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Abstract 

Hydrogen developments in the automotive industry have entered a new phase. Several 
automakers are switching from making prototype vehicles to producing small series of 
vehicles, and they have indicated that this progress will enable the commercialization of 
these vehicles to start in the 2015–2020 period. In addition, there is a rapidly increasing 
interest in using hydrogen for the buffering of energy from intermittent sources, such as 
wind and solar-photovoltaic sources, in order to match supply and demand. However, the 
large-scale use of hydrogen as a fuel in the future is likely to materialize only if applications 
are supported by an appropriately large-scale infrastructure for producing and delivering 
that hydrogen. Whereas the contours of hydrogen applications are become increasingly 
apparent, debates about what such an infrastructure might look like and how it could best 
be realized in an effective and cost-efficient way are in full swing. This report presents an 
overview of both the current status (i.e., “state of play”) and the remaining issues and 
provides an experts’ view on the way forward. 
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Preface 

This report synthesizes the discussions, analysis, findings, and conclusions related to the 
work performed for the International Energy Agency Hydrogen Implementing Agreement 
(IEA HIA) in Task 28: Large-Scale Hydrogen Delivery Infrastructure. 
 
The mission of the IEA HIA is to accelerate hydrogen’s implementation and widespread 
utilization. The strategy of the agreement is to facilitate, coordinate, and maintain innovative 
research, development, and demonstration (RD&D) activities through international 
cooperation and information exchange. Its research portfolio is organized into tasks or 
annexes. 
 
Task 28, Large-Scale Hydrogen Delivery Infrastructure, was approved in mid-2010, and its 
kick-off meeting was held in November 2010 in Sacramento, California, USA. The Task 28 
participants consisted predominantly of experts from the oil and gas, industrial gas, and 
automotive industries, but experts from research institutes also participated. 
 
Task 28 was originally structured as three subtasks, with a sole focus on the hydrogen 
delivery infrastructure for fuel cell electric cars. Subtask A covered fuel cell electric vehicle 
(FCEV) and hydrogen refueling station (HRS) deployment scenarios. Subtask B focused on the 
evaluation of hydrogen delivery technologies and different HRS concepts. Subtask C involved 
an analysis of the economics of hydrogen delivery pathways. In the course of carrying out 
these tasks, a fourth one, Subtask D on the hydrogen infrastructure for renewables, was 
added. Its goal was to address the increased attention being paid to the concept of “power 
to gas” (i.e., the role of hydrogen in helping the integration of surplus electricity that results 
from a greater deployment of intermittent renewables. 
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Executive Summary 
Introduction 
Hydrogen developments in the automotive industry have entered a new phase. Several 
automakers are switching from making prototype vehicles to producing small series of 
vehicles, and they have indicated that this progress will enable the commercialization of 
these vehicles to start in the 2015–2020 period. In addition, there is a rapidly increasing 
interest in using hydrogen for the buffering of energy from intermittent sources, such as 
wind and solar-photovoltaic sources, in order to match supply and demand. However, the 
large-scale use of hydrogen as a fuel in the future is likely to materialize only if applications 
are supported by an appropriately large-scale infrastructure for producing and delivering 
that hydrogen. Whereas the contours of hydrogen applications are become increasingly 
apparent, debates about what such an infrastructure might look like and how it could best 
be realized in an effective and cost-efficient way are in full swing. 

Scope and objective 
To support the development of hydrogen and fuel cell electric vehicles (FCEVs) for the 
marketplace, the Hydrogen Implementing Agreement (HIA) of the International Energy 
Agency (IEA) set up a task force of international experts to study the large-scale hydrogen 
delivery infrastructure for transport applications, also referred to as Task 28. Their objective 
was to provide an up-to-date, consolidated, international view of hydrogen delivery (i.e., 
distribution and refueling) options and other related key issues. The task force was 
composed of experts from the oil and gas industry, industrial gas companies, hydrogen 
infrastructure industry, automotive industry, and research institutes in Asia, Europe, and the 
United States. 

The focus of Task 28 has been on hydrogen delivery pathways, which include the processing, 
handling (e.g., compression and liquefaction), distribution, and refueling pathways. This 
contribution reports on the main findings of the task force. 

Results and main messages 
The Task 28 experts’ vision of the path to successful and sustainable deployment of FCEVs 
and HRSs is that of a phased process that starts with a demonstration phase, then evolves 
into an early commercialization phase, and ultimately grows into a fully commercial 
situation. Initially, initiatives with ample public support are needed to overcome the 
challenges associated with establishing early markets and to result in a successful rollout of 
HRSs. As the demonstration phase evolves into the commercial phase, the level of needed 
public support gradually decreases. A business-oriented rollout starts after the 
demonstration phase, but at this stage, it is still difficult to address the need or demand for 
FCEVs and associated HRSs, and to present a sound business case for investing in HRSs. 
Public support is needed before an acceptable business case for HRS operations can be 
created. From a business perspective, this situation is a pseudo-sustainable situation—that 
is, an acceptable business case is only possible with public support. In the full commercial 
phase, public support is no longer needed, and the business case is self-sustainable. 
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Main messages of the task force are: 
• In the last decade, significant progress has been made toward commercializing 

hydrogen as an alternative fuel for transport. FCEVs, especially passenger cars, are 
technically ready for commercialization. Market development rather than technology 
development is currently considered to be the main barrier to the large-scale 
introduction of hydrogen and FCEVs. 

• Major progress has been made in the field of hydrogen delivery technologies, especially 
those for refueling. Hydrogen delivery technologies and pathways (particularly HRSs) 
have been demonstrated and tested and are ready for scale-up to build initial networks. 

• Market preparation and early rollout require the concerted effort of all involved 
stakeholders, particularly infrastructure companies, industrial gas companies, car 
manufacturers, and governments. Currently, market development initiatives that apply 
this model of concerted effort are spreading in Europe, Asia, and the United States. 

• There is no single blueprint for the type of hydrogen delivery infrastructure that needs 
to be rolled out. Depending on market conditions, many delivery pathways are possible. 
The most practical and economical combination of centralized or decentralized 
hydrogen production, and the best way for hydrogen to be distributed to refueling 
stations, depend on specific national, regional, and local resources and conditions. 
These specific factors apply the most in the early buildup phase, when one wants to 
make the best use of existing opportunities and resources to minimize both the initially 
required investments in infrastructure and the associated risks. 

 

Despite technological advances and emerging market development activities, some 
significant challenges related to the hydrogen delivery infrastructure remain to be 
addressed. Without doubt, the biggest challenge is to achieve an acceptable business case 
for initial HRS networks. This is difficult due to the potentially long period of underutilization 
of stations during the transition toward a mass market. This is a situation that cannot be 
avoided, since sufficient initial network coverage must be created for convenient 
accessibility, and that convenience is crucial to customer satisfaction and for the acceptance 
of FCEVs. As the initial stations approach a sufficient level of utilization, new stations with 
larger capacities will be needed to meet the growing demand, and these will again remain 
underutilized for a number of years. Mainly, the deployment of stations has to precede the 
deployment of vehicles by a number of years, until the rate of new vehicle deployment starts 
to taper off. But there are also a few challenges related to the technology itself and the 
standards needed to successfully deploy HRSs. The main challenges in this respect are (1) the 
reliability of HRS technologies that does not yet meet the performance that is targeted, (2) 
the accuracy of hydrogen meters, and standardized procedures and devices for testing the 
accuracy of hydrogen meters, and (3) streamlining of current stringent hydrogen quality 
specifications and establishing cost efficient procedures for testing hydrogen quality. These 
are the issues that need to be resolved in the current phase of marketplace preparation and 
large-scale demonstration, before starting rollout in the next phase, the early commercial 
phase. 

 

Policy recommendations 
Task 28 concludes that the following actions are desirable to overcome the challenges 
associated with introduction and rollout of hydrogen and FCEVs: 
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• Support the formation of joint ventures by solid consortia of industry stakeholders that 
are able to make the required investments and willing to share the risks linked to these 
investments. 

• Ensure the establishment of a robust framework of government interventions that will 
help mitigate the risks surrounding the business case in the introduction period. 
“Robust,” in this context, refers to the level as well as the duration and certainty of the 
support measures. The level is as important as the other aspects since the rollouts of 
both HRS networks and FCEV fleets require long-term investments that are demand 
long-term certainties. 

• Develop the commitment to a well-coordinated rollout for the HRS network and FCEVs 
from all stakeholders. This coordination is to include the targeted recruitment of early 
customers to ensure the use of the initial HRSs, which need to be strategically located to 
serve the maximum market potential. 

• Stimulate research and development to improve the performance, cost, and reliability 
of critical components in HRSs. 

• Stimulate the development of cost-efficient procedures and equipment for certifying 
hydrogen metering and hydrogen quality for compliance with standards. 

• Encourage the development of unambiguous and harmonized standards for designing, 
building, operating, and maintaining HRSs, and make sure that these standards are 
implemented in the appropriate regulations to ensure their legal status and 
enforceability. 
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1 
Why was Task 28 created? 

To support the development of hydrogen and fuel cell electric vehicles (FCEVs) for the 
marketplace, the Hydrogen Implementing Agreement (HIA) of the International Energy 
Agency (IEA) set up a task force of international experts to study the large-scale 
hydrogen delivery infrastructure for transport applications, also referred to as Task 28. 
Their objective was to provide an up-to-date, consolidated, international view of 
hydrogen delivery (i.e., distribution and refueling) options and other related key issues. 
The task force was composed of experts from the oil and gas industry, industrial gas 
companies, hydrogen infrastructure industry, automotive industry, and research 
institutes in Asia, Europe, and the United States. The parties involved were Air Liquide 
(France), Argonne National Laboratory (USA), Australian Association for Hydrogen 
Energy (AAHE), Danish Gas Technology Centre (DGC), Energy Research Centre of the 
Netherlands (ECN; Task coordinator), GDF Suez (France), H2 Logic (Denmark), HyOP 
(Norway), Nissan (Japan), NOW GmbH (Germany), Proton OnSite (USA), Shell (The 
Netherlands), Tokyo Gas (Japan), and Total (France). 
 
  



 

10 

 

2 
What are the target groups 

for this report? 

The target audience consists of policy makers in the IEA environment and stakeholders 
in the international hydrogen development arena. The report is intended to inform 
them about (1) current opportunities and challenges associated with the hydrogen 
delivery infrastructure at various market development stages and (2) the path to 
sustainable deployment for the hydrogen infrastructure and FCEVs. By providing 
information on the current status of the technology and on market development 
options, it should represent a valuable contribution that supports the development of, 
and leads to insights on, IEA roadmap activities involving hydrogen and low-carbon 
transport. Furthermore, the results of the Task 28 efforts can inform policy makers and 
stakeholders who are involved in developing a hydrogen and FCEV infrastructure and 
preparing a market for it about relevant developments in various parts of the world. 
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3 
How was this study 

prepared and what approach 
was taken? 

In the period November 2010 to September 2013, the Task 28 taskforce held semi-
annual, intensive, three-day meetings in places where the hydrogen delivery 
infrastructure was significantly developed. In total, the taskforce met seven times, from 
the first time in Sacramento, California (USA), to Vancouver, British Columbia (Canada), 
Berlin (Germany), Oslo (Norway), Tokyo (Japan), and Paris (France), until the last time in 
the Hague (Netherlands). During these meetings, there were discussions on the latest 
technological developments, market development options, and first-hand, practical 
experiences of attendees. As part of the meetings, those attending could visit local 
hydrogen projects, and country-specific thematic sessions were organized in which 
invited experts discussed local hydrogen infrastructure developments. During its 
mandate period, the taskforce also interacted with the IEA ETP analysis team 
responsible for developing the IEA ETP hydrogen roadmap [1, 2] for an exchange of 
viewpoints on the status of hydrogen for transport and the delivery infrastructure.  
 
