production 

systems.  This wide range of potential topics, combined with innovations in energy 

systems modeling developed since the 1970s, suggests that hydrogen research is probably 

in its infancy.  
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Appendix A 
 
 

Cost Uncertainty Analysis: Data and Methodology 
 
 
 
This appendix provides additional data and methodology related to the cost probability 

distributions discussed in Chapter 3.  Throughout the appendix, the simulation model is 

referred to as the Hydrogen and Vehicle Energy Networks (HAVEN) model to facilitate 

explanations and clarify graphs. 

Development of Capital Cost Probability Distribution Functions 
A consistent methodology is required to formulate the cost probability distribution 

functions presented in Chapter 3 for steam methane reformer (SMR) units, compressors, 

storage and dispensers.  Each distribution is based upon a set of original cost estimates 

found in the literature.  One important question is the credibility or weight that should be 

allocated to each estimate.  Some of the estimates are projections of costs for future 

systems, while others are realized costs of existing facilities.  Some estimates are based 

on very detailed analysis, while others are based upon relatively simplistic, vague, or 

sparsely documented analysis.  Some systems are based upon conventional designs while 

others are more innovative.  Furthermore, estimates from some studies fail to adequately 

cross reference reliance on other studies, making identification of primary cost estimates 

difficult.  Given this degree of variation in estimate origins, detail and rigor, any attempt 

to assign relative weights to individual estimates, for example according to technical 

detail or reliability of empirical data, would inevitably introduce a degree of subjective 

interpretation into the analysis methodology.   

For these reasons, the present analysis does not allocate weights to individual cost 

estimates.  In contrast to weighting, each estimate chosen from the literature is treated as 

a “bid” on the probable costs associated with broadly defined hydrogen infrastructure 

technologies, and all bids included are given equal weight.  For example, the capital cost 
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estimates listed in Table A-3 are assessed as a group of equivalently credible bids of the 

likely capital costs of a diverse range of steam-methane reformer (SMR) production plant 

types.  Within the context of uncertainty analysis, each range of bids selected from the 

literature includes a degree of variability in costs that might be expected for a given 

hydrogen infrastructure technology (see footnote 21). 

Despite this decision to weight all sources equally, the process of selecting bids 

from the literature to has allowed some studies to influence cost probability distribution 

functions to a greater degree than others.  For example, some studies contain a large 

number of cost estimates, each based upon the same analysis.  Typically, in these cases, 

only a subgroup of the estimates have been included in the cost analysis.  Some studies 

provide cost equations as a function of capacity, and some original estimates are reported 

in multiple publications but expressed in slightly different form.  The selection of original 

estimates in these cases has been based upon perceived influence or authority with which 

the study or studies have been held, and this, admittedly, has introduced some degree of 

subjective interpretation into the analysis.  Altering the methodology to avoid these types 

of selectivity would have inhibited the scope of the estimates included, and would have 

effectively introduced a different type of bias into the analysis.  Only a thorough 

deconstruction of the details underlying each estimate would allow for a consistent 

comparison, a task which is beyond the capability of the present study.  However, this 

approach has been taken by a recent DOE study (H2A 2005), and comparisons to 

preliminary results of this study are made where appropriate below.   

The approach to analyzing original cost estimates found in the literature involves 

the seven steps summarized in Table A-1.  Each step is discussed in turn below. 

Step 1 is straightforward, and relies upon manufacturer price index values to 

convert original cost values to 2002 dollars (Series Id:  PCUOMFG# (N)) from the U.S. 

Department of Labor Bureau of Labor Statistics (http://www.bls.gov/ppi/).  If dollar years 

are not explicitly stated in a study, the year of publication is used.  Coefficients based 

upon this index are indicates in Table A-2. 

Step 2 involves employing an experience curve to adjust for degree of 

technological maturity.  The equation used is one for cumulative capacity installed, or 

units produced (Wene 2000).  This step only influences some estimates, and is only 
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applied for estimates of SMR units.  Progress ratios used in this step vary by component, 

and are discussed in section 4.4.4, which also indicates the experience curve equation.  

In cases where cumulative production levels are not explicitly stated, a production 

level has been assumed based upon the description or context of the study.  Though there 

is a degree of subjective interpretation involved in assigning these production levels, the 

result is a collection of adjusted estimates that more closely represents an equivalent 

degree of technological maturity than was the case before the learning adjustment was 

made.  This methodology improves the quality of the data by applying a transparent and  

consistent approach to accounting for technological maturity, and is considered an 

improvement over the option of making no adjustment for learning. 

 

Table A-1. Steps for analyzing original cost estimates. 
1 The original costs are adjusted for inflation to year 2002 dollars. 
2 Some estimates are adjusted for technological maturity, using an experience curve.
3 Clusters of capital cost estimates are scaled to the four unit capacities used in the 

HAVEN model (100, 250, 1000 and 2500 kg/day).
4 Clusters of estimates for each unit capacity are subjected to a statistical fit to 

generate feasible and representative cost probability distribution functions. 
5 Experience curves are determined to allow for projections of future costs as a 

function of the cumulative number of installed SMR units. 
6 Infrastructure components are integrated into systems and subject to a cost 
7 The levelized cost of hydrogen (LCH) is determined for each system or fuel chain.  

 

Table A-2. Coefficients from the Manufacturers Price Index.  

Year Annual Coefficient Year Annual Coefficient
1987 100.9 1.33 1996 127.1 1.05
1988 104.4 1.28 1997 127.5 1.05
1989 109.6 1.22 1998 126.2 1.06
1990 114.5 1.17 1999 128.3 1.04
1991 115.9 1.15 2000 133.5 1.00
1992 117.4 1.14 2001 134.6 0.99
1993 119.1 1.12 2002 133.7 1.00
1994 120.7 1.11 2003 134.0 1.00
1995 124.2 1.08 2004 135.9 0.98  
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Step 3 scales each cost estimate to one or more of the station or production 

capacities used in the HAVEN model, resulting in clusters of estimates for systems of 

equal capacity.  Clusters are composed of estimates with original capacities close to the 

HAVEN capacities (e.g., clusters included for the 100 kg/day unit are based on estimates 

for units ranging in size from 10-500 kg/day).  The scaling of capital costs with capacity 

is carried out with the following general power equation: 
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where C and C' are the original and new unit costs, respectively, Q and Q' are the original 

and new unit capacities, respectively, and m is the scaling factor.  The scaling factor is 

determined by taking the log of Equation 1, after having made adjustments for inflation 

and experience.  

Step 4 involves determination of a cost probability distribution function that best 

represents each cluster of equal capacity adjusted estimates.  For infrastructure 

components with few cost estimates, such as dispensers or compressors, a relatively 

simple distribution function is applied, such as a triangular.  When a larger number of 

estimates is available, such as for SMR units, more complex distribution functions are 

applied, typically a lognormal distribution.  The choice of a lognormal distribution for 

hydrogen production unit capital costs is not necessarily the result of a goodness of fit 

analysis, but is rather an assumption consistent with more elaborate analyses of energy 

technology capital costs, such as those employed by McDonald and Schrattenholzer 

(2001).  

Step 5 involves determining an experience curve for each infrastructure 

component.  As discussed in Wene (2000), the application of experience curves is a 

delicate process that can easily lead to unrealistic distortions of projected costs.   

Step 6 involves integrating the adjusted cost estimates into the station 

configurations discussed in Chapter 4.  The cost estimation framework discussed in 

section 3.3.1 is then applied, allowing for a consistent estimation of additional direct and 

indirect costs.   



 

 258

Step 7 involves determining the levelized cost of hydrogen (LCH) for each station 

size (see Chapter 4), which can be expressed as a cost probability function.   

Steam Methane Reformer Capital Costs 

Table A-3 shows the selection of estimates of SMR unit capital costs used in the present 

cost uncertainty analysis.  These capital costs include pressure swing adsorption (PSA) 

purification and PSA compression equipment.  These original cost estimates are shown in 

the log-log graph in Figure A-1, with the vertical axis representing the log of the original 

capital costs per unit, in millions of dollars, and the horizontal axis representing the log of 

the unit capacity, in kg of hydrogen per day.  The number labels for each estimate 

correspond to those listed in Table A-3.  The figure reveals a clustering of cost estimates 

near large capacity units (greater than 100,000 kg/day) and small capacity units (below 

about 10,000 kg/day).  Note that the line from Mintz et al. (2002) is based upon a 

parametric analysis of a selection of both large and small capacity estimates, many of 

which are included in the present analysis.  The lines from Ogden are for two types of 

small-scale SMR units, a conventional SMR unit (based on large-scale SMR system 

designs) and a lower cost fuel cell-type SMR unit (based on more recent designs for 

SMR-fuel cell systems).  Neither of these cost functions approximate the costs shown for 

very small SMR units (~100 kg/day).  

