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Transitioning the Transportation Sector: Exploring the
Intersection of Hydrogen Fuel Cell and Natural Gas Vehicles
Executive Summary
On September 9, 2014, Sandia National Laboratories, American Gas Association, and Toyota, in support of the U.S.
Department of Energy’s Fuel Cell Technologies and Vehicle Technologies Offices, convened stakeholders across the
hydrogen and natural gas communities to consider opportunities and challenges at the intersection of their development
as alternative transportation fuels. Although natural gas and hydrogen have an obvious intersection – natural gas is the
feedstock for 95% of the hydrogen produced in the U.S. – little attention has been given to how these fuels can evolve in
the context of each other. This workshop explored infrastructure requirements, regional trends, and market opportunities
at the intersection of hydrogen fuel cell and natural gas use for on road transportation. The goal of the workshop was
to provide background and context for thinking through the dynamic evolution of these two transportation options in
tandem, and to identify opportunities that can support the synergistic development of both fuels.

The Transitioning the Transportation Sector workshop was organized around
three key questions:
• For what markets are natural gas and hydrogen in direct competition? How might they complement
each other and be better suited for different transportation applications?
• How do we get fueling stations built? Are there business models that can simultaneously support hydrogen
and natural gas?
• What can we learn from programs and policies that have been implemented at the state level?

Key observations from the workshop are summarized below:
Markets for hydrogen and natural gas will naturally segment. Vehicle selection for commercial applications,
such as freight trucks and delivery vans, are driven by economics and business needs. These businesses are already on a
path towards broad use of natural gas for trucks and vans. In contrast, automakers expect that fuel cell electric vehicles
(FCEVs) will be adopted more broadly for personal transportation. While there may be overlap in selected niches, such
as buses or light duty fleet vehicles, the current market and manufacturer signals indicate that hydrogen and natural gas
will likely segment to different application areas.
Starting from common standards and equipment may enable synergistic development of both hydrogen and
natural gas. Infrastructure, storage, and delivery have been cited as common challenges in the deployment of both
natural gas and hydrogen fuels. Although both are compressed gaseous fuels, current trends indicate that requirements
for hydrogen and compressed natural gas are likely to be tailored to optimize each individually rather than focusing on
what is common. While different pressure and materials requirements have been developed independently for each fuel,
utilizing common equipment, pressures, and manufacturing processes could enable economies of scale for storage equipment and handling that could simultaneously drive down costs and advance both alternatives.
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Co-location of hydrogen and natural gas fueling stations would create new business opportunities. Natural gas and
hydrogen fueling stations are currently being developed independently. Having both fuels at the same station could improve
operational expenditures and also take advantage of common supply chains. Coupling these infrastructure economics with
common equipment manufacturing for both vehicle and fuel supply technologies has the potential to create new business
models that lowers the cost and reduces the risk of both alternatives in tandem.
Roles of fuel providers and utilities will shift. The increasing diversity and potential higher margins of alternative fuels
will add new players to the fuel supply market. The infrastructure needed for natural gas, hydrogen, and electricity as transportation fuels has brought a diversity of industry stakeholders into the marketplace. Looking forward, new business models may
bring together utilities, industrial gas companies, and customer service providers, and thus create new partnerships that alter
the customer fueling experience and change the factors that contribute to station profitability. Moreover, models for multi-fuel
generation – such as the simultaneous production of natural gas, hydrogen, and electricity – can shift the paradigm from
traditional centralized production and distribution.
Thorough system requirements and cost assessments
are needed to quantify the benefit of co-development of
natural gas and hydrogen. A number of technical and policy
barriers will affect the broader deployment of alternative fuels
and infrastructure. While the relatively low cost and abundant
supply of natural gas has stimulated deployment, uncertainty
in fuel costs, vehicle incentives, and technology investments
continue to limit hydrogen vehicles and infrastructure. Systematic assessments that elucidate the sensitivities and relative
significance of the barriers would help inform a path forward
for the development of both natural gas and hydrogen, as well
as the potential benefits for multi-fuel stations and common
designs for storage and compression technologies. Exploring the
economics of scale of common designs, manufacturing, and distribution can quantify the impact of co-development and inform
a more efficient roadmap for their development.
The near term may not grow up to look like the long term. While natural gas has often been described as a bridge to
hydrogen, the growth of alternative fuels and vehicles will continue to be unpredictable. Development of alternative fuels is
unlikely to follow a linear path in which each station serves as a component of an optimized, long term infrastructure. Accept
that the multiple generations of vehicle and fueling infrastructure technologies will coexist, and that the corresponding infrastructure will be built and rebuilt over time.
Sometimes you know that the chicken came first. Deployment of
new fuels and vehicles are often posed as a chicken-or-egg conundrum.
However, aggressive deployment programs for natural gas vehicles and
fueling infrastructure have indicated that getting enough natural gas vehicles on the road can create the market conditions for the development
of complementary, unsubsidized fueling infrastructure. In contrast,
FCEV advances by automakers have been stimulated by zero emission
vehicle mandates. Corresponding government investment in early infrastructure build out is expected to lead to self-sustained markets. While
not yet definitive, different government investments – vehicle incentives
for natural gas and station infrastructure incentives for hydrogen – are
expected to stimulate these two alternatives.