Because of the large amount of information that was exchanged and considered, it is 
not possible to present a report that reflects the full level of detail or the intensity and 
the richness of discussions. Instead, it was determined that it would be more useful to 
focus and report on the widely supported key messages here. These represent a 
condensed, high-level interpretation of all the material that was presented and 
discussed during the Task 28 meetings. 
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4 
What is the background on 

Task 28 and what is its 
focus? 

Challenges for road transport 
The transport sector needs cleaner and much more efficient vehicles and alternative 
low-carbon fuels in order to achieve the following goals: 
 

 Significantly reduce the sector’s greenhouse gas (GHG) emissions footprint. -
The transport sector today accounts for nearly one quarter of global GHG 
emissions, with the vast majority of them coming from road transport [3, 4]. 
The transport sector is also responsible for about 20% of the projected 
increase in both global energy demand and GHG emissions until 2035. It would 
be better if the trend was for a decrease in demand and emissions, in view of 
the worldwide reduction in GHG emissions that is required to combat 
irreversible and harmful climate change. 

 
 Mitigate transport-related air pollution problems. Local air pollution, -

especially from road transport, is a major concern when it comes to public 
health, particularly in the world’s growing megacities. The ultrafine particles 
from the combustion of fuels in engines appear to have an especially profound 
negative impact on public health. This impact leads to a considerable number 
of health-related costs associated with premature deaths, sick leave, and 
reduced labor productivity. 

 
 Improve energy security and reduce the transport sector’s dependence on -

oil. This is important because a well-functioning transport sector is one of the 
major drivers for economic growth and societal development. 
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Hydrogen and FCEVs as a solution 
Within the portfolio of available options for addressing the various environmental and 
energy security challenges, using hydrogen as a fuel for efficient zero-emission FCEVs 
is considered one of the main alternatives for future road transport and mobility. The 
reasons for this follow here: 
 

 Hydrogen FCEVs are one of only two truly zero-emission vehicle options -
(i.e., options that emit no carbon dioxide [CO2] or air pollutants during vehicle 
operation). The other option is the full battery electric vehicle (BEV). 

 
 FCEVs combine the comfort and benefits (silence and efficiency) associated -

with electric driving with the convenience of use and service (vehicle range 
and refueling time—typically more than 400 to 500 km from a single refueling 
lasting 3 to 5 minutes) associated with incumbent cars. They are attractive to 
customers. When hydrogen FCEVs are produced in volume, it is projected that 
they would have costs similar to those of hybrid electric vehicles (HEVs) and 
costs significantly less than those of BEVs for the same vehicle range. 

 
 Because of hydrogen and fuel cells have more favorable energy density -

characteristics than do batteries, hydrogen and fuels cells are better suited to 
electrify a wide range of road vehicles, ranging from small cars, to buses and 
light-duty trucks, and potentially even to heavy-duty trucks in the more distant 
future. 

 
 Hydrogen can be produced completely CO2-free. It can be produced from -

water by using electric energy from a wide range of vast (locally available) 
renewable energy sources. It can also be produced with nearly net zero-carbon 
emissions from biomass sources. In a transition period when fuel use switches 
from fossil to renewable energy, hydrogen could also be produced from fossil 
fuels via reformation, and it could play a role in the de-carbonization of these 
sources by using carbon capture and storage (CCS) to sequester the resulting 
concentrated CO2 stream of the production processes. 

 
 Hydrogen is a flexible energy carrier, and together with electricity, it could be -

the backbone of the future energy system. Hydrogen production from water 
through electrolysis using renewable electricity represents a mechanism for—
and a flexible source that would enable—the extensive penetration of 
intermittent renewable energy sources into the energy system. Because the 
technology is modular, the integration could be facilitated on various system 
levels: locally, regionally, and more centrally. Furthermore, hydrogen can be 
easily distributed and stored, and it can be used for a range of applications. 
Hydrogen can be used as the fuel in FCEVs in the transport sector, as chemical 
feedstock in the petroleum and chemical industry, for the greening of natural 
gas and its applications through its admixing in the natural gas grid, and for the 
production of electricity (in the re-electrification of stored renewable 
electricity).  
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Hydrogen mobility status and Task 28 focus 
Over the last decade, several large hydrogen and FCEV demonstration projects [5, 6, 7] 
have proven the technical feasibility of both the vehicles themselves and the associated 
infrastructure solutions. Scenario studies and cost projections for FCEVs [8, 9 ,10, 11, 
12, 13] have confirmed that volume production after the initial pre-commercial market 
development phase is economically feasible: The outlook is favorable. In recent years, 
hydrogen fuel cell developments entered a pre-commercialization phase in the 
automotive industry. Several car manufacturers are progressing from making prototype 
vehicles for demonstrations to producing small volumes of vehicles. This indicates that 
commercialization could start in the period 2015–2020 and also that market 
development rather than technology development is becoming the limiting factor for a 
large-scale FCEV rollout. 
 
As part of market development, establishing effective initial networks of refueling 
stations where hydrogen is available, is considered to be the key to realizing the full 
potential of hydrogen-powered FCEVs. Several initiatives to introduce networks of HRSs 
already exist in a number of countries. Front runners are Japan, California, and 
Germany. They are followed closely by South Korea, the UK, Denmark, Norway, and the 
remainder of the United States, while France and the Netherlands have also recently 
started making plans for building up their initial HRS networks. To avoid fragmented and 
isolated markets (which could hamper successful commercialization), timely, strategic, 
and coordinated planning is needed for successful deployment. Moreover, the gradual 
expansion and interconnection of initial markets and the harmonization of standards 
are also required to support sustainable market development. The current report of the 
IEA HIA Task 28 on Large-Scale Hydrogen Delivery Infrastructure has been focusing on 
these issues. 
 
The Task 28 experts’ vision of the path to successful and sustainable deployment of 
FCEVs is shown in Table 1: . The table indicates that initiatives with public support are 
needed to overcome the challenges associated with establishing early markets and to 
result in a successful rollout of HRSs. As the demonstration phase evolves into the 
commercial phase, the level of needed public support gradually decreases. A business-
oriented rollout starts after the demonstration phase, but at this stage, it is difficult to 
address the need or demand for FCEVs and present a sound business case for investing 
in them. Public support is needed before an acceptable business case for HRS 
operations can be created. From a business perspective, this situation is a pseudo-
sustainable situation—that is, an acceptable business case is only possible with public 
support. In the full commercial phase, public support is no longer needed, and the 
business case is self-sustainable. 
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Table 1: Depiction of different economic parameters in the various market development stages of a 
hydrogen refueling infrastructure for FCEVs 
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5 
What hydrogen delivery 

pathways were considered in 
this study? 

The hydrogen value chain for transport applications can generally be broken down into 
the elements shown in Figure 1: 
 
 

 

Figure 1: Schematic overview of elements in the hydrogen value chain for transport applications 

The focus of Task 28 has been on hydrogen delivery pathways, which includes the 
processing, handling (e.g., compression and liquefaction), distribution, and refueling of 
hydrogens. When describing hydrogen delivery pathways, it is convenient to distinguish 
options based on the level of hydrogen production, regardless of the particular method 
that is being used to produce the hydrogen. When this structure is used, classification in 
two separate families of delivery pathways is possible. In a centralized pathway, 
hydrogen is generated at large-scale facilities and then delivered to refueling stations 
over distances of tens to several hundreds of kilometers. In a distributed, foreground, or 
on-site pathway, hydrogen is produced in the immediate proximity of the hydrogen 
dispensing equipment at the fuel retail station. Both the volume that has to be 
transported and the distance over which it has to be transported are important factors 
in selecting one or another type of delivery pathway. In general, small volumes and long 
distances favor distributed or on-site pathways, whereas large volumes and short 
distances favor centralized schemes. Figure 2 provides an overview of the most 
common delivery pathways. 
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Figure 2: Schematics for centralized and distributed (i.e., on-site) production and hydrogen delivery 
pathways (Source [14], Pignieri and Nolan (2009) reproduced with permission) 
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6 
What conclusions can be 

drawn from Task 28? 

6.1 Technological progress 

In the last decade, significant progress has been made toward commercializing 
hydrogen as an alternative fuel for transport. The greatest progress has been made in 
developing fuel cell cars, fuel cell buses, and systems for the distribution and refueling 
of hydrogen, including the development of related international codes and standards 
[15, 16, 17]. The focus is currently shifting to enable market development. In recent 
years, market development initiatives have emerged, and the planning and buildup of 
initial HRS networks to support market development have started in several countries. 
In general, it is well understood that developing hydrogen refueling infrastructure must 
precede vehicle deployment. Nevertheless, the path to the sustainable development of 
a hydrogen refueling infrastructure still faces challenges that require coordinated 
planning among key market players, along with initial public support. Therefore, market 
development rather than technology development is currently considered to be the 
main barrier to the large-scale introduction of hydrogen and FCEVs. 
 

FCEVs, especially passenger cars, are technically ready for commercialization. Through 
continuous RD&D from the mid to late 1990s, functional and performance targets for 
FCEV powertrains (e.g., cold-start capabilities, fuel cell system size, power density, 
efficiency, platinum loading, and reliability) have been met. Major cost reductions have 
been achieved, although fuel cell electric cars are still expensive at low production 
volumes. Once fuel cell electric cars are mass produced, projections reveal that their 
production costs will be similar to those of hybrid electric cars. To build up the FCEV 
market and achieve the desired mass production levels will require a (pre-commercial) 
market transition phase. A successful transition from the introductory phase to the 
sustainable market phase can be enabled with an appropriate framework of incentives. 
Developing such frameworks requires a strong appreciation of the long-term societal 
benefits offered by hydrogen fuel cell technology as well as a good understanding of the 
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market factors that drive consumer choices of vehicle options. Since the energy 
resources, policy making, regulations, and competing market forces can differ greatly in 
countries, the incentives framework must be specifically tailored to suit each individual 
market. This illustrates the Task 28 finding that market development rather than 
technology development is currently the main barrier to the market introduction of 
hydrogen and FCEVs. 
 
Major progress has been made in the field of hydrogen delivery technologies, 
especially those for refueling, as a result of proprietary industry developments and also 
as a result of joint, coordinated industry pre-competitive RD&D within the framework of 
strategic partnerships. In this regard, the California Fuel Cell Partnership (CaFCP) in the 
United States, Clean Energy Partnership (CEP) in Germany, and Research Association of 
Hydrogen Supply and Utilization Technology (HySUT) in Japan have demonstrated the 
technical feasibility of various hydrogen delivery pathway options. The major progress 
to date includes developing equipment standards and refueling protocols for high-
pressure (700-bar), fast dispensing (about 3 minutes) for cars and for 350-bar 
dispensing for buses and material handling equipment (also known as forklifts or lift 
trucks). Further progress has been made in developing (1) compressors that are more 
energy efficient, have higher throughputs, and are more reliable (e.g., ionic liquid 
compressors), (2) high-throughput (up to 120 kg per hour) liquid hydrogen pumps, and 
(3) systems for storing liquid hydrogen underground. Another recent achievement is 
increasing the pressure level for distributing compressed gaseous hydrogen by truck 
from 180 to 500 bar, thereby increasing the payload from 300 to about 1,000 kg of 
hydrogen in a single delivery. This achievement was made possible because of the 
development and certification of new, lightweight, carbon-fiber-composite, high-
pressure hydrogen tanks. As a result, fewer transport movements will be needed to 
supply refueling stations with hydrogen, and the on-site compressor capacity and 
related power requirements will be reduced. These results will help lower the HRS 
investment costs and the total costs of dispensed hydrogen. Appendix F provides a 
more extensive overview of hydrogen delivery technologies and their current status. 
 