Adjustments for inflation (step 2) are shown in the third column of Table A-4, 

while adjustments for technological maturity (step 3) are shown in the fourth column, 

where the number of units assumed for original cumulative production is indicated.  A 

baseline of 50 units of cumulative production is used to represent “current technology” 

estimates, and 100 units of production is used as a baseline for “commercial ready” 

estimates.  The value of 100 units is roughly the volume of cumulative production that 

would be attained by a single manufacturer as SMR units begin to be widely installed in 

fleet applications during the ramp-up phase.  Values greater than 100 cumulative units are 

assigned to estimates representing future states of technological maturity beyond this 

early ramp-up phase (i.e., nth unit estimates on the order of hundreds of units per year).   
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Table A-3. Original cost estimates for SMR units. 
Capacity Capital Capital Cost Reference
[kg/day] [$/unit] [$/kg/day]

1 DTI97/50FCV 38 $134,930 $3,570 DTI 1997
2 DTI97/100FCV 76 $159,005 $2,081 DTI 1997
3 H2A Small Onsite 100 $192,500 $1,925 H2A 2004
4 DTI HFA 2002 115 $123,545 $1,074 DTI, 2002
5 Halder-Topsoe 169 $138,651 $820 Ogden et al. 1996
6 Ogden FC-type 250 250 $429,863 $1,719 Ogden et al. 1996
7 Mintz 250 250 $1,007,545 $4,030 Mintz et al. 2002
8 Praxair 287 287 $460,000 $1,603 Paster 2002
9 ONSI/PC25 290 $309,100 $1,066 DTI 1997
10 Hydrochem 290 $1,000,000 $3,450 Ogden et al. 1996
11 Weindorf 325 325 $1,320,000 $4,065 Weindorf 2002
12 Shoenung 2001 400 $828,000 $2,070 Schoenung 2001
13 SFA Pacific-sm 470 $705,940 $1,502 Simbeck and Chang 2002
14 DTI97/Prx-sm 660 $1,640,000 $2,485 DTI 1997
15 ADL Onsite 690 $724,500 $1,050 ADL 2002, p. 71
16 Howe-Baker 1994 884 $2,240,000 $2,534 Ogden et al. 1994
17 Berry 1996 Onsite 900 $2,200,000 $2,444 Berry 1996
18 Ogden FC-type 1000 1,000 $724,660 $725 Ogden et al. 1996
19 Mintz 1000 1,000 $2,448,408 $2,448 Mintz et al. 2002
20 H2A Onsite 1,500 $1,289,726 $860 H2A 2004
21 Singh, 1995 1,800 $2,900,000 $1,611 Singh 1995
22 DTI97/BOC-sm2 2,000 $2,755,455 $1,378 DTI 1997
23 Wiendorf 2078 2,078 $1,920,000 $924 Wendorf 2002
24 KTI/AP 2,415 $3,000,000 $1,242 Ogden et al. 1996
25 Howmar 2,415 $3,000,000 $1,242 Basye & Swaminathan 1997
26 Ogden FC-type 2500 2,500 $1,290,623 $516 Ogden et al. 1996
27 Mintz 2500 5,000 $6,863,949 $1,373 Mintz et al. 2002
28 Weindorf 3637 3,637 $2,130,000 $586 Weindorf 2002
29 DTI97/Prx-sm2 3,950 $2,482,727 $629 DTI 1997
30 DTI97/AP-sm 4,000 $5,414,545 $1,354 DTI 1997
31 Leiby-small 24,354 $29,213,245 $1,200 Padro and Putsche 1999
32 DTI97/Prx-med 26,700 $21,272,727 $797 DTI 1997
33 DTI97/AP-med 32,700 $17,727,273 $542 DTI 1997
34 DTI97/AP-gmed 39,500 $19,018,182 $481 DTI 1997
35 DTI97/BOC-lrg 54,400 $15,545,455 $286 DTI 1997
36 DTI97/Prx-lrg 90,667 $15,545,455 $171 DTI 1997
37 Mintz 100,000 100,000 $46,760,996 $468 Mintz et al. 2002
38 Chem Eng. 1994 112,501 $77,000,000 $684 Basye & Swaminathan 1997
39 Leiby-med 120,868 $77,824,761 $644 Padro and Putsche 1999
40 SFA Pacific-lrg 150,000 $41,250,000 $275 Simbeck and Chang 2002
41 Leiby-large 193,028 $106,327,198 $551 Padro and Putsche 1999
42 IKARUS 1994 216,480 $85,000,000 $393 Basye & Swaminathan 1997
43 Berry 1996 237,000 $200,000,000 $844 Berry 1996
44 FE/Mitretek 239,000 $73,000,000 $305 Paster 2002
45 S. & Cheng 1989 241,546 $83,200,000 $344 Basye & Swaminathan 1997

Estimate#

 
(continued on next page) 
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Table A-3. Original cost estimates for SMR units (continued). 
Capacity Capital Capital Cost Reference
[kg/day] [$/unit] [$/kg/day]

46 Kirk-Othmer 1991 252,560 $99,402,735 $394 Padro and Putsche 1999
47 Gaudernack 1996 259,776 $106,800,000 $411 Basye & Swaminathan 1997
48 DTI97/AP-lrg 326,600 $66,727,273 $204 DTI 1997
49 ADL Central 300,000 $285,000,000 $950 ADL 2002
50 H2A Large Central 379,387 $118,338,000 $312 H2A 2004
51 FE/Parsons 379,822 $131,000,000 $345 Paster 2002
52 DTI97/AP-glrg 395,200 $71,545,455 $181 DTI 1997
53 Williams, 2001 576,221 $261,900,000 $455 Paster 2002
54 Audus 1996 601,814 $262,000,000 $435 Basye & Swaminathan 1997
55 Foster-Wheeler 1996 608,850 $265,961,813 $437 Padro and Putsche 1999
56 Blok et al. 1997a 2,291,080 $1,082,870,415 $473 Padro and Putsche 1999

# Estimate
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Figure A-1. Original, unadjusted capital costs for SMR units. 
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Table A-4. Adjusted cost estimates for SMR units. 
Capacity Year 2002 Change # Cost at 100 Change Final Cost
[kg/day] Cost  [$/unit] [%] Units Cumulative Units [%] [$/kg/d]

1 38 $141,491 5% 100 $141,491 0% $3,743
2 76 $166,737 5% 100 $166,737 0% $2,182
3 100 $189,348 -2% 1000 $240,968 27% $2,410
4 115 $122,719 -1% 1000 $156,174 27% $1,358
5 165 $150,210 11% 50 $139,696 -7% $845
6 250 $455,150 5% 500 $538,684 18% $2,155
7 250 $1,021,983 0% 50 $950,445 -7% $3,802
8 287 $460,000 0% 100 $460,000 0% $1,603
9 290 $324,131 5% 100 $324,131 0% $1,118
10 283 $1,051,928 5% 50 $978,293 -7% $3,451
11 324 $1,320,000 0% 100 $1,320,000 0% $4,080
12 400 $840,939 -1% 1000 $1,070,193 27% $2,675
13 470 $705,940 0% 100 $705,940 0% $1,502
14 660 $1,719,749 5% 50 $1,599,367 -7% $2,423
15 690 $724,500 0% 500 $857,470 18% $1,243
16 865 $2,481,259 11% 50 $2,307,571 -7% $2,669
17 900 $2,314,241 5% 50 $2,152,244 -7% $2,391
18 920 $497,356 0% 1,000 $632,944 27% $688
19 1,000 $770,115 5% 500 $911,457 18% $911
20 1,000 $2,483,495 0% 50 $2,309,650 -7% $2,310
21 1,500 $1,268,611 -2% 1,000 $1,614,454 27% $1,076
22 1,800 $3,121,820 8% 50 $2,903,292 -7% $1,613
23 2,000 $2,889,445 5% 50 $2,687,184 -7% $1,344
24 2,071 $1,920,000 0% 100 $1,920,000 0% $927
25 2,362 $3,229,469 8% 50 $3,003,406 -7% $1,271
26 2,362 $3,229,469 8% 50 $3,003,406 -7% $1,271
27 2,500 $1,388,753 6% 500 $1,643,635 18% $657
28 2,500 $4,654,238 4% 50 $4,328,441 -7% $1,731
29 3,624 $2,130,000 0% 100 $2,130,000 0% $588
30 3,950 $2,603,456 5% 50 $2,421,214 -7% $613
31 4,000 $5,677,841 5% 50 $5,280,392 -7% $1,320
32 24,267 $32,359,660 11% 100 $32,359,660 0% $1,333
33 26,700 $22,307,166 5% 100 $22,307,166 0% $835
34 32,700 $18,589,305 5% 100 $18,589,305 0% $568
35 39,500 $19,942,988 5% 100 $19,942,988 0% $505
36 54,400 $16,301,390 5% 100 $16,301,390 0% $300
37 90,667 $16,301,390 5% 100 $16,301,390 0% $180
38 100,000 $47,431,106 0% 100 $47,431,106 0% $474
39 110,029 $85,293,289 11% 100 $85,293,289 0% $775
40 120,439 $86,206,881 11% 100 $86,206,881 0% $716
41 150,000 $41,250,000 0% 100 $41,250,000 0% $275
42 192,342 $117,779,175 11% 100 $117,779,175 0% $612
43 215,711 $94,154,930 11% 100 $94,154,930 0% $436
44 237,000 $210,385,523 5% 100 $210,385,523 0% $888
45 239,000 $73,000,000 0% 100 $73,000,000 0% $305