2

Background
While hydrogen and natural gas are among the technology options that have the
potential to transform the transportation sector over the next several decades, much
of the investment and efforts to date have targeted the development of a single option independent of the other. On September 9, 2014, Sandia National Laboratories, American Gas Association, and Toyota, in support of the U.S. Department of
Energy’s Fuel Cell Technologies and Vehicle Technologies Offices, convened stakeholders across the hydrogen and natural gas communities to consider opportunities
and challenges at the intersection of their development as alternative transportation
fuels. While there are many venues and organizations that focus on technology, policy, or business drivers for either natural gas or hydrogen, few opportunities exist to
examine the interdependencies and intersection of these technologies. Through this
workshop, the organizers convened a diverse set of stakeholders across the natural
gas and hydrogen communities to address opportunities for synergism and identify
where competition may influence their development. Participants spanned the auto
industry, freight delivery fleets, gas suppliers, gas storage developers, utilities, academics, gas and hydrogen industry associations, national laboratories, and federal
and state government stakeholders. The workshop explored infrastructure requirements, regional trends, and market opportunities at the intersection of hydrogen
fuel cell and natural gas use for on road transportation. The goal of the workshop
was to provide background and context for thinking through the dynamic evolution of these two transportation options in tandem, and to identify opportunities
that can support the synergistic development of both fuels.
The Transitioning the Transportation Sector workshop was organized around three
key questions:
• For what markets are natural gas and hydrogen in direct competition?
How might they complement each other and be better suited for different
transportation applications?
• How do we get fueling stations built? Are there business models that can
simultaneously support hydrogen and natural gas?
• What can we learn from programs and policies that have been implemented
at the state level?
Key observations that emerged from the dialogue follow. While these themes do not
indicate consensus among all participants, many participants either contributed to
these themes or identified that these findings could frame future development of
the co-evolution of natural gas and hydrogen. The balance of the report provides
additional detail and supporting information organized according to the discussions
focused on the three questions.
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Ob s e r vat i o n s
Markets for hydrogen and natural gas will naturally segment
Vehicle selection for commercial applications, such as freight trucks and delivery
vans, are driven by economics and business needs. Routine usage profiles, fleet size,
and infrastructure availability or development costs shape the economics of technology selection. Moreover, introduction of alternative fueled vehicles has historically
been enabled by subsidies, and the recent low cost of natural gas fuels in the U.S.
and relative attainability of natural gas vehicles for fleet applications has created
favorable market conditions for investment in compressed natural gas (CNG) and
liquefied natural gas (LNG) vehicles. Government subsidies or grants have enabled
businesses to invest in these vehicles and also to build the necessary supporting
fueling infrastructure. While fleet owners have expressed interest in FCEVs or other
alternative vehicles, relatively few of these other powertrains have been adopted
to date due to the lack of model availability. Several major automakers have either
released or have announced plans to release FCEVs in select markets. The auto
industry is expecting that consumers interested in early technology adoption, zero
tailpipe emissions, or the quiet drive and handling of the electric drive in a FCEV
will move the light duty market toward FCEVs. While there may be overlap in
selected niches, such as buses or light duty fleet vehicles, the current market and
manufacturer signals indicate that hydrogen and natural gas will likely segment to
different application areas.
Starting from common standards and equipment may enable synergistic
development of both hydrogen and natural gas
Infrastructure, storage, and delivery have been cited as common challenges in the
deployment of both natural gas and hydrogen fuels. Although both are compressed
gaseous fuels, current trends indicate that requirements for hydrogen and CNG
are likely to be tailored to optimize each individually rather than focusing on what
is common. For example, hydrogen embrittlement of standard metals has driven
hydrogen station storage technologies to costly stainless steel tanks needed for rapid
refueling and high-pressure dispensing. Compressed gas at 5,000 psi or 10,000
psi has emerged as the technology path for on-board storage, with carbon-fiber
reinforced composite storage tanks used to balance strength, weight, and sufficient
vehicle range in FCEVs. In contrast, fueling infrastructure for CNG has diverged
to include both time-fill (multi-hour) or fast-fill stations. Fast-fill of CNG utilizes
a series of storage tanks at 4,300 psi. In addition, compressed natural gas vehicles
typically use lower cost steel tanks at 3,600 psi. While these different pressures
and materials have been developed independently for each fuel, utilizing common
equipment, pressures, and manufacturing processes could enable economies of scale
for storage equipment and handling that could simultaneously drive down costs
and advance both alternatives.
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Hydrogen and natural gas share a number
of common entry to market barriers. Image
from DOE EERE Fuel Cell Technologies Office.
http://energy.gov/sites/prod/files/2014/09/f18/
fcto_2014_h2_ng_wkshp_joseck.pdf.