Hydrogen delivery technologies and pathways (particularly HRSs) have been 
demonstrated and tested and are ready for scale-up to build initial networks. Many of 
the major hydrogen and FCEV demonstration projects worldwide have been conducted 
within the framework of the CaFCP (California), CEP (Germany), and HySUT (Japan). 
Some background information about these partnerships is presented in Appendix C. The 
advanced developments and lessons learned that have resulted from these and other 
demonstration projects have sparked interest in standardizing the functional 
specifications and sizes (capacities) of HRSs, and this, in turn, is seen as a key way to 
reduce hydrogen station costs. Such development indicates that HRS activities are 
shifting from a technology evaluation and demonstration phase to a business-oriented 
commercialization phase. As a result, industry is now focusing more on initiatives that 
have market development potential and offer favorable prospects for a sustainable, 
positive business case. 
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6.2 Market preparation and early rollout 

Market preparation and early rollout require the concerted effort of all involved 
stakeholders, particularly infrastructure companies, industrial gas companies, car 
manufacturers, and governments. The early rollout of a hydrogen infrastructure and of 
FCEVs need to be aligned in order to optimize required investments and minimize 
associated risks. No individual player or single stakeholder group will be able to manage 
this on its own in the early rollout phase. A concerted effort is needed. It will usually 
start with a phase involving the joint definition of vision and ambitions and a technology 
assessment, followed by the joint development of scenarios and strategies for 
implementing a hydrogen infrastructure in accordance with expected FCEV rollout and 
local regulations (including those for the hydrogen production mix and the buildup of an 
HRS network), an assessment of required investments, and an evaluation of the 
economics. This effort will help create a joint understanding of the business case and its 
inherent risks, form the basis for subsequent negotiations on infrastructure funding 
among industry partners and governments, and “operationalize” the infrastructure 
rollout. 
 
Market development initiatives are spreading in Europe, Asia, and the United States. 
Examples of such initiatives are the H2 Mobility initiatives in Germany and the UK, the 
California Fuel Cell Partnership, and the H2USA initiative. Japan is also among the front 
runners. Further market preparation initiatives and early market development 
initiatives are taking place in Scandinavia (Norway, Denmark, and Sweden) and South 
Korea, while also France and the Netherlands have recently started making plans for the 
buildup of an initial hydrogen station network. All these initiatives involve collaborative 
public-private activities, as indicated previously. The first signs of the success of this 
approach can now be seen in the investment plans for building hydrogen refueling 
networks that have been announced for Japan,1 California,2 [18, 19] and Germany.3 
Appendix C provides an overview of, and some additional information on, the main 
market preparation and development initiatives worldwide.  
 
There is no single blueprint for the type of hydrogen delivery infrastructure that needs 
to be rolled out. Depending on market conditions, many delivery pathways are 
possible. The most practical and economical combination of centralized or 
decentralized hydrogen production, and the best way for hydrogen to be distributed to 
refueling stations, depend on specific national, regional, and local resources and 
conditions. These specific factors apply the most in the early buildup phase, when one 
wants to make the best use of existing opportunities and resources to minimize both 
the initially required investments in infrastructure and the associated risks. Factors that 
can have an impact on the selection of a specific delivery infrastructure include the 
existing hydrogen production facilities, their distance relative to the initial network of 
refueling stations, the local energy mix and related local energy prices, the local codes, 
xxxxxxxxxxxxssssssssxxxxxxxxxxxxxx 

1 Examples are http://blogs.wsj.com/japanrealtime/2013/12/26/aiming-to-repeat-hybrid-success-japan-funds-
fuel-cell-stations/ and http://www.greencarreports.com/news/1096427_japan-to-spend-385-million-on-
hydrogen-for-2020-olympics-deadline.  

2 An example is http://cafcp.org/getinvolved/stayconnected/blog/governor_brown_signs_ab_8.  
3 An example is http://fuelcellsworks.com/news/2014/10/08/grand-coalition-for-hydrogen-daimler-linde-and-

partners-to-build-new-hydrogen-fuelling-stations-in-germany/.   

http://blogs.wsj.com/japanrealtime/2013/12/26/aiming-to-repeat-hybrid-success-japan-funds-fuel-cell-stations/
http://blogs.wsj.com/japanrealtime/2013/12/26/aiming-to-repeat-hybrid-success-japan-funds-fuel-cell-stations/
http://www.greencarreports.com/news/1096427_japan-to-spend-385-million-on-hydrogen-for-2020-olympics-deadline
http://www.greencarreports.com/news/1096427_japan-to-spend-385-million-on-hydrogen-for-2020-olympics-deadline
http://cafcp.org/getinvolved/stayconnected/blog/governor_brown_signs_ab_8
http://fuelcellsworks.com/news/2014/10/08/grand-coalition-for-hydrogen-daimler-linde-and-partners-to-build-new-hydrogen-fuelling-stations-in-germany/
http://fuelcellsworks.com/news/2014/10/08/grand-coalition-for-hydrogen-daimler-linde-and-partners-to-build-new-hydrogen-fuelling-stations-in-germany/
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standards and safety regulations, and the current GHG and other emission reduction 
regulations. Table 2 provides a high-level map of the suitability of the different delivery 
pathways as the function of an HRS’s capacity. Included in the map are possible 
limitations related to each of the pathways with respect to the station’s capacity.  
A more extensive overview of favorable aspects and specific issues associated with the 
different delivery pathways is provided in Appendix A. In addition, Appendix B provides 
an overview of all hydrogen refueling stations worldwide to date, and it illustrates 
regional diversity. However, caution should be exercised in drawing conclusions from 
the presented data since only a fraction of the HRSs are publicly accessible and that the 
vast majority of them stations are, in fact, demonstration stations (built to test and 
demonstrate HRS technology, or merely to supply hydrogen for fuel cell demonstration 
vehicles, or both). 
 

Table 2: Typical suitability of hydrogen delivery pathways in view of hydrogen station size 

 

6.3 Remaining challenges 

Despite technological advances and emerging market development activities, some 
significant challenges related to the hydrogen delivery infrastructure remain to be 
addressed. Although the biggest challenge to a positive business case is the potentially 
long period of underutilization of stations during the transition toward a mass market, 
there are also a few challenges related to the technology itself and the standards 
needed to successfully deploy HRSs, as discussed here. 
 

 A growing HRS network that precedes the deployment of FCEVs in large -
numbers, results in the underutilization of the (investments in) stations, which 
complicates achieving a sound HRS business case. This is a situation that 
cannot be avoided, since sufficient initial network coverage must be created 
for convenient accessibility, and that convenience is crucial to customer 
satisfaction and for the acceptance of FCEVs in a given market. As the initial 
stations approach a sufficient level of utilization, new stations with larger 
capacities will be needed to meet the growing demand, and these will again 
remain underutilized for a number of years. Mainly, the deployment of stations 
has to precede the deployment of vehicles by a number of years, until the rate 



 

22 

of new vehicle deployment starts to taper off. As a result of underutilization, 
the cost of hydrogen delivery, which results from the ratio of the total annual 
station costs and the annual amount of dispensed hydrogen, will be high 
compared to the price of hydrogen at the pump if the station were fully 
utilized. The impact of station underutilization on hydrogen cost needs to be 
mitigated through an incentive framework to enable the selling of hydrogen at 
a competitive price relative to the prevailing benchmark (gasoline or diesel in 
conventional or hybrid cars).  

 
Various studies have been carried out to evaluate the economics of HRSs in the 
early stages of rollout [8, 9, 10, 11, 12]. All of them reported that the future 
business case is positive when the investment cost has fallen and solid 
utilization is reached. However, when the relatively high investment cost and 
significant HRS underutilization in the initial period is taken into account, the 
business case is less attractive in the absence of incentives, with payback 
periods being on the order of 10 to 15 years to fully recover the operational 
expenditures and investment costs. Such a business case is also associated 
with a high risk for individual companies to invest in building up an HRS 
network. This high level of investment risk, along with the lack of near-term 
profitability, impedes companies from attracting third-party financiers 
(e.g., commercial banks, private investment funds (private equity), and even 
public investment banks [20]). 

 
An overall picture of the business case for the rollout of an HRS network in the 
early or pre-commercialization phase is illustrated in Figure 3. Appendix E 
presents more detailed illustrations for the business case of an individual HRS, 
including the impact of underutilization, hydrogen taxation (or other factors 
that increase the cost of hydrogen for the HRS), and a reduction in the 
investment cost (or impact of investment support). As a result of initial high 
costs and low utilization, there is a considerable financial gap during a period 
of 10 to 15 years that needs to be bridged. However, finding sources for bridge 
financing is challenging because significant risks are involved due to the 
following: 

o Not yet fully matured HRS systems: Investment cost and operating 
costs are higher than anticipated. 

o FCEV ramp-up risk: The market introduction of FCEVs is delayed, or 
FCEV sales are fewer than expected. 

o Increasing competition in the case of good prospects (early mover 
disadvantage): Competitors entering the market at a later stage 
(when the FCEV ramp-up rate is increasing) can offer hydrogen at a 
lower cost and could jeopardize the overall breakeven point by 
capturing part of the needed revenues. 

 
To mitigate the financial risks, public support will be needed. (This is also 
addressed in Sections 7 and 8.1 of this report.) 
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  -

Figure 3: Illustration of cumulative annual cash development for a growing network of HRSs in the early 
phase of rollout of hydrogen and fuel cell electric cars. 

 
- Three major challenges remain in regard to technology and standards: the 

reliability of HRSs, hydrogen flow metering, and hydrogen quality specifications 
and compliance.4, 5 

 
1. System reliability does not yet meet the performance that is 

targeted, which negatively influences the business case. The 
reliability challenge is related to achieving the challenging 
combination of a high pressure and a low temperature at HRSs. A 
pressure of 700 bar is needed to get enough hydrogen on board cars 
to enable an operating range of 500 km or more on a single fill, and a 
pre-cooling of hydrogen to –40°C is needed to enable fast refueling in 
about 3 minutes. Meeting these requirements demand high-quality 
components (valves, gaskets, filling hoses, connectors, etc.), all of 
which will increase the refueling cost until they are produced in 
volume. In addition, the compressors’ reliability needs to be further 
improved so it can operate several thousands of hours before 
requiring maintenance and repairs. The availability of stations has 
improved over the years, but more improvement is needed for the 
availability to be acceptable for full commercial operations. Regular 
replacement of components and unplanned maintenance increase the 
annual operational expenditures at HRSs. These annual costs are 
currently on the order of 10% of the initial investment cost for 
equipment, which negatively affects the HRS business case. 