#

 
(continued on next page) 
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Table A-4. Adjusted cost estimates for SMR units (continued). 

46 236,239 $106,550,192 28% 100 $106,550,192 0% $451
47 251,663 $114,669,074 15% 100 $114,669,074 0% $456
48 258,853 $112,345,869 5% 100 $112,345,869 0% $434
49 326,600 $69,972,050 5% 100 $69,972,050 0% $214
50 300,000 $285,000,000 0% 100 $285,000,000 0% $950
51 379,387 $118,338,000 0% 100 $118,338,000 0% $312
52 379,822 $131,000,000 0% 100 $131,000,000 0% $345
53 395,200 $75,024,528 5% 100 $75,024,528 0% $190
54 576,221 $260,148,811 -1% 100 $260,148,811 0% $451
55 599,676 $275,605,035 5% 100 $275,605,035 0% $460
56 606,687 $279,772,575 5% 100 $279,772,575 0% $461
57 2,282,941 $1,135,527,643 5% 100 $1,135,527,643 0% $497  

 

 

Figure 3-13 on page 102 is a graphical representation of the adjusted estimates 

listed in Table A-4, where costs are shown on a per capacity basis and the linear fit is 

indicated.  A log-log representation of this linear fit is shown in Figure A-2, which also 

indicates the equation for the linear fit.  This linear fit is used as the basis for the SMR 

unit cost estimation and uncertainty analysis.  Three H2A estimates are highlighted as 

open squares, and each is in close proximity to the linear fit, and therefore relatively 

consistent with the calculated scaling factor and absolute capital cost values.  The scaling 

factor of the linear fit (m = 0.79) is used to scale estimates to the HAVEN SMR 

capacities (100, 250, 1,000 and 2500 kg/day) in step 3.  The estimates scaled in each 

cluster are shown in Table A-5, and the resulting scaled costs are shown in Table A-6 and 

Table A-7.  The scaling factor determined in this analysis is larger than that found in 

other studies, such as Mintz et al. (2002), who determined a 0.64 scaling factor, and 

Myers et al. (2002, 121), who used a 0.60 scaling factor to adjust their 115 kg/day 

hydrogen refueling appliance to a larger 920 kg/day unit. 

The adjusted and scaled cost estimates shown in Table A-6 and Table A-7 are 

used as inputs to determine cost probability distributions for SMR unit capital costs using 

Crystal BallTM software.  Characteristics of the resulting lognormal cost probability 

distribution functions are presented in Table 3-3 on page 102.  The distribution mean 

values are indicated, as well as the standard deviation and minimum and maximum 

distribution values as percentages of the mean.  The input minimum and maximum cutoff 
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values are determined to be 10 percent higher and lower, respectively, than the minimum 

and maximum values included in each size cluster.  Graphical representations of the 

distributions are shown in Figure 3-14 on page 104. 

1
3

4 5

6

7

9

10
11

12

13

14

15

16

19

20
22
23

24

& 26

29
30

31

35

52
47

39

43

44
46

48

50

53

55

32

40

41

42

45

54
56

2

8

21

38
33

34 36 37

49

25

51

17

$0.1

$1.0

$10.0

$100.0

$1,000.0

10 100 1,000 10,000 100,000 1,000,000

Capacity [kg/day]

C
ap

ita
l C

os
t [

$m
ill

io
ns

/u
ni

t]

 □ = H2A 
i

Capital Cost Linear Fit          
C(Q) = $5,850*Q0.79 ($/unit)
Q in kg/day, r2 = 0.96

 

Figure A-2.  Adjusted SMR capital cost estimates, with linear fit and H2A estimates. 

 

Table A-5. SMR estimates used for each scaling cluster. 

Cluster Attribute Cluster 1 Cluster 2 Cluster 3 Cluster 4
Size Mini Small Medium Large
Capacity (kg/day) 100 250 1,000 2,500
Estimates included  1-10  3-15 14-28 20-30
Number of estimates 10 12 15 10  
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Table A-6. SMR unit capital cost estimates scaled to mini and small HAVEN capacities. 

$/unit $/kg/day $/unit $/kg/day
1 DTI97/50FCV $305,416 $3,054 na na
2 DTI97/100FCV $206,298 $2,063 na na
3 H2A Small Onsite $244,979 $2,450 $505,661 $2,023
4 DTI HFA 2002 $139,831 $1,398 $288,625 $1,155
5 Halder-Topsoe $93,845 $938 $193,706 $775
6 Ogden FC-type 250 $260,978 $2,610 $538,684 $2,155
7 Mintz 250 $460,464 $4,605 $950,445 $3,802
8 Praxair 287 $199,811 $1,998 $412,430 $1,650
9 ONSI/PC25 $139,640 $1,396 $288,231 $1,153
10 Hydrochem $429,101 $4,291 $885,709 $3,543
11 Weindorf 325 na na $1,076,402 $4,306
12 Shoenung 2001 na na $737,944 $2,952
13 SFA Pacific-sm na na $428,485 $1,714
14 DTI97/Prx-sm na na $742,166 $2,969
15 ADL Onsite na na $384,152 $1,537

Capital CostCapital Cost# Estimate
Scaled to 250 kg/dayScaled to 100 kg/day

 
 

Table A-7. SMR unit capital cost estimates scaled to medium and large HAVEN 
capacities. 

$/unit $/kg/day $/unit $/kg/day
14 DTI97/Prx-sm $2,221,626 $2,222 na na
15 ADL Onsite $1,149,935 $1,150 na na
16 Howe-Baker 1994 $2,588,893 $2,589 na na
17 Berry 1996 Onsite $2,339,274 $2,339 na na
18 DTI HFA 920 $676,091 $676 na na
19 Ogden FC-type 1000 $911,457 $911 na na
20 Mintz 1000 $2,309,650 $2,310 na na
21 H2A Onsite $1,641,326 $1,641 $3,205,853 $1,282
22 Singh, 1995 $1,823,877 $1,824 $2,228,406 $891
23 DTI97/BOC-sm2 $1,553,147 $1,553 $3,140,949 $1,256
24 Wiendorf 2078 $1,079,601 $1,080 $3,140,949 $1,256
25 KTI/AP $1,521,702 $1,522 $3,140,949 $1,256
26 Howmar $1,521,702 $1,522 $3,140,949 $1,256
27 Ogden FC-type 2500 $796,295 $796 $1,643,635 $1,644
28 Mintz 2500 $2,097,009 $2,097 $4,328,441 $1,731
29 Weindorf 3637 $769,347 $769 $1,588,011 $635
30 DTI97/Prx-sm2 $816,928 $817 $1,686,223 $674
31 DTI97/AP-sm $1,763,991 $1,764 $3,641,057 $1,456

# Estimate Capital Cost Capital Cost
Scaled to 1000 kg/day Scaled to 2500 kg/day
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Compressor Costs 

Unadjusted estimates used in the cost uncertainty analysis of compressors are listed in 

Table A-8 and shown graphically in Figure A-3 and in Figure 3-15 on page 105.  