Co-location of hydrogen and natural gas fueling stations would create new
business opportunities
Stakeholders in fuel infrastructure development have typically focused on building either natural gas or hydrogen fueling stations rather than developing both
simultaneously. In particular, industrial gas companies are often faced with a choice
between promoting and investing in a hydrogen or in a natural gas station – a direct competition between these alternatives. However, having both fuels at the same
station could improve operational expenditures and also take advantage of common
supply chains. Coupling these infrastructure economics with common manufacturing of equipment for both vehicle and fuel supply storage technologies has the
potential to create new business models that support both alternatives in tandem.
Planning for this in advance rather than positioning a hydrogen station across the
street from a natural gas station can considerably cut costs.
Co-location of multiple fuels may also reduce risk by creating multiple revenue
streams. While margins on diesel and gasoline are less than five percent, conventional fuel stations typically rely upon a co-located convenience store to increase station profitability. CNG is a relatively high margin fuel, with approximately 35% of
the cost of CNG being the cost of natural gas feedstock relative to 80% of the cost
of gasoline attributed to petroleum cost. Even with the additional costs of processing and distribution, CNG is a relatively high margin fuel. While current estimates
for hydrogen feedstock vary from $4-$12 to produce a gallon of gasoline equivalent
fuel, lower feedstock costs over time may also enable hydrogen to emerge as a high
margin fuel. The co-location of multiple fuels with high margins would likely lead
to new business models for fueling infrastructure development.
Roles of fuel providers and utilities will shift
While the petroleum industry has historically been the sole supplier of conventional
fuels, the increasing diversity and potential higher margins of alternative fuels will
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add new players to the fuel supply market. The infrastructure needed for natural
gas, hydrogen, and electricity as transportation fuels has brought a diversity of industry stakeholders into the marketplace. For example, the Clean Fuels Outlet Program mandated that clean, alternative fuel stations in California would be provided
once a certain number of vehicles using that fuel were certified to the Low Emission
Vehicles Standard.1 This led to utilities building CNG stations, yet utilities had little
experience or guidance in siting, deploying, and operating stations. They established
modest set rates of return, backstopped by rate payers, which brought them into the
business of providing transportation fuels. Moreover, they invested in CNG vehicles
for their fleets so that their fleets became a predictable customer for the fuel.
Looking forward, new business models may bring together utilities, industrial gas
companies, and customer service providers, and thus create new partnerships that
alter the customer fueling experience and change the factors that contribute to
station profitability. As an example, while consumers have become accustomed to
a rapid fueling experience with little variation from gasoline station to station, new
models may lead to a differentiated suite of services beyond the typical convenience
stores at conventional fueling stations. Moreover, models for multi-fuel generation – such as the simultaneous production of natural gas, hydrogen, and electricity,
with hydrogen stored for later on-demand dispensing – can shift the paradigm from
traditional centralized production and distribution.
Thorough system requirements and cost assessments are needed to
quantify the benefit of co-development of natural gas and hydrogen
A number of technical and policy barriers will affect the broader deployment of
alternative fuels and infrastructure. While the relatively low cost and abundant
supply of natural gas has stimulated deployment, uncertainty in fuel costs, vehicle
incentives, and technology investments continue to limit hydrogen vehicles and
infrastructure. Systematic assessments that elucidate the sensitivities and relative
significance of the barriers would help inform a path forward for the development
of both natural gas and hydrogen, as well as the potential benefits for multi-fuel
stations and common designs for storage and compression technologies. Exploring
the economics of scale of common designs, manufacturing, and distribution can
quantify the impact of co-development and inform a more efficient roadmap for
their development.
The near term may not grow up to look like the long term
While natural gas has often been described as a bridge to hydrogen, the growth of
alternative fuels and vehicles has been and will continue to be unpredictable. Initial
volumes will be small and localized, and depend on local populations, policy drivers, and commodity prices. Development of alternative fuels is unlikely to follow a
linear path in which each station serves as a component of an optimized, long term
1. http://www.arb.ca.gov/msprog/clean_cars/acc%20summary-final.pdf
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infrastructure. However, while the five year solution is unlikely to look like the 30
year solution, the early station development provides valuable lessons that shape the
longer term solutions. For example, hydrogen and natural gas may develop in stages
analogous to battery technology advances: cadmium batteries were followed by nickel
metal hydrides, which have since been overtaken by lithium ion batteries in many applications. Research continues to focus on developing higher capacity battery chemistries. Each battery technology had an economic driver that built the infrastructure for
its manufacture and incorporation into consumer electronics and vehicles, and each
of these technologies continues to be used for different target applications. Learnings
from each generation helped shape the next, yet new manufacturing capabilities had
to be built for each technological advance. Similarly, alternative vehicles and fueling
infrastructure will become more sophisticated over time. Multiple generations of technologies will coexist, and the corresponding infrastructure will be built and rebuilt
over time.
Sometimes you know that the chicken came first
Deployment of new fuels and vehicles are often posed as a chicken-or-egg conundrum. Case studies of California and Texas are showing how the development of
hydrogen and natural gas for transportation, respectively, can address this challenge.
Texas set a goal to ensure that there were enough natural gas vehicles and refueling
stations to support goods movement across three major cities – Dallas, Houston,
and San Antonio. Their original goal was to have 8 stations and 550 heavy trucks to
connect this “Texas Triangle,” and the Texas Commission on Environmental Quality provided grants to offset the cost of infrastructure and vehicles, initially dedicated
80% to vehicles and 20% to infrastructure.2 These goals were quickly surpassed,
leading to over 100 natural gas stations as of September 2014.3 While initial program
participants were larger companies, participation expanded into small businesses and
single station owner operators in subsequent rounds. Once a sufficient number of
natural gas trucks were on the road, demand and margins became high enough for
fueling stations to become profitable without subsidies. Moreover, since the natural
gas stations were required to be publicly accessible, small businesses could invest in
natural gas vehicles knowing that the fuels were readily available. For Texas, stimulating sufficient demand created the market conditions for infrastructure development.
California’s Zero Emission Vehicle (ZEV) mandate has encouraged several major auto
manufacturers to introduce FCEVs into the marketplace. While FCEVs have just
become available to consumers in select Southern California markets, expanded offerings have been announced for 2015 and 2016. The California Fuel Cell Partnership
is projecting vehicles to grow from the hundreds currently on road to 6,500 by 2017,
and 18,000 by 2020.4
2. Texas Commission on Environmental Quality. http://www.tceq.texas.gov/airquality/terp.
3. Railroad Commission of Texas, 9/8/14. http://www.rrc.state.tx.us/about-us/commissioners/porter/news/090814b/.
4. California Fuel Cell Partnership, July 2014. “A California Road Map. The Commercialization of Hydrogen
Fuel Cell Vehicles 2014 Update: Hydrogen Progress, Priorities and Opportunities (HyPPO) Report.”
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Joan Ogden (UC Davis), Jim Bruce (UPS), and
Jim Kliesch (Honda) provided perspectives on
the factors that influence the natural gas and
fuel cell electric vehicle markets. As panel
discussants, they stimulated a conversation on
the economic and environmental factors that