 

xxxxxxxxxxxxssssssssxxxxxxxxxxxxxx 

4 Webinar: International Hydrogen Infrastructure Challenges Workshop Summary – NOW, NEDO, and DOE. This 
webinar was held in response to the results of an international information exchange during the Hydrogen 
Infrastructure Challenges Workshop held in June 2013 in Berlin. A recording of this webinar is available on 
http://energy.gov/eere/fuelcells/webinar-international-hydrogen-infrastructure-challenges-workshop-summary-
now-nedo  

5 2nd International Hydrogen Infrastructure Challenges Webinar. This webinar was held in response to the results 
of an international information exchange during the 2nd International Workshop on Hydrogen Infrastructure 
Challenges held in May 8 and 9, 2014 in Torrance, California. A recording of webinar is available on 
http://energy.gov/eere/fuelcells/2nd-international-hydrogen-infrastructure-challenges-webinar. 

http://energy.gov/eere/fuelcells/webinar-international-hydrogen-infrastructure-challenges-workshop-summary-now-nedo
http://energy.gov/eere/fuelcells/webinar-international-hydrogen-infrastructure-challenges-workshop-summary-now-nedo
http://energy.gov/eere/fuelcells/2nd-international-hydrogen-infrastructure-challenges-webinar
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2. A standardized measuring method and device to accurately meter the 
amount of hydrogen sold at fuel retail stations are lacking. The 
metering challenge is related to regulations requiring that when fuel is 
sold to customers at fuel retail stations, it must be guaranteed to a 
specified accuracy that the amount of fuel that is charged to the 
customer corresponds to the amount of fuel that is delivered. In most 
countries, the metering accuracy needs to be within ±1 to 2%. It is 
claimed that a number of available hydrogen meters are capable of 
measuring the range of flow rates during the refueling of cars and of 
meeting the required accuracy level. However, a standardized 
measuring method and calibrated devices to certify hydrogen meters 
need to be developed, and need to be adopted by the weights and 
measures authorities. As long as certification is not possible, hydrogen 
cannot be commercially sold as a commodity to private customers 
unless exemptions are granted or unless adjustments for early station 
certification are made in weights and measures acts, such as is the 
case now in California [21].6 

 
3. Revisions to current stringent hydrogen quality specifications [17] and 

procedures for testing hydrogen quality are needed to enable low-
cost, high-quality refueling of FCEVs. Preferably, implementation of 
these revisions is done before there are any commercial sales of 
hydrogen to the public in order to guarantee that the right fuel quality 
is made available to the market. Because fuel cells are sensitive to a 
number of impurities, FCEV manufacturers favor stringent quality 
specifications in order to minimize the risk of degrading fuel cells and 
related financial risks, as well as the risk of developing a negative 
image. However, there is a need to reevaluate the currently stringent 
hydrogen quality specifications with respect to the number of 
constituents to be considered and the allowable limits thereof, in 
order to avoid costly testing procedures. Hydrogen quality testing can 
have a significant impact on annual operational expenditures, which 
can further complicate the business case. 

 
  

xxxxxxxxxxxxssssssssxxxxxxxxxxxxxx 

6 For a description of proposed accuracy classes and tolerances for hydrogen fuel that have been adopted and 
entered into law, see http://www.cdfa.ca.gov/dms/hydrogenfuel/pdfs/DOE_PosterSession_H2_DispCert.pdf; 
http://www.cdfa.ca.gov/dms/hydrogenfuel/CECReportDraft.pdf. 

http://www.cdfa.ca.gov/dms/hydrogenfuel/pdfs/DOE_PosterSession_H2_DispCert.pdf
http://www.cdfa.ca.gov/dms/hydrogenfuel/CECReportDraft.pdf
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7 
How can the challenges be 

overcome? 

The previous section conveys the progress achieved in commercializing hydrogen as an 
alternative fuel and the challenges to that commercialization. In this section, the 
attention turns to overcoming the challenges. Potential HRS operators and, more 
generally, investors in hydrogen infrastructure are faced with a difficult business case 
due to a potentially long period of underutilization and high operational expenditures. 
Furthermore, they are faced with the uncertainty that results from the current lack of 
certification methods for hydrogen flow meters, which can complicate the commercial 
sales of hydrogen to customers, and from the lack of standard procedures for testing 
hydrogen quality compliance and associated costs. The following actions are deemed 
appropriate to overcome these challenges: 
 

 Support the formation of joint ventures by solid consortia of industry -
stakeholders that are able to make the required investments and willing to 
share the risks linked to these investments. There are several parties 
interested in the development of a market for hydrogen and FCEVs, but the 
investment risks are not equally divided. Furthermore, the biggest risks end up 
at the fuel retail point, where the margins are smallest. Consequently, the 
infrastructure is less likely to be developed if the interested parties in the 
hydrogen value chain do not join forces. 

 
 Ensure the establishment of a robust framework of government -

interventions that will help mitigate the risks surrounding the business case in 
the introduction period. “Robust,” in this context, refers to the level as well as 
the duration and certainty of the support measures. The latter aspects are as 
important as the level of support former, since the rollouts of both HRS 
networks and FCEV fleets require long-term investments that demand long-
term certainties. The framework would preferably result from an integrated 
approach that would look for a balanced mix of financial and other supportive 
measures for the HRSs, the fuel (i.e., hydrogen), and the vehicles; after all, one 
cannot exist without the others. Financial and other supportive measures could 
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include CAPEX and OPEX grants, the provision of loans with favorable terms, 
favorable tax regulations, and the alignment of concession periods for 
operating fuel retail stations with the payback period needed for operating 
hydrogen facilities. They could also involve granting privileges to zero emission 
vehicles (e.g., access to bus lanes or to environmental zones not accessible to 
conventional cars) and the tightening of emission regulations for cars. 

 
 Develop the commitment to a well-coordinated rollout for the HRS network -

and FCEVs from all stakeholders. This coordination is to include the targeted 
recruitment of early customers to ensure the use of the initial HRSs, which 
need to be strategically located to serve the maximum market potential. 

 
 Stimulate research and development to improve the performance and cost of -

critical components in HRSs. The aim is to increase the reliability and 
availability of the stations, and lower the investment and maintenance cost, 
thus leading to a reduction in operational expenditures and better, more 
economical performance of the stations. 

 
 Stimulate the development of cost-efficient procedures and equipment for -

certifying hydrogen metering and hydrogen quality for compliance with 
standards. This should be addressed with maximum urgency. Several projects 
are being carried out in the United States, Japan, and Europe for testing 
measurement methods and developing measurement devices, but this task is 
challenging and time-consuming, not only from the technical side, but also 
from the institutional side of the matter. After the methods, devices and 
procedures are developed and tested, they must be approved, recognized and 
converted into globally harmonized standards by standardization bodies 
worldwide. After that, the standards still need to be incorporated in the 
national laws and regulations of each country. 

 
 Encourage the development of unambiguous and harmonized standards for -

designing, building, operating, and maintaining HRSs, and make sure that 
these standards are implemented in the appropriate regulations to ensure 
their legal status and enforceability. Well-implemented, unambiguous, 
harmonized standards help reduce market uncertainty and enable efficient 
processes for permitting the construction and operation of new HRSs. 
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8 
What are the perspectives 

and outlook? 

Setting the scene for hydrogen 
The sustainable energy system of the future will need carbon-free, clean, and flexible 
energy carriers as links between (a) a range of conventional and renewable energy 
sources and (b) clean (low- and zero-emissions) and highly efficient end-use 
applications. To meet the CO2 emission reduction targets (deemed necessary to prevent 
unacceptable climate change), the distribution of carbon-containing energy carriers to 
small-scale end-users should be avoided whenever possible—and as quickly as 
possible—because this inevitably leads to CO2 emissions at the point of use. Only if 
carbon is kept central can the CO2 emissions be effectively captured for underground 
storage in depleted oil and gas fields or in aquifers, or can the carbon be used for 
applications that would otherwise use fresh fuel for the production of CO2. However, it 
would be even better to replace carbon-containing energy sources with carbon-free 
energy sources. In the next decades, coal and oil, at the least, should be replaced; later 
on, natural gas should be too; and, at the same time, biomass and bio-based fuels 
should be used with caution and only insofar as their sustainability is beyond doubt. 
When the various options are being considered, it appears that basically only two 
energy carriers have the desired characteristics: electricity and hydrogen. Together, 
these two energy carriers can be the backbone for the future highly decarbonized 
energy system. 

8.1 Hydrogen and fuels cells in transport 

Favorable perspectives for a role in zero-emissions mobility 
The transport sector is generally considered to be the toughest one in which to realize 
any substantial reduction in emissions. Due to the growth of the volume of vehicles in 
this sector, emissions from the transport sector are rapidly increasing, despite 
significant improvements in the environmental performance of individual vehicles. Even 
in highly developed Western economies, where emissions from the power sector, 



 

28 

industry, the commercial sector, and households have (in many cases) started to 
decline, emissions from the transport sector are still increasing or have, at best, just 
started to level off. Breaking this trend calls for electrification of the transport sector in 
conjunction with decarbonization of the sources used to supply the energy for it. In 
some cases, this will be challenging and perhaps not possible; for example, it would be 
difficult to replace fossil fuels or, at the least, the carbon-containing, energy-dense 
liquid fuels used in aviation and maritime shipping. In other cases, however, solutions 
are there for the taking—for example, in the case of light-duty cars, buses, and light-
duty trucks. 
 
Zero-emissions electrically powered vehicles are already a reality today. There are 
basically two types: BEVs and FCEVs. The current PHEV with an ICE as a range extender 
serves as the option for bridging the gap between conventional vehicles and the fully 
battery dependent BEVs. The ICE in the current PHEVs could be replaced by a fuel cell 
system to create fully zero-emission PHEVs. This concept will be tested and put into 
practice in France, where a small fuel cell range-extender system will be used in light 
commercial vehicles so that the national postal company (La Poste) can double their 
range. (The battery range has not proven to be sufficient under all circumstances now.) 
One could question whether this is the most economically optimal solution, considering 
the current costs of the technologies, but it does illustrate the complementarity of the 
two technologies and how one could find an answer to the often-heated debates over 
choosing one or the other technology. Batteries are more energy efficient at the vehicle 
level,7 but the higher energy densities that can be reached by using a fuel cell system 
(including hydrogen storage) makes it better suited for electrifying a much wider range 
of vehicles, possibly up to even heavy-duty trucks. When the refueling times, which are 
relatively small (on the order of minutes for cars) are compared with battery recharging 
times, one could conclude that fuel cell technology is best positioned for application in 
larger cars and vehicles that have high daily mileages. Batteries, on the other hand, are 
well-suited for smaller cars driven relatively short distances during normal daily use, 
with the possibility of overnight charging of the car at home. 

The first cars are now coming to the market 
The framework conditions for hydrogen and fuel cells are favorable. The need to 
implement clean energy technologies; the limited number of options available for the 
transport sector; and the relative advantages of fuel cells over batteries with respect to 
their driving range on a single refueling, refueling time, and vehicle cost8—all of these 
are essential pre-conditions that indicate a potentially bright future for hydrogen-
powered FCEVs. In fact, we can see the first signs that this future may actually 
materialize. In 2013, Hyundai was the first to enter the consumer market with its 
Hyundai ix35 fuel cell,9 which is available in the United States as the Hyundai Tucson 
fuel cell. Hyundai has said it plans to produce a thousand ix35 fuel cell vehicles at its 

xxxxxxxxxxxxssssssssxxxxxxxxxxxxxx 

7 Batteries are more energy efficient at the vehicle level. This is not necessarily true with regard to energy 
efficiency and GHG emissions on a well-to-wheels basis, particularly if the electricity generation mix is 
dominated by conventional coal-fired power plants. 