Compressor capacities are shown in kg per day, and capital costs are shown in per unit 

and per capacity units.  Estimates 4, 7, 14, and 22 are from an equation provided by 

Ogden et al. (1996) and therefore appear in Figure 3-15 as a line.  Similarly, estimates 3, 

6, 13 and 21 are from an equation provided by Mintz et al. (2002), and also appear as a 

line.  These two sources comprise almost one third of the compressor estimates.  Two 

compressor estimates from the H2A study are indicated with open square symbols.   

The cost estimates from Ogden (1996, 14) are based upon a cost equation for 

multi-stage compressors: 

 

QNCComp ⋅⋅= 000,368$          (2) 

 

where N is the number of stages (2) and Q is the size of the compressor in mmscfd.  

The estimates from Mintz et al. are the result of a parametric analysis of hydrogen 

compressor costs based on information from personal communication with R. Turnquest 

(Marketing manager of RIX industries, personal communication, Oct. 3, 2000).  The 

report notes that due to recent innovations in compressor design, compressors could be 

made available in the near term at 50% to 33% less than the costs estimated by the 

parametric analysis.  Mintz et al. assumed a 50% reduction in their analysis.  The Mintz 

2002 estimates are based on a 33% reduction, given the more near-term nature of the 

present analysis.  The Mintz et al. cost estimate include the costs associated with a 

hydrogen compressor and a booster compressor, where each is determined using a 

multistage hydrogen compressor cost equation: 

 

4561.0
, 877,22$ QC multicomp ⋅=         (3) 

 

where Q has units of kW.   
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Compressor power ratings can be determined using the following expression for 

compressor power (Ogden et al. 1996): 

 

[ ]1)()/114( /291.0
12 −⋅⋅= N

compcomp PPNQP η      (4) 

 

where Q is the flow rate in kg/day, ηcomp is the compressor efficiency (55%), N is the 

number of stages (2), P1 is the inlet pressure (200 psi) and P2 is the outlet pressure (6000 

psi).  For the estimates used in the present study, the power ratings for the hydrogen 

compressor and booster compressor follow the correlations implied in the work of 

Schoenung (2001): 0.1493 kW per kg/day for the hydrogen compressor and 0.1875 kW 

per kg/day for the booster compressor. 
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Figure A-3. Original compressor capital cost estimates. 

 

 

The linear fit shown in Figure 3-15 is based on capital costs adjusted for inflation 

to year 2002 dollars.  Compressor costs have not been adjusted for technological 
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maturity.  The resulting equation is indicated in the figure, and has a scaling factor of 

0.74.   Compressor capital cost scaling factors reported in other studies have ranged from 

0.46 (Mintz et al. 2002), to 0.74 (Amos 1998), to 0.88 (H2A 2005).  

 

Table A-8. Capital costs estimates for hydrogen compressor systems. 
Description Capacity Capital Cost Capacity Cost

[kg/day] [$/station] [$ / kg/day]
1 Amos, 1998 Zittel and Wurster 1996 67 $66,000 $979
2 H2A, 2004 Onsite SMR/Electrolysis 100 $31,500 $315
3 Mintz, 2002 Combined Booster System 100 $110,956 $1,110
4 Ogden, 1996 Multistage 100 $31,155 $312
5 DTI 2001 RIX industries 223.9 $75,000 $335
6 Mintz, 2002 Combined Booster System 250 $168,519 $674
7 Ogden, 1996 Multistage 250 $77,887 $312
8 DTI, 1997 BOC 269 $128,000 $476
9 SFA Pacific, 2002 Multistage 470 $132,582 $282
10 Amos, 1998 Taylor et al., 1986 506 $180,000 $356
11 DTI, 1997 Praxair (a) 660 $297,000 $450
12 Ogden, 1994 Combined Booster System 865 $250,000 $289
13 Mintz, 2002 Combined Booster System 1,000 $317,138 $317
14 Ogden, 1996 Multistage 1,000 $311,549 $312
15 DTI 2001 Henderson Intl 1,172.4 $146,650 $125
16 H2A, 2004 Onsite SMR/Electrolysis 1,500 $343,500 $229
17 Amos, 1998 Zittel and Wurster 1996 1,685 $206,250 $122
18 Singh, 1995 1,800 $150,000 $83
19 DTI, 1997 BOC 2,000 $663,000 $332
20 DTI, 1997 Praxair (a) 3,950 $446,000 $113
21 Mintz, 2002 Onsite SMR/Electrolysis 5,000 $660,768 $132
22 Ogden, 1996 Onsite SMR/Electrolysis 5,000 $1,557,744 $312
23 Amos, 1998 Taylor et al., 1986 18,203 $2,330,000 $128
24 Amos, 1998 Taylor et al., 1986 24,945 $2,440,000 $98
25 Amos, 1998 Taylor et al., 1986 30,338 $3,160,000 $104
26 Amos, 1998 TransCanada Pipeline, Ltd. 1996 190,795 $20,000,000 $105

Estimate#

 
 

 

Most compressor cost estimates were adjusted to account for booster 

configurations for station onsite storage systems, which, based on the configuration from 

Ogden (1996), involves an increase in total capital cost of 32 percent above the single 

compressor configuration cost.  Exceptions are the Mintz 2002 and Ogden 1994 cost 

estimates, which represent booster configured systems (these estimates were adjusted 

downwards to determine the linear fit for a single compressor system).  The resulting 

compressor capital costs used as inputs to the Monte Carlo simulation, scaled to the 
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HAVEN station capacities, are listed in Table A-9.  Due to the small number of estimates 

used per compressor size, triangular distributions were assumed, with peak values being 

determined by the equation shown in Figure 3-15 (and taking into account the booster 

configuration increase) and minimum and maximum values are based upon the groups of 

adjusted estimates shown in Table A-9.   

Storage Costs 

Hydrogen storage cost estimates vary widely, and a select number of estimates was 

chosen to develop a lognormal probability distribution of costs per kg of hydrogen stored.  

The values shown in Table A-10 indicate original cost estimates and scaled costs for two 

pressure ratings, 3600 psi and 7000 psi, which are approximate pressures used in booster 

or cascade storage configurations, respectively.  Costs were scaled by pressure, with 

higher pressure ratings being more expensive, according to the 0.31 scaling factor 

implied by the modeling of hydrogen storage costs in Amos (1998, A-2).   

The values listed under 3600 psi are used as inputs to the lognormal probability 

distribution function.  The distribution was attenuated using minimum and maximum 

values 10 percent lower or higher, respectively, than the smallest and largest adjusted 

costs listed in the 3600 psi column of Table A-10.  These minimum and maximum values 

are indicated by the error bars in Figure A-4, along with the mean values for the 3600 psi 

and 7000 psi distributions.  These parameters are also listed in Table A-11 along with the 

standard deviations as a percentage of the mean.  Note that estimate number 4 (DTI 2001) 

from Thomas et al. (2001) is nearly identical to the mean value of the 3600 psi tank.  

Estimate number 6 from the preliminary H2A analysis is very similar to the resulting 

means costs.  The lognormal distributions for hydrogen storage costs per kg are shown in 

Figure 3-18 on page 108. 

Dispenser Capital Costs 
The original cost estimates for dispensers are indicated in Table A-12.  The average 

capital cost per dispenser is $22,850.  These values serve as the basis for the dispenser 

costs as described in Chapter 4.  The average station size and average dispenser costs per 

station are shown for reference.  The resulting cost probability distribution function for 

dispensers is shown in Figure 3-19 on page 109. 
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Table A-9. Compressor capital cost estimates scaled to HAVEN station capacities. 
Compression Compression

# Capacity Flow Rate System Capital # Capacity Flow Rate System Capital
kg/day kg/hr $/unit kg/day kg/hr $/unit

Mini Capacity Medium Capacity
1 Amos, 1998 100 4.2 $122,921 12 Ogden, 1994* 1,000 41.7 $519,334
2 H2A, 2004 100 4.2 $41,580 13 Mintz, 2002* 1,000 41.7 $317,138
3 Mintz, 2002* 100 4.2 $110,956 14 Ogden, 1996 1,000 41.7 $432,599
4 Ogden, 1996 100 4.2 $43,260 15 DTI, 2001 1,000 41.7 $172,401
5 DTI, 2001 100 4.2 $56,555 16 H2A, 2004 1,000 41.7 $343,289
8 DTI, 1997 100 4.2 $89,845 17 Amos, 1998 1,000 41.7 $163,864
9 SFA Pacific, 2002 100 4.2 $60,476 19 DTI, 1997 1,000 41.7 $570,335

10 Amos, 1998 100 4.2 $122,921 20 DTI, 1997 1,000 41.7 $240,503
Small Capacity Large Capacity

5 DTI, 2001 250 10.4 $106,061 16 H2A, 2004 2,500 104.2 $643,787
6 Mintz, 2002* 250 10.4 $168,519 17 Amos, 1998 2,500 104.2 $460,954
7 Ogden, 1996 250 10.4 $108,150 19 DTI, 1997 2,500 104.2 $1,069,577
8 DTI, 1997 250 10.4 $168,490 20 DTI, 1997 2,500 104.2 $451,028
9 SFA Pacific, 2002 250 10.4 $113,414 21 Mintz, 2002* 2,500 104.2 $481,670

10 Amos, 1998 250 10.4 $157,737 22 Ogden, 1996 2,500 104.2 $2,162,997
11 DTI, 1997 250 10.4 $211,169
12 Ogden, 1994* 250 10.4 $200,581

* Indicates cost not adjusted for booster compressor configuration.