In parallel, the state has committed $92M to support a network of 51 hydrogen
stations by 2016. As part of this expansion, they are beginning to see common station designs rather than one-of-a-kind stations, indicating increasing sophistication
in infrastructure development. The combination of ZEV credits and infrastructure
investments are intended to simultaneously support the chickens and eggs to critical
masses that ultimately become self-sustained by the market rather than by subsidies.

would influence the market demands for these
alternative technologies.

F o r w h at m a r k e t s a r e n at u r a l g a s a n d
hydrogen in direct competition, and how
m i g h t t h e y b e b e tt e r s u i t e d f o r d i ff e r e n t
t r a n s p o rtat i o n a p p l i cat i o n s ?
For the light duty market, many of the major auto manufacturers expect that
compressed natural gas vehicles make sense for fleets with centralized refueling and
possibly for long distance consumers. Under these conditions, the lower cost of fuel
relative to diesel or gasoline would offset the higher initial vehicle purchase cost.
However, there are relatively few factory-built dedicated natural gas vehicles currently available to consumers in the U.S.: the Honda Civic Natural Gas is the only
passenger car, with the Chevy Silverado 2500, Dodge Ram 2500, and Ford F-250
available as CNG pickup trucks, and the Chevy Express, GMC Savana, and Ford
Transit Connect available as CNG vans.5 Automakers note that higher purchase
price, limited fueling infrastructure, and the additional onboard space needed for
CNG vehicles limit their appeal in the U.S. market. The Honda Civic CNG has
a current cost premium of $4,000 over the comparable gasoline version, and the

5. DOE Alternative Fuels Data Center. http://www.afdc.energy.gov/vehicles/natural_gas_avaiability.html.

8

Chevrolet Impala bi-fuel sedan, the only other CNG passenger car that has been
announced for model year 2015, has a premium of about $8,000.6
Emissions are another factor that limits the appeal of light duty natural gas vehicles.
While emissions estimates for CNG vehicles vary and are the subject of ongoing
refinement, the official U.S. government source for fuel economy information notes
that natural gas vehicles produce 20-45% less smog-producing pollutants and 5-9%
less greenhouse gas emissions7 based on GREET Model estimates for dedicated and
bi-fuel CNG vehicles relative to reformulated gasoline vehicles.8 Environmentalists
note that longer term solutions require electrification and the potential for carbon
neutral fuels. Moreover, regulations for fuel efficiency and emissions of conventional fueled vehicles are become increasingly strict and changing the baseline
for comparison. These limitations are reflected in recent alternative vehicle sales:
through the first half of 2014, IHS Automotive reported 254 new CNG vehicle
registrations, whereas electric vehicles and plug-in hybrid registrations are reported
at 47,000 and 46,000, respectively.6
In contrast to the limited CNG passenger vehicle offerings, hydrogen fuel cell
electric vehicle models have been announced by at least four automakers. Hyundai
recently became the first automaker to commercially release a FCEV, the Tucson
sport utility vehicle.9 Honda, Toyota, and Mercedes-Benz have all followed suit with
announcements to release light-duty hydrogen fuel cell vehicles by 2016. FCEVs
have the appeal of zero tailpipe emissions, with well-to-wheels analyses projecting
that FCEVs have the potential to have one of the lowest emissions of all alternative
technology options as shown in Figure 1.10 Moreover, FCEVs have the additional
advantage of longer range than battery electric vehicle (BEV) alternatives. However,
FCEVs face similar challenges to CNG vehicles in fueling infrastructure availability,
which is limiting their initial introduction to regions with government programs
that support hydrogen infrastructure development. Moreover, home refueling
with hydrogen is not an active area of development, forcing further dependence
on public infrastructure. Because of the carbon, fueling infrastructure, and business case drivers, the auto industry expects little direct competition between CNG
and FCEVs for the light duty vehicle market in the U.S. Fuel cell electric vehicles
will appeal more to individual consumers, and CNG vehicles will appeal to fleet
vehicles. Shifts in infrastructure costs may alter this balance longer term, but the
additional premium of hydrogen fueling infrastructure costs over that of natural gas
will limit FCEV adoption into fleets unless a very large fleet and low cost hydrogen
can support station investment.
6. Los Angeles Times, 9/5/2014. “Honda, Chevrolet give natural gas a push.” http://touch.latimes.
com/#section/-1/article/p2p-81284505/.
7. http://www.fueleconomy.gov/feg/bifueltech.shtml.
8. Argonne National Laboratory, 2012. GREET Model (ver. 1.0.0.7950).
9. Hyundai USA, Tucson Fuel Cell. http://www.hyundaiusa.com/tucsonfuelcell/.
10. DOE Program Record Offices of Bioenergy Technologies, Fuel Cell Technologies, and Vehicle Technologies,
5/10/2013. Well-to-Wheels Greenhouse Gas Emissions and Petroleum Use for Mid-Size Light-Duty Vehicles.
Record # 13005 Revision #1.