8 Cost projections at volume production levels for FCEVs, including the hydrogen storage tank, are considerably 
more optimistic than those cost projections for BEVs, when a vehicle range consistent with that of current ICE 
vehicles is being considered. In this context, it is important to note that the current battery technology has 
existed for some decades and has already gone through a significant part of the cost curve, while fuel cells are 
still at a much earlier stage. 

9 See http://www.caradvice.com.au/234168/hyundai-ix35-fuel-cell-europes-first-hydrogen-production-cars-
delivered/.  

http://www.caradvice.com.au/234168/hyundai-ix35-fuel-cell-europes-first-hydrogen-production-cars-delivered/
http://www.caradvice.com.au/234168/hyundai-ix35-fuel-cell-europes-first-hydrogen-production-cars-delivered/
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Ulsan factory in Korea by 2015. In mid 2014, Toyota announced it would start building 
hydrogen fuel cell vehicles in December 2014, earlier than planned.10 The cars are to be 
introduced first in the Japanese market, followed by California and Europe. Cautious 
production numbers were foreseen, but already in January 2015, plans were revised 
upward due to a strong interest from buyers in Japan. Honda also plans to launch fuel 
cell vehicles in the consumer market soon, although the exact date of introduction has 
not yet been revealed. Daimler and Nissan are expected to be next in line, presenting 
their fuel cell vehicles in 2017, with their market introduction following shortly 
thereafter. Moreover, there are strong indications that BMW, which has entered a 
partnership with Toyota in the field of fuel cell car development, is also working on 
introducing a fuel cell car in the foreseeable future. Finally, Volkswagen has also openly 
entered the fuel cell arena. Quite unexpectedly, it presented two seemingly production 
ready fuel cell cars during the Los Angeles motor show in November 2014, while Audi, 
which is part of the VW Group, also presented a fuel cell concept car.11 

Infrastructure development plans become reality 
In conjunction with the presentation and actual introduction of the first series-
produced fuel cell cars, the buildup of initial networks of HRSs has started in Japan, in 
California, and in Europe—in Germany in particular. 
 

- In 2008, the private sector partnership Fuel Cell Commercialization Conference 
of Japan (FCCJ) proposed a scenario for the diffusion of FCEVs and HRSs. It 
forms the basis of the current commercialization scenario drawn up in 2010 by 
13 of its members from the car industry and energy sector. The scenario is the 
basis of the Japanese Government’s goal to have 100 HRSs installed before the 
end of fiscal year (FY) 2015. To this end, the Japanese Government earmarked 
¥7.2 billion for FY 2014 and about ¥40 billion for FY 2015 to subsidize the 
installation of new HRSs and the upgrading of existing stations. (In total, this 
amounts to about $410 million or €370 million.) 

 
- In June 2012, through a collaborative process substantiated by research, data, 

and modeling, CaFCP members published a “Hydrogen Roadmap for 
California,” indicating that a network of 68 stations operating statewide by 
2015–2017 is needed to enable the launch of the early commercial FCEV 
market. Following this, in September 2013, an Assembly Bill was signed into 
law for taking measures to achieve California’s air quality, climate, and energy 
goals by January 1, 2024; it includes a provision to fund at least 100 hydrogen 
stations with a commitment of up to $20 million a year until 2024 from the 
Alternative and Renewable Fuel and Vehicle Technology Program. Up until the 
beginning of 2015, awards have been granted by the California Energy 
Commission (CEC) to install 45 stations; added to the existing stations, these 
result in a near-term outlook for a network of more than 50 stations. 
Depending on the actual date the stations become operational, awards ranging 
from 70% up to 90% of the initial investment costs for the HRS are made 
available. In addition, stations may be eligible for compensation of operational 

xxxxxxxxxxxxssssssssxxxxxxxxxxxxxx 

10 See http://www.autoevolution.com/news/take-a-trip-into-totoya-mirai-s-production-plant-video-photo-gallery-
92586.html# for proof of the start of production of the Toyota fuel cell car—the Toyota Mirai. 

11 See http://www.greencarreports.com/news/1095647_volkswagen-passat-hymotion-hydrogen-fuel-cell-vehicle-
prototype-brief-drive.  

http://www.autoevolution.com/news/take-a-trip-into-totoya-mirai-s-production-plant-video-photo-gallery-92586.html
http://www.autoevolution.com/news/take-a-trip-into-totoya-mirai-s-production-plant-video-photo-gallery-92586.html
http://www.greencarreports.com/news/1095647_volkswagen-passat-hymotion-hydrogen-fuel-cell-vehicle-prototype-brief-drive
http://www.greencarreports.com/news/1095647_volkswagen-passat-hymotion-hydrogen-fuel-cell-vehicle-prototype-brief-drive
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and maintenance (O&M) costs for a period of up to 3 years, with the maximum 
being up to $100,000 per year [22]. 

 
- Within the framework of the German Clean Energy Partnership (CEP), partners 

are pursuing the goal of expanding the 2012 network of 14 HRSs to a total of 
50 HRSs in German metropolitan regions and along the main motorways by 
2016. In addition to this, the six industry partners of the H2 Mobility Germany 
initiative (Air Liquide, Daimler, Linde, OMV, Shell, and Total) set up a joint 
venture in February 2015 (H2 Mobility Deutschland GmbH and Company KG) to 
coordinate and invest in the expansion of Germany’s public hydrogen refueling 
infrastructure, aiming to build 350 more stations, resulting in a total of some 
400 HRSs by 2023, in accordance with the expected rollout of FCEVs. The 
partners expect that a total investment of around €350 million will be required. 
Funding is provided by the German Government, the European Commission, 
and the FCH JU. 

 
Following Germany, other European countries have also started to implement HRSs; 
most notable are Norway, Denmark, and the UK. Also, there is a clear tendency in 
making plans that shifts from a national level to a more coordinated European level. A 
similar development can be witnessed in the United States, with the formation of the 
H2USA Initiative. In 2013, this public-industry partnership involving automakers, gas 
industry companies, the U.S. Department of Energy (DOE), and other stakeholders was 
developed. It is aimed at addressing key challenges associated with developing a large-
scale hydrogen refueling infrastructure. The challenges are in the areas of cost and 
utilization, station locations, marketing and financing, and public outreach. The 
solutions are to result from collaborative actions by the various stakeholders. Further 
details and references on the developments described in this section can be found in 
Appendix C. 

Need for decisive and favorable policy support measures 
Despite the considerable progress that has been made toward commercializing 
hydrogen vehicles and FCEVs over the last decade, and despite current developments, 
the vehicles are not expected to be cost-competitive in the introduction period, due to 
the small manufacturing volumes in this phase. Also, the building up of a dedicated 
hydrogen production, distribution, and refueling infrastructure is still at an early stage 
of development and is still associated with large risks and uncertainties, mainly related 
to expected long periods of underutilization in the introduction period, which makes it 
difficult to reach a positive business case. This is unlikely to change without decisive and 
favorable policy measures to support the option. Such measures should provide 
sufficient long-term certainty to justify the required significant investments to be made 
by the industry for new fuel cell and vehicle manufacturing lines and for building up the 
infrastructure, well before a real market emerges. 

Need for an integrated policy approach to vehicles, infrastructure, and fuel 
Deploying FCEVs is not possible without a hydrogen refueling infrastructure. However, 
building up an initial network of HRSs that is dense enough to enable FCEV deployment  
would be inefficient if other hurdles for vehicles  to enter the market remain too high 
(e.g., price of vehicles and fuel compared to the prices in the benchmark vehicle 
option). A balanced deployment of infrastructure and vehicles thus requires a well-
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aligned set of policy measures and actions that address the infrastructure, vehicles, and 
fuel. This effort might encompass the following: 
 

- Creation of an appropriate regulatory framework (including developing, 
adopting, and harmonizing the necessary standards) for building and operating 
HRSs; for using FCEVs (e.g., type approvals and CO2-emission standards for 
cars); and for producing, distributing, and using hydrogen as a fuel (e.g., 
addressing the GHG-intensity of hydrogen and safety/risk aspects of the large-
scale distribution of hydrogen truck transport on the road). 

 
 Investment and O&M support for HRSs, including (for example and where -

applicable) aligning the concession period for fuel retail stations that offer 
hydrogen, with the expected payback period of hydrogen facilities. 

 
 Favorable land use planning with a view to (future) HRSs. -

 
 A tax exemption on fuel. -

 
 Fiscal measures, tax exemptions (including e.g., favorable fees for tolls, -

congestion charges, and road pricing), and subsidies on vehicles. 
 

 Privileges for zero-emissions cars, such as the use of special lanes, no/fewer -
restrictions on access to environmental zones, and the use of favorable 
reserved parking sites. 

 
A positive feedback cycle could enable more deployment of HRSs and FCEVs, with public 
support being provided for initial deployment to mitigate the investment risk during the 
market transition. As FCEVs begin to penetrate the market, HRSs would be used more 
and require less public support. Furthermore, with more FCEVs being deployed, HRSs 
would be built with larger capacities, thus enabling lower refueling costs to customers 
due to economies of scale. This, in turn, would promote more vehicle deployment. 
More vehicle deployment would reduce the vehicle cost to the customer due to 
economies of scale and learning; this would promote more vehicle sales and better use 
of the HRS infrastructure; and so on, until a sustainable business case is achieved in 
which there will be no need for public support to incentivize HRS or vehicle deployment. 
Cost analyses show that with utilized HRSs with a capacity of 1,000 kg/day could result 
in a hydrogen cost to customers of $4–6/kg 12 [23, 24], and that FCEV costs would be 
comparable to those of current gasoline hybrid vehicles at a 500,000 annual production 
volume [9, 13]. 

xxxxxxxxxxxxssssssssxxxxxxxxxxxxxx 

12 DOE Hydrogen and Fuel Cells Program Records, “Hydrogen Production Status 2006–2013” 
(http://www.hydrogen.energy.gov/pdfs/14005_hydrogen_production_status_2006-2013.pdf). This number 
represents cost and includes the cost of hydrogen production, hydrogen transport to the HRS, and the CAPEX 
and OPEX of the HRS. This number should not be confused with the price of hydrogen at the pump, which may 
also include a sales margin, excise duty on hydrogen, and value-added tax. 

http://www.hydrogen.energy.gov/pdfs/14005_hydrogen_production_status_2006-2013.pdf
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8.2 Hydrogen and renewable energy 

Need for flexibility with growing shares of intermittent renewables 
Solar and wind energy are by far the most abundantly available renewable energy 
sources. Undoubtedly, the role of these sources will become increasingly important in 
the electricity mix as a means to reduce CO2 emissions, through the increasing 
deployment of onshore and offshore wind turbines, and increasing use of (photovoltaic) 
solar panels. 
 