Outlet Capacity
EstimateEstimate

Outlet Capacity
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Table A-10. Original and scaled capital cost estimates for compressed hydrogen storage 
tanks. 

Pressure Original Cost @ 3600 psi @ 7000 psi
[psi] [$/kg] [$/kg] [$/kg]

1 DTI 2001 3600 $373 $373 $458
2 DTI 2002 7000 $662 $539 $662
3 Berry, 1995 6000 $733 $626 $769
4 DTI 2001 3600 $754 $754 $926
5 Schoenung, 2001 5000 $893 $806 $991
6 H2A 2004 6250 $900 $758 $932
7 SFA Pacific, 2002 5880 $991 $851 $1,046
8 Amos 1998 3600 $1,314 $1,314 $1,615

Estimate#
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Figure A-4. Estimates and probability distribution ranges for storage costs. 

 

Table A-11. Lognormal cost probability distribution parameters for hydrogen storage. 

Tank Pressure Mean Minimum Maximum SD/Mean
3600 psi $744 $336 $1,445.46 32%
7000 psi $915 $412 $1,776.37 32%  
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Table A-12. Dispenser capital cost estimates. 

Capacity Capital Cost Dispensers
(kg/day) ($/station) ($/dispenser)

Singh, 1995 4 disp 1800 $100,000 $25,000
Schoenung, 2001 Ogden, 1995 400 $25,000 25,000
DTI, 2002 1 disp 115 $20,700 20,700
SFA Pacific, 2002 dispenser 470 $30,000 $15,000
ANL 2000, notes 1 bay, 1 disp 250 $26,400 $26,400
Berry, 1996 4 hoses 900 $100,000 $25,000
Average n.a. 656 $50,350 $22,850

Source Description

 
 

 

Sensitivity of Input Parameters to the Final Levelized Cost of Hydrogen 
The influence of parameters modeled as uncertain distributions on the levelized cost of 

hydrogen is summarized in the tornado chart shown in Figure A-5.  The price ranges 

shown apply to a 1,000 kg per day onsite SMR station in 2025 within the NAS-2032 

scenario, after 13,247 medium sized units have been produced.  The ranges indicated for 

each parameter correspond to 10 and 90 percent cumulative probabilities; the low end 

reflects a value greater than 10 percent of all possible values, and the high end reflects a 

value greater than 90 percent of all possible values.  The labels on each bar indicate the 

parameter values, and the length of each bar indicates the resulting change in the LCH, 

assuming all other parameters are held constant.  

 Variations in the capital cost and progress ratio associated with the SMR unit 

have the greatest influence on the final LCH.  These parameters can potentially shift the 

LCH away from the average cost of $3.03 per kg by 5 to 8 percent.  Natural gas is the 

next most influential uncertain cost input, and can shift the LCH by 2.6 to 2.85 percent.  

The next most influential cost parameters are the capital cost of storage and the progress 

ratio for the capital cost of storage, which shift the LCH by as much as 2.5 percent.  All 

other uncertain input change the LCH by less than 2 percent.    

 The influence of major fixed parameters (those not modeled as uncertainty 

distributions) on the levelized cost of hydrogen is summarized in Figure A-6.  Because 

these values have not be expressed as probability distributions, it is not possible to vary 

them on an equivalent basis for the sensitivity analysis.  The sensitivities indicated  
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Figure A-5. Tornado chart for uncertain inputs to the levelized cost of hydrogen.  Input 
ranges are for 10 and 90 percent probability.  Average LCH of $3.03 per kg is for a 1000 
kg per day onsite SMR station, at a cumulative production level of 13,247 units. 
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Figure A-6. Tornado chart for fixed inputs to the levelized cost of hydrogen.  Input values 
are varied by 10 percent.  Average LCH of $3.03 per kg is for a 1000 kg per day onsite 
SMR station, at a cumulative production level of 13,247 units. 

 

therefore should not be considered equivalent, and the tornado chart ranking is somewhat 

arbitrary.  As a default, each parameter has been varied by 10 percent.  The result is that 

average utilization and SMR unit conversion efficiency have the greatest influence on the 

LCH, with average utilization varying the LCH by as much as 4 percent.  Each of the 

other fixed parameters change the LCH by less than 2 percent when varied by 10 percent.  

Note that average utilization and conversion efficiency, as well as station lifetime in 

Figure A-5, have an inverse relationship to LCH – when they are increased, the LCH 

decreases, and visa versa.  
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Appendix B 
 
 

Vehicle Stock and Flow Model 
 
 
 
This appendix presents some of the underlying data supporting the vehicle stock and flow 

model, such as scrappage rates and vehicle miles traveled projections.  Throughout the 

appendix, the simulation model is referred to as the Hydrogen and Vehicle Energy 

Networks (HAVEN) model to facilitate explanations and clarify graphs. 

Population   
Population is considered an exogenous variable, and is projected using a standard 

population stock model with changes in birth rates and death rates determining the total 

population in year n (Pn).  Annual changes in population follow a first-order nonlinear 

function: 

 

( )DRBRPP nn −+=+ 11          (5) 

 

where the population in year (n+1) is population Pn adjusted for the fractional birth rate 

(BR) and death rate (DR) (Sterman 2000, 285).  Fractional birth rates and death rates 

diminish over time as the population stabilizes near the population carrying capacity 

(PCC), according to the following equations: 
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The base birth rate and base death rate values (BRo and DRo) are indicated in Table B-1, 

along with the population carrying capacity (PCC) and the initial year 2000 population. 

 

Table B-1. Population growth parameters. 

Parameter Value Units
Initial population (year 2000) 281 million persons
Birth Rate Basis (BR o ) 1.14 births per person
Death Rate Basis (DR o ) 1.115 deaths per person
Carrying Capacity (P CC ) 475 million persons  
 

 

The resulting population projection is similar to the population projected in the 

moderate growth scenario of the 2005 DOE Annual Energy Outlook (AEO) report (EIA 

2005a).  Figure B-1compares the projected population to the population projections in the 

high and low economic growth scenarios of AEO 2005, as well as historic population 

values.  By 2060, the population is still some 60 million persons below the carrying 

capacity. 
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Figure B-1. Historic and projected U.S. populations. 
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Stock of  Light Duty Vehicles 

The total stock of light duty vehicles (TSLDV) is dependent upon the number of LDVs 

sold per person and the rates at which vehicles of different ages are retired.  The number 

of new LDVs sold in any given year (NLDVn) is: 

 

nnn PNLDVPPNLDV ⋅=         (8) 

 

where NLDVPPn is the number of new LDVs sold per person in year n.  Based upon 

historical data (Davis 2003, tables 4.5, 4.6) and projections in the moderate scenario of 

AEO 2005, NLDVPP is held constant over the 2000 to 2060 time period at 52 vehicles 

per 1000 persons, as indicated in Figure B-2.  The LDV values for AEO 2005 include 

both personal and fleet vehicles, and include a broader range of LDVs than the indicated 

historical data.71  Though larger in absolute terms, the AEO projection has a rate of 

growth in LDV sales per person that is relatively constant between 2000 and 2015.  After 

2012, LDV sales per person begin to increase in the AEO projections.  However, trends 

in LDV sales per person do not support this gradual increase, and constant value has 

therefore been assigned that is equal to the average rate since 1985.   

 When combined with a slowing of population growth, this constant rate of LDV 

sales per person results in slowing growth in total LDV sales per year, which deviates 

significantly from the AEO 2005 projection, as indicated in Figure B-3.  However, due to 

turnover dynamics within the HAVEN LDV stock and flow model, this difference in the 

rate of vehicle production does not necessarily result in large differences in the total LDV 

stock in the HAVEN model and that projected by AEO, as discussed below.  Figure B-3 

indicates that by 2060, 21.4 million LDVs are being sold each year, a 42 percent increase 

over the sale of 15.1 million LDVs sold in 2003 in the present analysis.   