9

Figure 1. Well-to-Wheels Greenhouse Gases
Emissions for 2035 Mid-Size Car. Figure from
DOE Program Record Offices of Bioenergy Technologies, Fuel Cell Technologies, and Vehicle
Technologies, 5/10/2013. Fuel Cell Electric
Vehicles powered by hydrogen from renewable
sources have the potential to be one of the
cleanest alternative technologies.

In contrast to the light-duty market, medium and heavy duty vehicle sales and
use are motivated by different business needs. Fleet owners invest in vehicles and
infrastructure based on the best business case. They select vehicles based on vehicle
type, the load requirements, and driving pattern variations. For example, different
requirements emerge for stop and go package delivery versus long-haul trucking.
Major freight delivery companies have made significant investments in natural gas
vehicles for their heavy duty fleets. The fuel cost differential of natural gas relative
to diesel has encouraged fleets to invest in the vehicles as well as in the corresponding dedicated fueling infrastructure. While this has grown demand for natural gas
in the heavy duty sector, demand for other alternatives, such as FCEVs and BEVs,
face significant challenges in competing for this market. Limited vehicle availability,
fueling infrastructure, and high costs limit the business case for these other alternatives. Aside from natural gas vehicles, propane delivery vans are the only other alternative that has emerged with a business case for its adoption. For example, UPS has
invested in over 900 propane vans despite the approximately $10,000 cost premium
over conventionally fueled vehicles. Despite these hurdles, freight companies have
indicated that they have tested a variety of alternative technologies and are prepared
with plans for hub locations, vehicle suppliers, and specific business applications for
FCEVs and BEVs once these technologies become cost competitive.
For fleets, adoption of alternative fuels and technologies has typically only made
business sense when subsidies have provided an economic incentive. Over time, the
low cost of natural gas has enabled natural gas vehicles as a viable alternative based
on the business case. Because of the investment in these vehicles and fueling infrastructure, these sunk costs decrease a fleet’s likelihood to invest in the capital cost of
a second alternative technology. Unless there is a policy requirement or significant
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new economic stimulus for fuel cell or electric vehicles, and a broader set of vehicles
that meet the driving business needs are deployed, it is unlikely a fleet will invest
in multiple alternative technologies. However, the impact of policy drivers can be
significant. For example, urban access regulations in Europe define “measures to
regulate vehicular access to urban infrastructure.”11 A diversity of access regulations can define pedestrian areas, loading zones, speed zones, or congestion charges
for roadway access. In particular, low emission zones have been seen as a means to
meet air quality targets in urban areas. In Europe, the 2011 White Paper “Roadmap
Towards a single European Transport Area” established a goal of reducing the greenhouse gas emissions from transport by 60% [relative to 1990 levels] and halving
the use of ‘conventionally fuelled’ cars in urban transport by 2030.12 As a second
example, the Clean Truck Program for the Ports of Los Angeles and Long Beach set
a goal to reduce truck-related air pollution by 80 percent by 201213,14 as part of the
San Pedro Bay Ports Clean Air Action Plan of 2006.15 The Clean Truck Program
set a schedule of fees and restrictions that banned all trucks that did not meet the
2007 federal clean truck emissions standards. Aggressive urban access regulations
for emissions such as the Long Beach or European Union requirements would create new business cases for freight companies in their choice of vehicles and fuels. In
particular, zero emissions requirements to access urban areas would stimulate investment in FCEVs or BEVs for those applications.

H o w d o w e g e t f u e l i n g s tat i o n s b u i lt ? A r e
t h e r e b u s i n e s s m o d e l s t h at ca n s i m u lta n e o u s ly s u p p o rt h y d r o g e n a n d n at u r a l g a s ?
Infrastructure availability is often cited as the major barrier for deploying both
natural gas and hydrogen fuel cell vehicles. While existing efforts are focused on
developing infrastructure for either natural gas or hydrogen, there are synergies
between the two that could enable multifuel stations that support the simultaneous
deployment of both alternatives. For example, utilities have developed concepts for
station designs in which natural gas supplies serve as a feedstock for CNG, hydrogen, and electricity. As shown in Figure 2, the natural gas could be compressed and
stored at pressure, notionally 5,000 psi, and be available for CNG refueling. The
high pressure methane could also be reformed and further compressed on site to
produce hydrogen at 10,000 psi, which would be available for FCEV refueling.
11. European Commission, Brussels, 17.12.2013. SWD(2013) 526 final. Commission Staff Working Document,
“A call for smarter urban vehicle access regulations.”
12. European Commission, Brussels, 28.3.2011. COM(2011) 144 final. “Roadmap to a Single European
Transport Area – Towards a competitive and resource efficient transport system.”
13. Port of Long Beach, Clean Trucks Program. http://www.polb.com/environment/cleantrucks/default.asp.
14. Port of Los Angeles, Clean Truck Program. http://www.portoflosangeles.org/ctp/idx_ctp.asp.
15. San Pedro Bay Ports Clean Air Action Plan. http://www.cleanairactionplan.org.
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Excess hydrogen could be directed to an on-site hydrogen fuel cell that could either
supply electricity to the grid or charge electric vehicles.
Multifuel stations would require a compressor and high pressure gas storage tank
for each gaseous fuel. Both hydrogen and CNG are well-suited for bulk storage,
and advances in compression and storage technology development would facilitate
the deployment of both fuels. Moreover, utilizing common equipment in station
designs could accelerate advances in storage and compression technologies, as well
as enable higher volume equipment production and thus cost savings through
economies of scale. However, it is worth noting that there are different standards
and technical challenges emerging for CNG versus hydrogen. CNG vehicles typically utilize natural gas at 5,000 psi, whereas FCEV utilize hydrogen at 10,000 psi.
Rapid refueling times, similar to conventional fuels, necessitate these high pressures.
Hydrogen faces the additional challenge of embrittling steel, and thus requires
higher quality storage materials than natural gas. Because of the lower pressures and
less stringent materials requirements, natural gas infrastructure and vehicles currently have a lower cost premium than that of hydrogen. Nonetheless, it is worth
exploring the potential cost savings associated with common equipment rather than
creating separate infrastructure equipment supply chains for each alternative.