The greater dependency on solar and wind energy, however, provides a number of 
challenges related to system integration, because, unlike the energy sources used in 
conventional power plants, the supply of solar and wind energy is not controllable, and 
it fluctuates over time. Periods of high and low supply alternate. This results in an 
intermittent feed of electricity into the grid. Another aspect of this situation is that 
relatively large generation capacities are needed (large even compared to peak power 
demand levels) to be able to cover high shares of the annual electricity demand with 
electricity from solar panels and wind turbines. As a result, starting from annual 
coverage ratios of typically 20–30%, further implementation of intermittent renewables 
increasingly leads to longer periods in which there are growing amounts of electricity 
being overproduced (i.e., periods when the momentary supply exceeds the demand for 
electricity). If no measures were taken, an annual surplus of electricity on the order of a 
few and up to tens of terawatt-hours (TWhs) would occur in many countries when the 
intermittent renewables share reached more than 30% of the national annual electricity 
demand. Consequently, as the share of electricity from solar and wind energy would 
grow, there would be an increasing need for sources that could provide flexibility to the 
electricity system. These sources of flexibility should be able to (1) absorb growing 
swings in power supply, (2) solve increasing mismatches between supply and demand 
on various time scales, and (3) deal with increasing strains on the grid that were 
resulting from a growing share of distributed electricity generation. 

Role of hydrogen and electrolysis as a source of flexibility 
In recent years, the use of electricity (particularly surplus renewable electricity) to 
produce hydrogen through the electrolysis of water has gained considerable attention 
as a way to facilitate the large-scale integration of intermittent renewables. This 
concept is generally referred to as “power to gas” (PtG). However, this label is often 
confusing, because discussions and projects in this field have multiple dimensions in 
terms of subsequent hydrogen applications and in terms of the way the specific 
applications offer flexibility to the system. In all cases, however, electrolysis is the first 
step, and this uses electricity to produce hydrogen. 
 
The term PtG is, first and foremost, reserved for the specific concept in which the 
produced hydrogen is combined with a carbon source (preferably of biomass origin) to 
produce a synthetic natural gas (SNG), which is then added to the natural gas system. In 
this way, the existing gas system can be used for the storage, transport, distribution, 
and use of solar and wind energy in a way that decouples the supply of energy from 
these sources, from the final energy demand by end-users. A part of the gas will 
probably be used to re-generate electricity in power plants and in this case the option 
provides a mechanism for electricity storage. Another part will find its way to other gas 
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applications, such as space heating and tap water heating in houses and buildings and 
to produce steam and process heat in industry. In this case, PtG can be regarded as an 
option for the greening of natural gas. If this is done only to the extent that surplus 
electricity is produced, the concept would largely act as a temporary outlet for surplus 
electricity.  
 
Apart from the doubt about its economic feasibility, this PtG concept is often criticized 
because it adds carbon to a clean and carbon-free energy carrier, which will largely end 
up in combustion applications at small-scale end-users, and will still lead to CO2 and 
other emissions. The concept thus results in the preservation of the current 
unsustainable energy system rather than contributing to its transformation into a 
sustainable system that is based on renewable energy sources and carbon-free energy 
carriers. As an alternative, therefore, the direct admixing of hydrogen into the natural 
gas grid is also being considered. It would eliminate the carbon issue, and, by avoiding 
the conversion step to SNG, it would avoid additional energy losses and investment 
costs. On the other hand, it would add uncertainty about the technical potential of PtG 
due to the yet-unknown and uncertain impacts of hydrogen on the various elements of 
the gas system (e.g., various types of pipelines, compressors, couplings, gaskets, 
welding, valves, and pressure reducers) and a whole suite of end-use appliances in the 
industry and the residential and non-residential sectors [25, 26]. 
 
To overcome all of the above issues, hydrogen can be kept separate from the natural 
gas system, in specific hydrogen storages (for example in salt caverns). In this case, the 
storages can serve as buffers that absorb surplus electricity generated when supply 
exceeds demand and provide additional capacity when there is a need for balancing 
power from adjustable power generating units (for example, in periods when there is a 
deficit in supply from intermittent renewable generation to cover the electricity 
demand). This application can be considered “power to power” in contrast to “power to 
gas.” Storage in general is important, because only when solar energy and wind energy 
are combined with storage of energy will they be able to provide controllable power 
and become the backbone of the electricity supply system. Hydrogen energy 
(electricity) storage is particularly important, as it is considered the only technically 
viable option for buffering TWh-quantities of temporary surpluses of electricity for 
periods lasting days, weeks, and potentially even up to months, provided large-scale 
underground storage is geologically feasible and acceptable to the public [27]. 

Hydrogen energy storage and its competitors: Need for an integrated view 
Hydrogen energy storage is not the only electricity storage option. It is expected that 
the hydrogen option will face competition from other storage options, such as 
batteries, compressed air energy storage (CAES), and pumped hydro storage (PHS). 
Furthermore, storage is not the only source that can provide flexibility to the electricity 
system. Other sources of flexibility are: 
 

- Deployment of more flexible power generation units (e.g., gas turbines) that 
can complement the variable supply of intermittent renewables better than 
baseload units can. 
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- Strengthening of the grid and expansion of the interconnection capacity with 
adjacent electricity markets, which can improve the possibility of levelling out 
surplus and deficit situations over larger areas. 

 
- Load (i.e., demand-side) management, which aims to use the possibilities for 

adjusting the demand for electricity from end-users so it is in line with the 
variable supply of electricity from intermittent renewables. 

 
- Applications that can serve as temporary outlets for surplus electricity, such as 

the use of the hydrogen admixing version of the PtG concept and the use of 
electricity in flexible hybrid systems that can use both gas and electricity to 
produce heat (power to heat). 

 
- Curtailment of intermittent generation capacity (i.e., the disconnection of 

generation capacity from the grid), which remains an option if all others fail or 
are too expensive. 

 
Clearly, the value of hydrogen as a source of flexibility for facilitating the integration of 
intermittent renewables should not be considered in isolation but instead in 
competition with all other flexibility options [28, 29]. Differences in the challenges of 
integrating renewables (which result from the specific characteristics of energy systems 
and different national energy policy frameworks) will affect the mix of applicable 
flexibility measures. A priori, however, it is not expected that hydrogen production 
through electrolysis is one of the first options in the “merit order” of flexibility options. 
The large-scale implementation of intermittent renewables will not take place 
overnight. Initially, the numbers of hours with surplus electricity will be limited and not 
enough for the cost-effective production of hydrogen, even when the electricity is low-
cost or zero- cost. The numbers of surplus hours will gradually increase, and if the 
magnitude becomes large enough, the measures that are the most cost effective will be 
implemented to absorb the surplus in the system. In the case of storage, options other 
than hydrogen are likely to prevail, because of their more favorable characteristics in 
terms of (marginal) investment costs and round-trip efficiency, and because the amount 
of surplus electricity will not instantly reach a TWh scale. As a consequence, once other 
measures and other storage options are installed, the potential for hydrogen energy 
storage will be reduced and the moment for deploying this option will be postponed.13 

Need for clean energy carriers as a driver for electrolysis: Flexibility as a bonus! 
The unique aspect of the hydrogen energy storage option compared to other electricity 
storage options is its versatility with regard to a range of end-use applications. 
Hydrogen is not constrained to a power-to-power application. PtG and power-to-fuel 
applications (the use of hydrogen as fuel for FCEVs) were already discussed. In addition, 
hydrogen can also be used as feedstock or excipient in the industry where it is already 
being widely used, in different amounts and qualities, and in a large variety of 
xxxxxxxxxxxxssssssssxxxxxxxxxxxxxx 

13 Due to the continuous adjustment of the system, the number of hours with surplus electricity is not expected to 
exceed tens or hundreds of hours per year for a long time. Considering this number of operating hours, the cost 
of producing hydrogen by electrolysis could easily be tens of euros per kilogram, which would result in an 
excessive cost for electricity upon re-electrification of the hydrogen, given that each euro per kilogram of 
hydrogen adds an additional 5 cents/kWh to the cost of electricity, at a conversion efficiency of hydrogen to 
electricity of 60% (fuel cell or combined-cycle gas turbine). In the theoretical case in which no measures are 
taken and in which the annual production of electricity from variable renewables equals the annual demand for 
electricity, any surplus would still be produced for only about 50% of the time, and that would still not result in 
high use of the electrolysis units. 
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processes. This application can be referred to as “power-to-chemicals”.14 In fact, the 
use of hydrogen in the industry is currently the only existing market for hydrogen. The 
other end-uses would create new markets for hydrogen [30]. 
 
Although the increasing need for flexibility in the electricity system, due to the 
increasing penetration of intermittent renewables, does not seem to present a strong 
enough driver for the deployment of hydrogen production through electrolysis, the 
option could enter the system in an alternative way. It could happen when the rollout of 
FCEVs succeeds, resulting in a new market for hydrogen, and when the existing industry 
market and emerging transport market are incentivized to deploy green or clean low-
carbon hydrogen, either through regulation, or an appropriate framework of support 
measures, or both. Installed electrolyzer units for supplying hydrogen to these markets 
would then be able to, in addition, provide flexibility services (ancillary services) to the 
electricity network, which might also avoid that other flexibility measures need to be 
implemented. The capacity of the units could be quickly adjusted both up and down, 
which could provide for a substantial amount of additional controllable load at the 
demand side of the electricity system that could be used in load management 
arrangements. Furthermore, when not run at full capacity, or by employing the 
capability to run electrolyzers in overload for short periods of time, the units can 
contribute to the integration of temporary surpluses of renewable electricity by 
producing additional hydrogen that can relatively easily be buffered in various hydrogen 
storages in the system. Fees for these flexibility services would further improve business 
cases for electrolytic hydrogen [31]. 

8.3 Hydrogen and the infrastructure 

Large-scale hydrogen delivery infrastructure: A glimpse at the future 
Zero-emissions mobility and emerging markets for low-carbon and renewable hydrogen 
could trigger the development of an energy system in which electricity and hydrogen 
are the main energy carriers, linking clean and renewable energy sources at one end of 
the system, with the final energy demand of end-users at the other end. A variety of 
technologies for harvesting and integration of solar and wind energy  will be at the 
heart of such a system (e.g. photovoltaics, onshore and offshore wind turbines, 
batteries, fuel cells and electrolyzers). The system will be supported by an infrastructure 
for delivering the energy; it will consist of power cables, hydrogen pipelines, and 
hydrogen energy storages. 
 
Centralized schemes involving large offshore wind parks and large-scale underground 
hydrogen storage might develop, if geologically feasible. However, due to the 
modularity of the key technologies, regional and local schemes might also develop. In 
such schemes, decentralized energy stations interconnected by power lines and/or 
hydrogen transmission pipelines could develop. These stations could provide storage 
and balancing services for decentralized energy systems and supply hydrogen to HRSs 
xxxxxxxxxxxxssssssssxxxxxxxxxxxxxx 

14 By far the largest uses are to produce ammonia fertilizer and to upgrade heavy crude oil into refined clean fuels 
in oil refineries. But it is also used for metal sintering and annealing in the metal production industry, to enhance 
the plasma welding and cutting operation in the metal processing industry, and in many other applications in 
various industries (e.g., glass, food and beverage, electronics, and pharmaceutical). 
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via a decentralized hydrogen grid. The HRSs themselves might also develop into local 
energy stations (with on-site hydrogen production and with re-electrification to provide 
the required storage and balancing services) in conjunction with other local storage of 
electricity and probably also of heat. 
 