                                                 
71 The light truck sales in Table 4.5 of Davis 2004 include all trucks with a gross vehicle weight of 10,000 
lbs or less.  Sales of these vehicles have been adjusted downward by 25 percent to approximate LDV data 
from other sources, which include trucks with a gross vehicle weight of 8,500 lbs or less.  
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Figure B-2. Historic and projected sales of new light-duty vehicles per person. 
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Figure B-3. Historic and projected new light-duty vehicle (LDV) sales. 
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The fraction of new LDVs retired each year is determined based on scrappage 

rates used in the EPA MOBILE 6 model (EPA 2005).  Original scrappage rate values 

from the MOBILE 6 model are smoothed slightly to reduce irregularities between yearly 

rates, and reduced slightly over time to account for improved quality and increased 

vehicle longevity.  The resulting scrappage rates (percentage of vehicles retired for any 

given model year) and corresponding survival rates (percentage of vehicles of a given 

model year that have not been scrapped) are indicated in Table B-2.  The modified 

survival rates for future LDV fleets are compared to the year 1999 MOBILE 6 survival 

rates in Figure B-4. 

Given these vehicle sales per year and scrappage rates, the total stock of LDVs 

can be determined as: 

 

∑
=

−+=
30

0
,,

m
nmnmnon FRLDVTSLDVNLDVLDVTSLDV     (9) 

 

where FRLDVm,n is the fraction of LDVs retired of age m in year n, and TSLDVm,n is the 

total stock of LDVs of model m in year n.  Vehicles older than 30 years are excluded 

from the model (i.e., assumed to be scrapped or insignificant in terms of fuel use).  The 

resulting stock of LDVs is indicated in Figure B-5 in terms of both total vehicles and as 

vehicles per person, and these values are compared to historical data and projections in 

the AEO 2005 moderate growth scenario.72 

 

 

 

 

 

 

 

                                                 
72 Because Davis (2004) defines light-duty trucks as being up to 10,000 lbs, the historical truck stock from 
Davis has been adjusted downward by 25 percent for this graph. 
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Table B-2. Light-duty vehicle scrappage and survival rates. 
LDV
Age Mbl-6 2000 2010 2020 2030 2040 2050 Mbl-6 2000 2010 2020 2030 2040 2050

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100 100 100 100 100 100 100
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100 100 100 100 100 100 100
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100 100 100 100 100 100 100
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100 100 100 100 100 100 100
4 0.5 1.0 0.9 0.9 0.9 0.8 0.8 99 99 99 99 99 99 99
5 1.9 1.1 1.1 1.1 1.0 1.0 0.9 98 98 98 98 98 98 98
6 1.0 1.8 1.7 1.7 1.6 1.5 1.5 97 96 96 96 97 97 97
7 2.5 2.0 1.9 1.9 1.8 1.7 1.7 94 94 94 95 95 95 95
8 2.5 3.2 3.1 3.0 2.9 2.7 2.6 92 91 92 92 92 92 93
9 4.6 4.3 4.1 4.0 3.8 3.7 3.6 88 87 88 88 89 89 89

10 5.8 6.0 5.8 5.6 5.4 5.2 5.0 83 82 83 83 84 84 85
11 7.8 7.7 7.4 7.2 6.9 6.6 6.4 76 76 77 77 78 79 79
12 9.6 10.7 10.3 9.9 9.6 9.2 8.9 69 68 69 70 71 71 72
13 15.2 14.5 14.0 13.5 13.0 12.5 12.1 58 58 59 60 61 62 64
14 20.0 17.9 17.3 16.7 16.1 15.5 14.9 47 48 49 50 51 53 54
15 19.4 20.3 19.6 18.9 18.2 17.6 16.9 38 38 39 41 42 44 45
16 21.8 20.7 20.1 19.4 18.7 18.0 17.3 29 30 31 33 34 36 37
17 21.5 22.2 21.4 20.7 20.0 19.2 18.5 23 23 25 26 27 29 30
18 23.7 22.7 21.9 21.2 20.4 19.6 18.9 18 18 19 20 22 23 25
19 23.3 20.8 20.1 19.4 18.7 18.0 17.4 14 14 15 17 18 19 20
20 12.8 13.8 13.3 12.9 12.4 11.9 11.5 12 12 13 14 16 17 18
21 14.7 17.3 16.7 16.1 15.5 15.0 14.4 10 10 11 12 13 14 15
22 13.6 12.8 12.4 12.0 11.6 11.1 10.7 9 9 10 11 12 13 14
23 19.9 13.9 13.5 13.0 12.5 12.1 11.6 7 8 8 9 10 11 12
24 0.0 13.9 13.4 13.0 12.5 12.1 11.6 7 7 7 8 9 10 11
25 19.6 12.0 11.6 11.2 10.8 10.4 10.0 6 6 6 7 8 9 10
26 15.4 10.7 10.3 10.0 9.6 9.3 8.9 5 5 6 6 7 8 9
27 0.0 12.0 11.6 11.2 10.8 10.4 10.0 5 5 5 6 6 7 8
28 18.3 9.8 9.5 9.1 8.8 8.5 8.2 4 4 5 5 6 7 7
29 0.0 3.8 3.6 3.5 3.4 3.3 3.1 4 4 4 5 6 6 7
30 12.9 6.5 6.3 6.1 5.9 5.6 5.4 3 4 4 5 5 6 7

Scrapage Rates (%) Survival Distributions (%)
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Figure B-4. LDV survival rates in MOBILE 6 and the present study (HAVEN). 
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Figure B-5. Historic and projected stock of LDVs, total and per person. 
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Vehicle Miles Traveled 

There is significant uncertainty surrounding future projections of vehicle miles traveled 

(VMT).  A wide range of variables are involved in detailed estimates of future vehicle 

miles traveled (cf. Pickrell and Schimek 1999).  By comparison, this analysis involves a 

simplified representation of a complex issue.  The HAVEN model includes a simple 

projection of VMT per LDV per year, and uses projections from the AEO 2005 moderate 

growth scenario and historical values as a reference.  The HAVEN model projects VMT 

per LDV growth to be similar to AEO projections until about 2012, after which growth is 

slower than that projected by AEO but consistent with historical growth trends.  These 

trends are compared in Figure B-6.  Slowed growth in VMT per LDV is anticipated, if for 

no other reason than limitations on personal daily travel times.  The HAVEN model 

projects about 16,000 VMT per LDV per year by 2060.  For a vehicle with an average 

travel velocity of 35 mph, this would involve operating for 1.25 hours per day, which is a 

greater amount of time than is typically spent on daily travel in most societies (Schafer 

and Victor 1999).  Though lower than projections by AEO 2005, the VMT per LDV 

values assumed in the HAVEN model do represent a significant increase in travel 

intensity by personal vehicles.  Moreover, despite this discrepancy in VMT per LDV 

values, the total VMT for the LDV fleet in the HAVEN model is consistent with the 

upward trend seen in the AEO 2005 moderate growth scenario (see below).   

 New vehicles tend to be driven more than older vehicles.  This tendency is 

captured by the stock and flow model by varying annual VMT per LDV by vehicle age.  

This is done using the VMT per LDV age distribution reported for vehicles in 1996 in the 

MOBILE 6 model (EPA 2005).  This VMT per LDV values in this 1996 distribution 

were adjusted upwards to account for increases in overall VMT per vehicle (2.55% per 

year) to predict a distribution for LDVs in the year 2000.  The resulting distribution is 

shown in Figure B-7, along with two other annual VMT per LDV distributions based on 

the Nationwide Personal Transportation Survey (NPTS) (Pickrell and Schimek 1999).  

One NPTS distribution is based on a survey of odometer readings in 2001, and the other 

is based on a survey of diver-reported VMT values in 2001, both resulting in similar 

distributions.  These NPTS data show survey results for vehicles 10 years old or less, and 

assume constant VMT per year for older vehicles based upon samplings of older vehicles.   
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Figure B-6. Historic and projected rates of VMT per LDV per Year. 
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Figure B-7. Vehicle miles traveled (VMT) per year by vehicle age and VMT as a fraction 
of average VMT by vehicle age. 
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This “floor” for older vehicle VMT is higher than the values used in the MOBILE 6 

study.  However, in an alternative publication, Pickrell and Schimek (1999) report the 

1995 NPTS results as indicating a floor of 6000 VMT per year for vehicles older than 15 

years.  With the HAVEN model including vehicle longevity improving over time, the 

declining annual VMT per LDV from the MOBILE 6 model has a significant effect on 

total fuel use.   