Figure 2. Concept for multifuel station that
utilizes natural gas to produce three fuel
streams: CNG, hydrogen, and electricity that
can either charge electric vehicles or be fed
to the grid. Figure courtesy of Jeff Reed,
Southern California Gas Company.

Co-location of multiple fuels at a single station also creates multiple revenue
streams and thus opportunities for new business models. Over the next several
years, stations will be subject to low and inconsistent demand with relatively few
CNG and FCEVs in circulation. Building infrastructure has been slow due to the
uncertainty and likely low rates of return in these investments. The additional coproduction of electricity, links to other sustained demands for hydrogen at more
predictable levels, and CNG produced on site can help provide additional revenue
streams that support the infrastructure investment during times when demand for
any one of these alternatives is low and inconsistent. In addition, incorporating
small, modular hydrogen storage systems of 50-100 kg as a source for mobile electricity has the potential to further reduce the risk of on-site hydrogen production.
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Furthermore, compared to petroleum-based fuels, for which the feedstock accounts
for roughly 80% of fuel cost, only about 35% of the cost of CNG is attributed to
the feedstock. Even with the additional costs of processing and distribution, CNG
is a relatively high margin fuel. While current estimates for hydrogen feedstock vary
from $4-$12 to produce a gallon of gasoline equivalent fuel, the possible lowering
of feedstock costs and improved processing and storage technologies over time may
also enable hydrogen to emerge as a high margin fuel.

Craig Scott (Toyota), Jeff Reed (Southern
California Gas Company), Frank Wolak
(Fuel Cell Energy) and Prabhu Rao (Nuvera)
discussed opportunities for natural gas and
hydrogen fuel infrastructure development.
As panel discussants, they stimulated a
conversation on new business models that
have the potential to enable fueling stations
with multiple alternative fuels.

Natural gas and hydrogen infrastructure development is bringing new players into
the marketplace. While conventional fuel stations have a fairly monolithic set of
suppliers and providers, natural and hydrogen stations are likely to require new
stakeholders with new roles. For example, while utilities traditionally supply gas and
electricity to homes and businesses, they have also been required by policy to develop CNG fueling stations and subsequently divest based on further policy shifts.
In addition, current expectations for rates of return for hydrogen stations are about
10-15%, which is relatively low given the perceived risk of variable market demand
and policy uncertainty. Typical venture capital investments require much higher returns given the perceived risk. Looking forward, new business models may bring together utilities, industrial gas companies, and customer service providers, and thus
create new partnerships that change the factors that contribute to station profitability. Multi-fuel stations, carbon pricing, and the likely link between electricity and
hydrogen production are additional factors that will alter the fueling infrastructure
landscape. Policies affecting carbon intensity of electricity production will also affect
hydrogen production. For example, regions with zero emission vehicle mandates
that also have combined gas and electric utilities may establish economic incentives
to produce hydrogen. One initial concept is that small amounts of hydrogen may
be co-produced with electricity and stored until needed to fuel vehicles. Over time,
the relative amounts of electricity and hydrogen produced can shift to meet growing hydrogen fuel demand.
New partnerships have already emerged to facilitate the expansion of infrastructure
and vehicles for hydrogen and natural gas independent of the other. For example,
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in November 2014 Air Liquide announced plans to deploy a network of
at least twelve fully-integrated hydrogen fueling stations in the U.S. in
order to support Toyota’s introduction of the Mirai FCEV.16,17 The stations
provide a refuel time of less than 5 minutes to support FCEVs with up to
300 miles of range. Development of multi-fuel stations will likely stimulate
additional partnerships between fuel providers and vehicle manufacturers.

W h at ca n w e l e a r n f r o m p r o g r a m s a n d
p o l i c i e s t h at h a v e b e e n i m p l e m e n t e d at
t h e s tat e l e v e l ?

Figure 3. Natural gas stations in Texas
as of September 8, 2014. Image from
Railroad Commission of Texas. http://
www.rrc.state.tx.us/about-us/commissioners/porter/news/090814b/.

Policies and incentives in California and Texas are accelerating the deployment of
hydrogen and natural gas for transportation, respectively. Texas set a goal to ensure that there were sufficient natural gas vehicles and refueling stations to support
goods movement across three major cities – Dallas, Houston, and San Antonio.
Their initial goal was to have eight stations and 550 heavy trucks to connect this
“Texas Triangle,” and the Texas Commission on Environmental Quality provided
grants to offset the cost of infrastructure and vehicles. Initially, approximately 80%
was dedicated to replacing heavy- and medium-duty diesel vehicles with CNG and
LNG vehicles through their Texas Natural Gas Vehicle Grant Program (TNGVGP),
and 20% was dedicated to infrastructure investment through their Clean Transportation Triangle (CTT) and Alternative Fueling Facilities Program (AFFP).18 These
goals were quickly surpassed, leading to
over 100 natural gas stations as shown in
Figure 3. Their approach of aligning stakeholders and creating both demand and
supply for natural gas lowered the risk for
infrastructure investment. They exceeded
their initial goals and enabled new players
to enter the market. While initial program
participants were larger companies, participation has expanded into small businesses and single station owner operators.
Once a sufficient number of natural gas
trucks were on the road, demand
Compressed natural gas filling station in Texas. Figure
courtesy of Lynn Lyon, Pioneer Natural Resources.