In time, with the far-reaching transformation of the current energy system into a 
system based mainly on renewable energy sources, clean and renewable energy might 
have to be imported if sufficient resources were not available locally or could not be 
made so (due to public acceptance issues, for example). In addition to sustainable 
biomass, imports of solar energy, wind energy, hydropower, geothermal energy, or 
even decarbonized fossil energy might be needed. Energy from across the continent 
could be imported mainly via high-voltage grids and pipelines, but using these conduits 
to import these energy sources from other continents would be difficult. Examples of 
such sources are wind energy from Patagonia, hydropower from Norway and Canada 
[32], geothermal energy from Iceland, solar energy from various remote desert areas, 
and Australia’s abundant energy resources, including renewables (wind and solar) and 
coal (if combined with decarbonization and underground storage of the carbon close to 
the point of extraction) [33]. The liquefaction of hydrogen and its transport by ships, 
initially proposed within the context of the Japanese WE-NET program [32] and now 
integrated in the Hydrogen Energy Supply Concept under development by Kawasaki 
Heavy Industries [33], could play a vital role in completing the transition to a sustainable 
energy system. This would require local energy systems that were able to absorb the 
clean and renewable energy that was delivered in this way, however; and the systems 
would have to allow for enough storage to bridge the period between the times of 
delivery and deal with other issues that might cause an interruption of supply. 
 
Before this kind of solution is needed and ready to be implemented, the transition to a 
sustainable energy system should have already reached an advanced stage, and many 
questions such as those that follow (to name a few) should have been answered by 
then: 
 

 What are the large-scale storage options and what is the potential for using -
them worldwide? Are salt caverns, which are possible only in a limited number 
of areas with a specific geology, the only option, or are there other options? 

 
 Can the current natural gas network be used for the transport and buffering of -

pure hydrogen, or is a completely new, dedicated, hydrogen pipeline 
infrastructure needed? 

 
 If the current natural gas system (or part of it) can be used, how can this -

system gradually switch to hydrogen? Can parts of the network be 
disconnected and converted region by region? 

 
 What are the possibilities for reducing the energy consumption associated with -

liquefaction, and can this technology be applied at a sufficiently large scale? 
 

- Can liquid hydrogen be pumped quickly enough for bulk transport purposes 
without causing excessive boil-off, or will we need to rely on bulk transport of 
pressurized  hydrogen? 
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… but first things first 
In the absence of a clear perspective, however, all efforts to answer these types of 
questions will be largely in vain. Attention should therefore first focus on the 
introduction and successful commercialization of zero-emissions hydrogen mobility 
(i.e., FCEVs and the corresponding hydrogen delivery infrastructure). Well-coordinated 
joint action from all industry and government stakeholders is needed, stimulated by an 
integral, balanced policy framework that includes appropriate regulations as well as 
financial and nonfinancial support measures for FCEVs, HRSs, and hydrogen. The 
technology is ready to enter the early commercial introduction phase. The growing 
number of public-private partnerships in various parts of the world whose aim is to 
develop a market for hydrogen mobility is a positive sign, but it is not a guarantee for 
success as of yet. Significant challenges still need to be overcome, including finding the 
right mix(es) of financing to cover the required initial investments, finding the right 
introduction and early market development strategy to be able to minimize the 
financial gap for early movers, and organizing enough support to bridge the gap. Yet it 
all will be more than worth it, because with regard to a transition to a sustainable 
energy system, hydrogen and fuel cells offer good prospects for renewables-based, 
zero-emissions mobility. 
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List of abbreviations 

Technical terms 
BEV  battery electric vehicle 
CAES  compressed air energy storage 
CAPEX  capital expenditure 
CCS  carbon capture and storage 
CGH2  compressed gaseous hydrogen 
CNG  compressed natural gas 
CO2  carbon dioxide 
FCEV  fuel cell electric vehicle 
FY  fiscal year 
HEV  hybrid electric vehicle 
HFP  Hydrogen and Fuel Cell Technology Platform (Europe) 
HRS  hydrogen refuelling station 
H2  hydrogen 
ICE  internal combustion engine 
LH2  liquid or liquefied hydrogen 
LBG  liquefied bio-methane gas 
LNG  liquefied natural gas 
LPG  liquefied petroleum gas 
MAIP  multi-annual implementation plan 
NIP  National Hydrogen and Fuel Cell Innovation Programme 
O&M  operational and maintenance 
OEM  original equipment manufacturer 
OPEX  operational expenditure 
PEM  proton exchange membrane 
PHEV  plug-in hybrid electric vehicle 
PHS  pumped hydro storage 
PtG  power to gas 
RD&D  research, development, and demonstration 
SET  sustainable energy technology 
SMR  steam methane reforming 
SNG  synthetic natural gas 
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Organizations and partnerships 
AAHE  Australian Association of Hydrogen Energy 
CaFCP  California Fuel Cell Partnership 
CEC  California Energy Commission 
CEP  Clean Energy Partnership (Germany) 
CHN  Copenhagen Hydrogen Network 
DGC  Danish Gas Technology Centre 
DOE  U.S. Department of Energy 
EC  European Commission 
ECN  Energy Research Centre of the Netherlands 
EU  European Union 
FCCJ  Fuel Cell Commercialization Conference of Japan 
FCH JU  Fuel Cell and Hydrogen Joint Undertaking 
HIA  Hydrogen Implementing Agreement (IEA) 
HFP  European Hydrogen and Fuel Cell Technology Platform (see FCH JU) 
HyNor  Norwegian hydrogen development program 
HySUT  Research Association for Hydrogen Supply /Utilization Technology 
IEA  International Energy Agency 
NEDO  New Energy and Industrial Technology Development Organization 
NOW  National Organisation Hydrogen and Fuel Cell Technology 
SHHP  Scandinavian Hydrogen Highway Partnership 
TEN-T  Trans-European Transport Network 
 

Units of measure 
bar  unit of pressure: 1.01325 MPa 
bbl  barrel(s) 
°C  degree(s) Celsius 
d  day(s) 
h  hour(s) 
kg  kilogram(s) 
km  kilometer(s) 
kW  kilowatt(s) 
kWh  kilowatt-hour(s) 
L  liter(s) 
min  minute(s) 
MPa  megapascal(s) 
MW  megawatt-hour(s) 
nm3  cubic nanometer(s) 
TWh  terawatt-hour(s) 
yr  year(s) 
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Appendix A. Description of hydrogen 
delivery pathways and 
HRS functional 
specifications 

When describing hydrogen delivery pathways, it is convenient to distinguish options 
based on the level of hydrogen production, regardless of the particular method that is 
used to produce that hydrogen. By following this structure, classification into two 
families of delivery pathways is possible. Figure 4 shows an overview of the two delivery 
pathways: distributed and centralized.15 
 

 

Figure 4: Schematics of hydrogen delivery pathways, with distributed or on-site production at top, 
centralized at bottom 

 

xxxxxxxxxxxxssssssssxxxxxxxxxxxxxx 

15 Courtesy of Pignieri, A., and D. Nolan, 2009, A Technology Roadmap for Australia’s Hydrogen Delivery 
infrastructure, Appendix C: “A Techno-economic Assessment Framework,” CSIRO. 
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In a distributed (also called foreground or on-site) pathway, hydrogen is produced in the 
immediate proximity of the hydrogen dispensing equipment at the fuel retail station. In 
a centralized pathway, hydrogen is generated at large-scale facilities and then delivered 
to refueling stations located from a few tens to some hundreds of kilometers away. The 
centralized delivery pathway can be further subdivided into three categories of 
pathways: 

• Truck delivery of compressed gaseous hydrogen (CGH2), 
• Truck delivery of liquid hydrogen (LH2), and 
• Pipeline delivery of CGH2. 

 
This section describes the set of operations and the major pieces of equipment involved 
in each pathway. Delivery operations typically comprise the processing and handling, 
transport (or distribution), and dispensing (or refueling) of hydrogen  

On-site generation pathway  

In this pathway, delivery operations are all performed at the hydrogen refueling station 
(HRS), where a distributed hydrogen generator is integrated on site. Two main 
categories of technology are used for on-site hydrogen generation: water electrolysis 
and the steam reforming of hydrocarbons. 
 
With regard to water electrolysis, two variants can be distinguished: alkaline water 
electrolysis and proton exchange membrane (PEM) water electrolysis. Water and 
electricity serve as the feedstock for hydrogen generation by means of water 
electrolysis. Demineralized water is needed; it has to be transported to the refueling 
station by truck or produced on site from tap water and then delivered via the water 
mains. The production of 1 kg of hydrogen requires about 9 L of water. The electricity is 
distributed to the refueling station via the electricity grid. Electricity consumption is 
currently of the order of 55–60 kWh/kg of hydrogen, but it is expected to decrease to 
50–55 kWh/kg in the near future. These figures translate to a need for 50–60 kW of 
power to produce 1 kg/h of hydrogen. A production capacity of 100 kg/d requires a 
connection of approximately 200–250 kW (excluding the power requirement for 
compression). 
 
In the case that involves steam reforming of hydrocarbons, the hydrocarbons serve as 
the source of hydrogen. The hydrocarbon source typically used for on-site hydrogen 
generation is natural gas, and methane is its main constituent. Natural gas can be 
replaced by biogas if a supply of renewable hydrogen is mandatory or desired to gain 
customer acceptance. These sources are distributed to the HRS via gas pipelines but can 
also be distributed in liquid form by truck (as liquefied natural gas [LNG] or liquefied 
bio-methane gas [LBG]). Other liquid hydrocarbon options include liquefied petroleum 
gas (LPG) and ethanol. 
 
In addition to the on-site hydrogen generator (which is considered an add-on to the HRS 
and thus not part of the delivery operations), the HRS with on-site generation typically 
includes the following delivery components: 

• Primary (storage) compressor, 
• Primary CGH2 storage (bulk storage), 
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• Secondary compressors 
• Secondary CGH2 “cascade” storage (high-pressure storage), 
• Refrigeration unit (to cool hydrogen to –40°C to enable fast filling), and 
• CGH2 dispensers. 

 
Hybrid configurations are in use, mainly as a result of the fact that on-site generators 
are preferably operated in base-load-like fashion to optimize efficiency, minimize 
maintenance requirements, and reduce possible causes for malfunctioning. A relatively 
small-scale on-site generator, operated more or less in base-load fashion, can be 
combined with truck delivery of CGH2; this offers the flexibility that is needed for 
balancing fluctuations in demand at the pump. Usually this facility is also needed for 
backup when planned or unplanned maintenance of the on-site hydrogen production 
unit occurs. 

Centralized pathway: Truck delivery of CGH2 

In this mode of delivery, CGH2 is transported in assemblies of pressure vessels mounted 
on a truck trailer. Pressure vessels of different sizes and configurations are available to 
supply various quantities of hydrogen to a range of customers. Of interest with regard 
to HRSs is the supply of bulk quantities of hydrogen by means of tube trailers filled with 
100–300 kg of hydrogen at typical pressures of 150–230 bar (15–23 MPa). Currently, 
instead of using steel tubes, it is also possible to equip trailers with lightweight carbon-
fiber-reinforced, high-pressure composite tanks, enabling operation at pressures of up 
to 500 bar and hydrogen payloads of up to 1,000 kg. 
 
In this pathway, the processing and handling of hydrogen takes place at CGH2 filling 
terminals. These terminals carry out functions similar to those carried out today at 
terminals for petroleum-derived transport fuels (gasoline, diesel): Fuels are stored and 
then loaded onto trailers for delivery to refueling stations. 
 