The second vertical axis in Figure B-7 indicates the VMT per year for each age 

normalized by the average VMT per year of all vehicles within the MOBILE 6 fleet.  

These normalized values are used to determine VMT per LDV for different LDV ages 

according to the following equation: 

 

nAVEmmn VMTVMT ,, ⋅= α         (10) 

 

where VMTn,m is the VMT per LDV in year n for vehicle age m, αm is the normalized 

VMT coefficient from the MOBILE 6 distribution in Figure B-7, and VMTAVE,n is the 

average annual VMT per LDV for the total LDV fleet in year n.  The values for VMTAVE,n 

are calculated based upon the following equation: 

 

( )
( )β

β
−

−⋅
=

2000ln
ln2000

,
nVMTVMT nAVE        (11) 

 

where VMT2000 is the average VMT in the year 2000 (12,400 miles) and the parameter 

β is determined by setting Equation 11 equal to 16,500 miles for the year 2060 (using 

goal seek in Excel).  The resulting average annual VMT per LDV, when applied to the 

aging chain model of LDVs, is compared in Figure B-6 to historical and projected AEO 

2005 values. 

Having characterized the distribution of VMT per year by vehicle age, growth in 

average VMT, and the distribution of LDVs by age,  it is possible to determine total 

VMT for the entire LDV fleet.  This resulting total VMT for the base scenario is 
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indicated in Figure B-8, where it is shown to be consistent with historical data (Davis and 

Diegel 2004) and slightly less aggressive than projections in AEO 2005 after 2015. 
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Figure B-8. Historic and projected total VMT for the LDV fleet. 

 

 

Fuel Demand 
Fuel demand is determined based on the fuel use of vehicles of different ages within the 

stock and flow model described above.  LDVs produced with a particular average fuel 

economy in year n are assumed to retain the same fuel economy rating over their lifetime, 

though both vehicle driving intensity (VMT per year) and likelihood of being retired will 

increase with age.  Fuel consumption is calculated based on the average fuel economy of 

LDVs of age m utilizing a fuel type t (gasoline, hydrogen, etc.), and the vehicle miles 

traveled of LDVs of model year m.  The basic fuel demand equation is: 
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VMTLDV
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where Qn,m,t is the gallons of fuel used in year n for LDVs of vehicle age m consuming 

fuel type t.  LDV is the stock of light duty vehicles in operation, VMT is the average 

vehicle miles traveled per year, and FE is the average fuel economy in miles per gallon.  

While LDV and FE are disaggregated by year, vehicle age, and fuel type, VMT is the 

same for vehicles using any fuel type, but is disaggregated by year and vehicle age.   The 

LDV stock and flow model allows for summation of this equation across vehicles of all 

ages to determine annual consumption of a particular fuel by the LDV fleet: 

 

∑∑
==

⋅
==
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m tmn

mntmn
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,,,

1
,,,       (13) 

 

where Qn,t is the total consumption of fuel type t by LDVs of all vehicle ages in year n.  

This total fuel consumption is combined with the fuel carbon intensities indicated in 

Figure 5-1 on page 190 to determine total GHG emissions from LDVs. 

 Geographic and temporal aspects of fuel demand are taken into account in 

determining the size of new refueling stations.  Based on VMT volumes by road types 

reported by the FHWA, it appears that fuel use on rural interstates consumes some 9% of 

total transportation fuel (adjusting VMT volumes using an assumed 15% fuel economy 

improvement for highway travel).  In addition, seasonal fluctuations in gasoline 

consumption reported by EIA suggest an approximate 5-8% fluctuation from average 

annual consumption during summer and winter seasons, with summer being higher and 

winter lower than the average.  Based on this data, it is assumed that interstate refueling 

consumes on average 9% of total LDV fuel use, and that the peak capacity of interstate 

stations must be at least 15% of average consumption to account for summer peak 

demand.  The fraction of total fuel consumption assumed for rural areas is 30%, based on 

non-interstate VMT reported for rural roads by the FHWA. 

Hydrogen Vehicle Deployment Scenarios 
The rate at which hydrogen vehicles are introduced into the vehicle fleet is modeled using 

a logistic function (Fisher and Pry 1971; Gilshannon and Brown 1996; Kwaśnicki and 

Kwaśnicka 1996; Marchetti and Nakicenovic 1979): 
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( ) ( )ottbi e
tf −−+
=

1
1            (14) 

 

where fi is the percent of new LDV sales of vehicle type i, t is the year (i.e., 2000), and b 

and to are logistic growth parameters.   

 Competition between vehicle types is represented through a series of two logistic 

functions, in which hybrid gasoline vehicles gain a greater market share with a reduction 

in hydrogen vehicle market share.  These dynamics are captured by the following set of 

equations: 

 

HVGHEVCGV fff −−=1         (15) 

 

( )
)(1

1
ottb
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GHEV e

ff −−+
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=          (16) 

 

( )ottbHV e
f ′−′−+

=
1

1           (17) 

 

where the values for b and t are unique to GHEVs and HVs and depend upon the 

scenario.  For the three NAS-based scenarios, these values are indicated in Table B-3.   

Each NAS-based scenario is named after the year in which 50 percent of LDV 

sales are hydrogen vehicles, which occurs in year 2032 for the original NAS scenario, 

and in 2042 and 2052 for the two additional scenarios representing less aggressive 

versions of the original NAS scenario.  By definition, the parameter to is equal to the year 

in which logistic growth reaches 50 percent.  The b values for each scenario have been 

calibrated to match growth patterns in the first five years of the original NAS scenario, 

which involves an increase in market share of 1 percent per year for the first 10 years of 

introduction hydrogen vehicles.   

The introduction rates that result from the logistic functions defined by Equations 

15, 16 and 17 and using the parameters indicated in Table B-3, are compared to the 

original introduction rates of the NAS report in Figure B-9, Figure B-10 and Figure B-11. 
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The general tendency is that the introduction of hydrogen vehicles is delayed for 

scenarios NAS-2042 and NAS-2052, resulting in higher penetration rates of GHEVs, as 

determined by Equation 16.   In each scenario, CGVs are completely displaced by about 

2035, and GHEV market shares begin to decline as a result of increasing HV sales 

sometime between 2026 and 2032.  Each hydrogen vehicle deployment scenario may be 

considered “successful” over the long-term, but from the perspective of investors in early 

hydrogen infrastructure components (before 2020), the NAS-2032 scenario is ideal, while 

the NAS-2052 scenario may be associated with less than adequate returns on investment.   

 

Table B-3. Scenario growth parameters, for More of the Same (MOTS), a Shift to Hybrid 
(STHB), and various hydrogen vehicle deployment scenarios (NAS scenarios).  

MOTS STHB NAS 2032 NAS 2042 NAS 2052
Year Introduction never 2005 2015 2015 2015

b 0 0.25 0.27 0.137 0.093
t o 0 2021 2030 2040 2050

Vehicle ScenarioGrowth Parameter
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Figure B-9. Vehicle introduction rates for scenario NAS-2032. 
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Figure B-10. Vehicle introduction rates for scenario NAS-2042. 
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Figure B-11. Vehicle introduction rates for scenario NAS-2052.  
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 The total stock of LDVs in each scenario is indicated in Figure B-12, where the 

total LDV stock increases to 350 million vehicles by 2060.  In the MOTS scenario, all of 

these LDVs would be conventional gasoline vehicles (CGVs).  In each of the other 

scenarios, the stock of CGVs declines at an equal rate, and the tradeoff between GHEV 

and HV stocks determines the unique characteristics of each scenario.  In the NAS-2032 

scenario, HVs are shown as approaching 350 million by 2060. 
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Figure B-12. Stocks of LDVs for each scenario. 

 

 

 The total fuel use in each of these scenarios is indicated in Figure B-13, where 

total gasoline use in the MOTS scenario begins to level off at just over 180 billion gallons 

per year by 2060, and total gasoline use in the STHB scenario drops and levels off near 

110 billion gallons per year by 2060.  Fuel use by vehicle type in the other scenarios is 

labeled according to the NAS scenario year.  Note that hydrogen, shown in billions of kg 

per year, is used much more efficiently than gasoline.  In the NAS-2032 scenario, with 
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HVs nearly dominating the entire fleet of LDVs, some 65 billion kg of hydrogen are 

consumed each year by 2060. 
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Figure B-13. Fuel use for each scenario. 
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Appendix C 

 

Hydrogen Station Network Expansion Sub-Models 

 

 

This appendix reviews the submodels of urban, interstate and rural hydrogen station 

networks in greater detail than is presented in Chapter 4.   