16. Air Liquide plans network of new hydrogen filling stations in the United States. November 17, 2014.
17. Toyota has announced the release of the Mirai in U.S. markets for 2015. November 17, 2014.
http://toyota-global.com/innovation/environmental_technology/fuelcell_vehicle/.
18. Texas Commission on Environmental Quality. http://www.tceq.texas.gov/airquality/terp.
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Figure 4. Current and estimated progress for
hydrogen station network in California. Figure
from California Fuel Cell Partnership.23

and margins became high enough for fueling stations to become profitable without
subsidies. Moreover, since the natural gas stations are required to be accessible for
public refueling, small businesses are gaining interest in natural gas vehicles knowing
that the fuels are readily available. For Texas, stimulating sufficient demand created
the market conditions for infrastructure development. They are building upon this
success by continuing the TNGVGP program into FY15.

Air Products’ SmartFuel H70/H35
hydrogen retail dispenser.

California’s Zero Emission Vehicle mandate
has encouraged several major auto manufacturers to introduce FCEVs into the marketplace. While only Hyundai has released
a FCEV,19 which is available to consumers
in select Southern California markets, adToyota announced that the Fuel Cell Mirai
ditional offerings have been announced by
will be released in the U.S. in 2015.
other automakers.20 The California Fuel Cell
Partnership is projecting vehicles to grow from the hundreds currently on road to
6,500 by 2017, and 18,000 by 2020. In parallel, in 2013 Assembly Bill 8 extended
state programs to invest in the development and deployment of advanced technologies needed to meet California’s air quality, climate and energy goals through 2024.21
The bill dedicates up to $20M annually to support the continued construction of
at least 100 hydrogen fuel cell stations. The California Environmental Protection
Agency and Air Board expect that a network of 51 hydrogen stations will be in place
by 2016, as illustrated in Figure 4.22 As part of this expansion, they are beginning to
see common station designs rather than one-of-a-kind stations, indicating increasing
sophistication in infrastructure development. The combination of ZEV credits and
infrastructure investments are intended to simultaneously support the critical mass
of vehicles and fueling stations that ultimately become self-sustained by the market
rather than by subsidies.
19. http://www.hyundaiusa.com/tucsonfuelcell
20. In addition to Toyota’s announcement to release the Mirai in the U.S. in 2015, Honda has also announced
the next-generation FCX Clarity for 2016. http://automobiles.honda.com/fcx-clarity/.
21. California Assembly Bill No. 8, Chapter 401, 2013.
22. California Environmental Protection Agency, Air Resources Board, June 2014. “Annual Evaluation
of Fuel Cell Electric Vehicle Deployment and Hydrogen Fuel Station Network Development.”
23. California Fuel Cell Partnership, July 2014. “A California Road Map. The Commercialization of
Hydrogen Fuel Cell Vehicles 2014 Update: Hydrogen Progress, Priorities and Opportunities (HyPPO) Report.”
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F u rt h e r c h a l l e n g e s a n d o p p o rt u n i t i e s
While the workshop was focused on the three major questions related to hydrogen
and natural gas market segmentation, infrastructure business models, and state lessons
learned, several other recommendations that could support the development of these
alternative technologies emerged from the discussion. Key highlights are summarized
below:

Kathryn Clay (AGA), Catherine Dunwoody
(California Air Resources Board), Lynn Lyon
(Pioneer Natural Resources), and Glen Andersen
(National Conference of State Legislatures)

Conduct thorough system requirements and cost
assessments to quantify the benefit of co-development of natural gas and hydrogen.
A number of technical and policy barriers will affect the
broader deployment of alternative fuels and infrastructure. While the relatively low cost and abundant supply
of natural gas has stimulated deployment, uncertainty in
fuel costs, vehicle incentives, and technology investments
continue to limit hydrogen vehicles and infrastructure.
While existing analyses point to these barriers for hydrogen,24 additional systematic assessments that elucidate the
sensitivities and relative significance of the barriers would
help inform a path forward for the development of both natural gas and hydrogen, as
well as the potential benefits for multi-fuel stations and common designs for storage
and compression technologies. Moreover, utilization of common pipelines for supply
and distribution of natural gas and hydrogen provide another possible opportunity
for synergistic infrastructure. Just as petroleum pipelines carry many different crude
products of varying quality, the current natural gas infrastructure has the potential to
be utilized for hydrogen distribution in addition to natural gas. Exploring the economics of scale for common designs, manufacturing, and distribution can quantify
the impact of co-development.
Leverage codes and standards development. The first hydrogen dispensers have
been certified to sell hydrogen by the kilogram, which is the energy equivalent of
a gallon of gasoline. This translation enables consumers to make a straightforward
cost comparison between hydrogen and conventional fuels. However, metering has
emerged as a challenge for natural gas. While the natural gas industry supports the
sale of natural gas in gallons of gasoline equivalent so that consumers can make a direct cost comparison between natural gas and conventional fuels, government entities
that develop and apply measurements and standards advocate a more universal metric, such as kilograms, that can be measured more precisely. Resolving this difference
to provide accurate and consumer-friendly fuel metering will help facilitate consumer
adoption of fuels.

24. See for example T. Eckerle, R. Gardaret, June 19, 2012. “Incentivizing Hydrogen Infrastructure Investment. Phase 1: An Analysis of Cash Flow Support to Incentivize Early Stage Hydrogen Station Investment.”
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In addition to metering of fuels, lessons learned from developing codes and standards for hydrogen could be applied to natural gas. For example, methodologies to
quantify hydrogen fuel quality are currently better established than those in place
for CNG. Taking advantages of these common learnings can enable technical specifications such as fuel quality to be developed more rapidly and efficiently for these
evolving fuel streams.
Provide clear choices, but not too many of them. The role of consumer choice
and their mental accounting of the value of the various benefits of alternative
vehicles will have a significant impact on the adoption of hydrogen and natural gas
vehicles. Bundling of products and services is a popular marketing practice designed
to appeal to consumers and streamline choices, including in consumers’ evaluation of automobile offerings.25 Similarly, adoption of the Energy Star certification
for consumer products provides clear, binary information on their certified energy
efficiency.26 Providing straightforward, clear information to consumers on the value
of alternative technologies and their benefits can help facilitate their adoption.

25. M.D. Johnson, A. Herrmann, H.H. Bauer, 1999. “The effects of price bundling on consumer evaluations
of product offerings.” Intl. J. of Research in Marketing, vol. 16, issue 2, pp. 129-142.
26. http://www.energystar.gov/
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Appendix 1
M e e t i n g Ob j e c t i v e s :

Convene industry and other stakeholders to explore infrastructure

Agenda:
8:00a

Registration and Continental Breakfast

8:30a

Welcome and Introductions

requirements, regional trends, and

Dawn Manley, Senior Manager for Chemical Sciences, Sandia National Laboratories

tradeoffs and opportunities at the

Kathryn Clay, Vice President for Policy Strategy, American Gas Association

intersection of hydrogen fuel cell and

9:00a

Workshop Goals, Objectives, and Desired Outcomes

natural gas use for on road trans-

Reuben Sarkar, Deputy Assistant Secretary for Transportation,

portation. Identify synergies between

U.S. Department of Energy

natural gas and hydrogen fuels.

9:15a

– Including a Natural Gas Perspective

Identify key challenges (both technical

Fred Joseck, Systems Analysis Project Manager, Fuel Cell Technologies Office,

and non-technical, such as policies

U.S. Department of Energy

and standards) preventing or delaying
the widespread deployment of natural

Federal Perspective on Opportunities for Hydrogen for Transportation

9:25a

Federal Perspective on Opportunities for Natural Gas for Transportation
– Including a Hydrogen Perspective

gas and hydrogen.

Mark Smith, Clean Cities Program, Vehicle Technologies Office,
U.S. Department of Energy

Identify and prioritize opportunities
to address these challenges, and
determine roles and opportunities to
partner across both government and
industry stakeholders.

9:35a

Workshop Primer: Summary Highlights and Group Discussion
Todd West, Technical Manager, Sandia National Laboratories

10:15a Panel Discussion #1: For what markets are natural gas and hydrogen
in direct competition, and how might they be better suited for different
transportation applications?
Joan Ogden, Associate Professor of Environmental Science and Policy, UC Davis
Jim Bruce, Senior Vice President of Corporate Public Affairs, UPS
Jim Kliesch, Environmental Regulatory Affairs Manager, Honda
11:00a Panel Discussion #1 Follow-On Breakout Discussion
• For what markets are natural gas and hydrogen in direct competition, and how
might they be better suited for different transportation applications?
• What are best practices and policies for infrastructure rollout? (Hydrogen has
been proposed in “clusters” to enable a critical mass of stations & vehicles in close
proximity, whereas natural gas infrastructure is being built to support long-haul
trucking. Both may compete for fleets with centralized refueling.)
• How should hydrogen and natural gas contribute to the diversity of transport needs?
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Agenda (cont'd):
12:00p Lunch
1:00p

Panel Discussion #2: How do we get fueling stations built? Are there business
models that can simultaneously support hydrogen and natural gas?
Frank Wolak, Vice President, Fuel Cell Energy
Jeff Reed, Director of Business Strategy & Advanced Technology,
Southern California Gas
Prabhu Rao, Vice President & Chief Commercial Officer, Nuvera

1:45p

Panel Discussion #2 Follow-On Breakout Discussion
• What are the intersections between natural gas and hydrogen infrastructure
development for use in natural gas and hydrogen fuel cell vehicles?
• How are they synergistic, and how do they compete?
• What technological and policy developments can influence this?

2:30p

Report-Out from Breakouts

3:15p

Panel Session #3: Case Studies and Lessons Offered at the State Level
Catherine Dunwoody, Chief, Fuel Cell Program, California Air Resources Board
Lynn Lyon, Fuel Market Development Director, Pioneer Natural Resources
Glen Andersen, Energy Program Director, National Conference of State Legislatures

4:00p

Panel Discussion #3 Follow-On Plenary Discussion

4:45p

Summary and Report Next Steps
Dawn Manley, Sandia National Laboratories

5:00p

Workshop Conclusion

5:30p

Reception
Charlie Palmer Steak DC
101 Constitution Ave, NW
Washington, DC 20001

6:00p

Dinner
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