Urban Station Networks 
The expansion of urban hydrogen refueling stations is a function of population and urban 

land area.  The station density in any given area is assumed to correspond to population 

density, as described in Chapter 3.  The expansion of urban station networks occurs as 

urban populations increase, and as urban areas expand in size.  Population growth is 

discussed in Appendix A.  It is assumed that urban land area grows at a slightly slower 

rate than population growth, with the result that cities become more dense over time.  

Urban land areas, which are initially based upon the year 2000 land areas reported for 

census urban areas, grow at an annual percentage rate that slightly slower than population 

growth:    

 

( )pnini rAA α+⋅=+ 1,1,           (18) 

 

where rp is the rate of population growth, and the factor α is set to 0.8 to determine the 

land area for city i in year n+1.  Given this formulation of land area growth, it is possible 

to project the number of stations in a given urban area if a station density function is 

known or assumed. 

The estimation method presented in Chapter 3 is used to determine the number of 

urban stations in the year 2000.  Given the above formulation for urban land area, an 

increasing urban population and land area would result in increase in station numbers 
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over time, but a countervailing consolidation trend is introduced to moderate the growth 

in station numbers over time.  This consolidation results in an increase in average urban 

station size over time, which is consistent with historical trends.  The degree of 

consolidation is calibrated so that the average urban station size levels off at about 

110,000 gallons per month by 2060.  The consolidation factor moderates station growth 

according to the following equation: 

 

βαρ ninini ACFN ,,, ⋅⋅=           (19) 

 

where the number of stations in city i in year n (Ni,n) is equal to the consolidation factor 

(CF) times the area of the city times the station density function. The consolidation factor 

has the following exponential form: 

 

)2000()1( nBeAACF −−+=         (20) 

 

where the parameters A and B are calibrated to result in a leveling off of the average 

urban station size in 2060, as shown in Figure C-1, which indicates both the number of 

stations and average station size with and without applying the consolidation factor.  

Historical data on national station averages, using NPN estimates of the total number of 

stations, are shown for comparison, though they are smaller than the average urban 

station value indicated.  Note that station size trends without the consolidation factor are 

inconsistent with the NPN station size growth trend, while the trend resulting from the 

consolidation factor extends and gradually attenuates growth in average urban station 

size.  

Relying upon the function for gasoline station density developed in Chapter 3, φ, 

with units of stations per square mile, the total number of refueling stations required in an 

urban area i can be calculated as: 

 

φ⋅= iiRS AN ,           (21) 
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and the total refueling stations (NRS) in the United State is calculated as: 

 

ruralRS
i

iRSRS NNN ,, += ∑
        

(22) 

 

where the sum is over all major urban areas in the country, and the number of rural 

stations (NRS,rural) is fixed.   

The growth of hydrogen stations, after attaining the initiation threshold, follows a 

logistic function: 

 

( ) α
α

+
+

−
= −− ottb

RS
RSH e

NN
12

        
(23) 

 

where the total number of refueling stations (NRS)minus the number of hydrogen stations 

established during the initiation process (α) is upper threshold on the logistic function, 

and b and to are based upon parameters for hydrogen vehicle deployment.  The values for 

b are the same as for hydrogen demand, and to precedes that of hydrogen fuel demand by 

5 years (see Table B-3).  The resulting number of urban gasoline stations (assuming no 

displacement by hydrogen stations) and urban hydrogen stations for each scenario are 

indicated in Figure C-2 (also see Figure 4-17 on page 158). 

Interstate Networks 
As discussed in Appendix B, interstate travel is assumed to account for some 9 percent of 

total LDV fuel use, and the peak capacity of interstate stations is set to 15 percent of total 

LDV fuel use to account for demand during the summer driving season.   The initial 

threshold of rural interstate station is set to 1600 stations in each scenario, with 267 

stations built each year from 2010 to 2015 in the base scenario (see Chapter 3).  After this 

threshold is attained, the number of rural interstate stations is assumed to follow logistic 

growth identical to that of hydrogen vehicle deployment rates, using the parameters 

indicated in Table C-1.  The resulting growth in stations for the NAS scenarios is 

indicated in Figure C-3.  
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Figure C-1. Effect of urban station consolidation assumption. 
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Figure C-2. Number of urban gasoline and hydrogen stations in each scenario. 
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Table C-1. Logistic growth parameters for rural interstate stations. 

b t o b t o

NAS-2032 0.23 2032 0.23 2037
NAS-2042 0.123 2042 0.123 2047
NAS-2052 0.088 2052 0.088 2057

Scenario
Rural Interstate Rural Non-Interstate
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Figure C-3. Growth in rural interstate hydrogen stations for each scenario. 

 

 

 This network of rural interstate stations is assumed to provide fuel to a market that 

overlaps both rural and urban travel, and both rural and urban land area.  The total 

number of stations (hydrogen or gasoline) is fixed, and the station size distribution 

increases monotonically with increased hydrogen demand in both urban and rural areas 

according to the following equation: 
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where *
iQ  is the peak capacity of the ith station within the set of NRInt rural interstate 

stations, and *
AVEQ  is the peak capacity of the average rural interstate station size.  The 

average peak capacity is determined to be 15 percent of combined urban and rural 

stations during the early years of station development, but a threshold of maximum 

utilization of rural interstate stations is assumed to be 50 percent, after taking into 

account both daily and seasonal fluctuations in demand, with summer fluctuations having 

the biggest effect on average utilization.  Relative station sizes are predetermined for 

rural interstate stations, and are a function of average peak demand per station.  The 

number of rural interstate stations of a given size m in year n is:  

 

⎟
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PNN
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     (25) 

 

where NRInt,n is the total number of rural interstate stations in year n, PMin,m and PMax,m are 

the minimum and maximum percent of stations installed of size m, *
AVEQ  is the average 

peak capacity of rural interstate stations, and QAVE,Max is the maximum average peak 

capacity for rural interstate stations (set equal to 1000 kg per day).  These parameters are 

indicated in Table C-2 for each of the six station sizes comprising rural interstate station 

networks.  The maximum number of stations of each size is also indicated along with the 

corresponding maximum peak capacity in kg per year.  In total, the maximum installed 

capacity of the rural interstate station network is approximately 1 billion kg of hydrogen 

per year.  Note that the number of large stations indicated in Table C-2 is comparable to 

the number of interstate stations identified by Melendez and Milbrant (2005). 

Rural Networks  
The number of hydrogen stations located in rural areas also determined using a logistic 

function, with the upper threshold being a hypothetical (i.e., exogenous) value 

representing total rural stations.  This value is defined as the difference between total 

U.S. stations and the number of stations located in urban areas and along rural interstates.  

This estimate or parameter is used to define an upper threshold due to lack of reliable 
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data on rural stations, as well as to simplify the analysis.  The logistic parameters used to 

represent the growth in rural non-interstate stations are indicated in Table C-1, and the 

resulting number of rural non-interstate stations is indicated in Figure C-4. 

 

Table C-2. Station size distributions for rural interstate stations. 
Station Size Min % Max % Max No. Max Capacity

kg/day Stations kg/year
2000 0% 20% 660 481,800,000
1000 0% 25% 825 301,125,000

500 0% 20% 660 120,450,000
250 0% 15% 495 45,168,750
200 50% 10% 330 24,090,000
100 50% 10% 330 12,045,000

Total 100% 100% 3,300 984,678,750  
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Figure C-4. Growth in rural non-interstate hydrogen stations for each scenario. 

 

 

Analysis by Singh on rural gasoline station networks, relying on census records 

MSA and non-MSA stations, suggests that each rural (or non-MSA) gasoline station 

serves an average area of approximately 70 square miles (2004).  Given that census data 
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on stations may not take into account all rural stations, and could underestimate the total 

by as much as 30 percent (see Figure 4-5 on page 132), this typical rural area may range 

between 70 and 50 square miles.  This range is compared to each scenario of rural 

hydrogen stations, assuming they are distributed across 3.5 million square miles of U.S. 

rural land area, in Figure C-5.  This comparison suggests that the number of rural stations 

projected in the current analysis is probably more than sufficient for coverage 

requirements in rural areas.  
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Figure C-5. Land area per rural hydrogen station in each scenario. 
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