Hydrogen terminals are located in the proximity of central hydrogen generation plants 
or connected to a hydrogen pipeline; trailers with pressure vessels are filled to the 
specified hydrogen pressure by means of large stationary compressors. A terminal 
includes the following components: storage compressors, terminal storage, truck-
loading compressors, and truck loading bays. During normal operations, filling terminals 
receive hydrogen either at the production pressure of the central plant or at the 
delivery pressure of the CGH2 pipeline, and they compress it to load onto the trailers. 
On-site storage is also installed to maintain continuous operations at times when either 
the generation plant or the hydrogen pipeline is out of service. A separate compression 
station serves the terminal storage system. 
 
Once the trailer is filled, it is attached to a tractor and driven to the HRS, where it is 
“dropped off” to serve as the on-site storage. The truck picks-up empty trailers and 
returns them to the terminal for refilling. An alternative could be to unload the trailer 
into an on-site pressure vessel for bulk storage. 
 
At the HRS, the trailer with pressure vessels, or the on-site pressure vessel for bulk 
storage, acts as the primary storage for the station. Hydrogen is then compressed up to 
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dispensing pressure and stored in a high-pressure cascade secondary storage system, 
ready for fast-fill dispensing to a vehicle. Before hydrogen is dispensed to a vehicle, it is 
cooled to about –40°C to keep the temperature level in the vehicle tank from exceeding 
the maximum allowable value during the fast-fill procedure. 

Centralized pathway: Truck delivery of LH2 

In this mode of delivery, hydrogen is liquefied and loaded onto LH2 tanker trucks for 
transport to the HRS. Processing and handling operations for this pathway involve the 
conversion from gaseous hydrogen to liquid hydrogen at the liquefaction plant, storage 
of LH2, and LH2 tanker-truck-loading operations at the LH2 filling terminal. The liquefier 
is located in the proximity of a central generation plant. The LH2 filling terminal typically 
includes a bulk LH2 storage system, LH2 pumps, and truck-loading bays. During normal 
operations, filling terminals receive LH2 from the liquefaction plant and pump it to be 
loaded onto the tanker trucks. On-site storage is installed to maintain continuous 
operations at times when the generation plant or the liquefier is out of service. 
 
LH2 tankers are filled at the LH2 terminal and driven off to HRSs, where part or all their 
loads are loaded onto an on-site LH2 bulk storage facility. The typical payload of an LH2 
truck amounts to 3,000 kg of hydrogen. 
 
LH2 stored in the primary (LH2) storage system is then pumped and vaporized until the 
pressure levels reached are those required for storage of the gasified hydrogen on a 
secondary high-pressure cascade storage system. From here, the hydrogen is dispensed 
to on-board vehicle tanks. The HRS may also be equipped with a boil-off handling 
system (basically a small compressor) that captures and compresses LH2 boil-off and 
adds it to the high-pressure storage system. As is the case for the other concepts, a 
refrigeration unit is needed for temperature conditioning of the hydrogen to enable 
fast-filling. 
 
In summary, a LH2 station typically includes a primary LH2 storage, LH2 pumps and 
vaporizers, a boil-off handling system, a secondary CGH2 cascade high-pressure storage, 
a cooling unit, and hydrogen dispensers. At a sufficient throughput, optimization is 
possible, since cars can be directly filled with cold, vaporized LH2. This could render the 
cooling unit and secondary high-pressure storage largely redundant. The boil-off 
handling system could also become redundant, because at steady levels of throughput, 
a certain amount of boil-off becomes necessary to maintain a sufficient level of vapor 
pressure in the void space above the liquid, which arises as LH2 is withdrawn from 
storage to refuel cars. 

Centralized pathway: Pipeline delivery of CGH2 

Processing and handling for delivering the CGH2 take place at the pipeline compression 
stations, which are located in the proximity of the central hydrogen generation plant. At 
a compression station, hydrogen is compressed from the central plant production 
pressure to the required delivery pressure at the inlet of the transmission pipeline. The 
hydrogen is then transported to end-users through a pipeline system that may consist 
of the following type of pipelines: 
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• Transmission pipelines: Used for high-pressure transport from central plants to 

regional metering and control stations; 
• Trunk pipelines, or regional distribution pipelines: Used for medium-pressure 

transport from regional stations to local gas receiving stations or directly to 
HRSs that are not located in the immediate vicinity of the built environment; 
and 

• Local distribution pipelines: Used for relatively low-pressure distribution from 
local gas receiving stations to HRSs. 

 
HRSs are serviced by the distribution pipelines on a continuous basis (subject to pipeline 
availability), and, in principle, they do not require a primary storage system. Hydrogen 
from the pipeline is compressed to the dispensing pressure and stored in a high-
pressure cascade secondary-storage system, where it is ready for fast-fill dispensing to a 
vehicle. The station includes the following delivery components: compressors, high-
pressure cascade storage, a refrigeration unit, and hydrogen dispensers. 

HRS functional specifications and requirements 

The standardization of technical components and systems is the key to driving down the 
costs of HRSs and preparing a commercial market. For the rollout of a hydrogen 
infrastructure for passenger cars, the industry has aligned on 700-bar (70-MPa) 
refueling. An important step in further standardization was taken by the H2Mobility 
Initiative Germany in 2010, when a functional description of standardized 70-MPa HRSs, 
was developed. It serves as the basis for further rollouts of HRSs in Germany. The 
description provides an overview of the required performance in terms of quantities, 
refueling schedules and standards to be adopted. The scope of the description 
comprises everything from the on-site hydrogen storage up to and including the fueling 
nozzle. 

 
Four different HRS sizes have been considered: very small (80 kg/d), small (212 kg/d), 
medium (420 kg/d), and large (1,000 kg/d). Very small stations are basically not 
upgradable to larger sizes. Small stations need to be upgradable to medium-size 
stations (e.g., by adding storage or compression capacity) to enable alignment with the 
vehicle rollout. It remains to be seen whether the concept of upgradability can be 
extended equally from medium to large stations. Three station concepts dealing with 
three modes of hydrogen supply are described: CGH2 trailer supply, LH2 trailer supply, 
and on-site production (including pipeline) supply. In addition to the specifications 
listed in Table 3, the description also addresses other performance requirements, such 
as minimum availability and vehicle refueling process control. 
 
The H2 Mobility functional description of HRS is an excellent example that highlights the 
outcome of the joint collaborative efforts of station operators, equipment suppliers, 
and car original equipment manufacturers (OEMs) in Germany to reduce station costs. 
In the meantime, this functional description has also been adopted by the industrial gas 
industry for the development of HRSs in other countries in Europe, like the UK. 
Although Japanese car OEMs used to focus on 350-bar fuel cell electric vehicles (FCEVs), 
changes in HRS regulations are gradually allowing HRSs to store and dispense 700-bar 
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hydrogen; hence, performance requirements are aligning with those in the rest of the 
world. 

Table 3: Definitions and performance specifications for different HRS sizes 

HRS performance indicator 

Very Small 

HRS 

Small 

HRS 

Medium 

HRS 

Large  

HRS 

Number of refueling positions 1 1 2 4 

Number of refuelings per hour, per position 2.5 6 6 10 

Number of back-to-back refuelings per position 0 1 1 10 

Maximum waiting time to fuel consecutive cars 20 min 5 min 5 min Not 

applicable 

Number of consecutive hours to meet specifications No defined 

requirement 

3 3 24/7 

Average daily number of refuelings 10 30 60 125 

Maximum daily number of refuelings 20 38 75 180 

Maximum hourly hydrogen output 18 kg 34 kg 67 kg 224 kg 

Average daily hydrogen output 56 kg 168 kg 336 kg 700 kg 

Maximum daily hydrogen output 80 kg 212 kg 420 kg 1,000 kg 

Number of cars per station (approximate) 100 400 800 1,600 

Source: H2Mobility, 70 MPa HRS Standardisation — Functional Description, V1.1 07-06-201016 

 

Comparison of delivery pathways 

This section presents a high-level comparison of the main distinctive characteristics of 
the different delivery pathways (Table 4), with a focus on HRSs. The characteristics 
considered are those related to HRS attributes that are generally deemed important for 
creating a viable network of HRSs, such as these: 
 

- Investment cost: The lower, the better. 
 

- Operational and maintenance (O&M) costs: These costs usually have a strong 
relation with the equipment cost (and thus the investment cost) and the 
complexity of an installation. 

 
- Possibility of combining an HRS with existing retail stations for conventional 

fuels: Combining is preferred from both a cost perspective (site is already 
available and developed; facilities are shared) and a customer acceptance 
perspective (hydrogen is just another fuel). Footprint aspects and external 
safety aspects are decisive factors when the possibility of combining hydrogen 
with existing refueling stations is considered. 

 
- Safety characteristics: An HRS must comply with prevailing safety regulations 

and standards, and safety can be designed. However, the more safety 
xxxxxxxxxxxxssssssssxxxxxxxxxxxxxx 

16 Available from http://www.now-
gmbh.de/fileadmin/user_upload/RE_Publikationen_NEU_2013/Publikationen_NIP/H2Mobility_HRS_Functional_
Description.pdf . 

http://www.now-gmbh.de/fileadmin/user_upload/RE_Publikationen_NEU_2013/Publikationen_NIP/H2Mobility_HRS_Functional_Description.pdf
http://www.now-gmbh.de/fileadmin/user_upload/RE_Publikationen_NEU_2013/Publikationen_NIP/H2Mobility_HRS_Functional_Description.pdf
http://www.now-gmbh.de/fileadmin/user_upload/RE_Publikationen_NEU_2013/Publikationen_NIP/H2Mobility_HRS_Functional_Description.pdf
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measures that are needed to comply with regulations and standards, the 
higher the investment cost will be. The safety characteristics and associated 
risk levels are generally determined by the number of possible accident 
scenarios (related to the complexity of operations and level of manual 
operations required), the potential impacts of an accident, and the probability 
of occurrence of such an event. 

 
- Ability to comply with, and guarantee hydrogen delivery to vehicles 

according to, prevailing hydrogen quality standards: The low-temperature 
fuel cells used in vehicles are sensitive to reactive contaminants, like carbon 
monoxide and sulfur compounds. Therefore, standards are being developed 
for maximum allowable levels of these impurities in hydrogen.17 The various 
pathways may involve different levels of effort (and thus costs) to comply with 
and guarantee the quality specifications, due to inherent variations in the types 
and levels of contamination that result from differences in the feedstocks used 
and differences in the way hydrogen is processed, handled, and transferred 
before it enters the vehicle tank. 

 
- Flexibility in several respects: 

o Dealing with fluctuations in hydrogen demand during daily operation 
(forecourt demand profile); 

o Adapting to the overall growing demand as the number of FCEVs on 
the road increases (scalability of pathway and particularly the HRS); 
and 

o Dealing with and adjusting to various options for on-board storage of 
hydrogen in cars; current standard for cars is 700 bar, but more 
practical and cost-effective options may become available/dominant 
in the future. 

 

xxxxxxxxxxxxssssssssxxxxxxxxxxxxxx 

17 ISO 14687-2:2012 is the most recent standard that applies worldwide. 
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Table 4: Comparison of hydrogen delivery pathways based on their main distinctive characteristics 

Delivery Pathway Favorable Aspects Specific Issues 

On-site generation: 
Electrolysis 

- No extensive 
infrastructure is needed 
for transport by truck 

- No or limited number of 
transport movements 

- Investments in production 
capacity are broken up 

- High-purity hydrogen can 
simplify procedures used 
to test compliance with 
hydrogen quality 
standards 

- Footprint: Space required 
for generation equipment 
increases with increasing 
HRS capacity 

- Local power requirements 
increase with increasing H2 
demand 

- On-site compression is 
needed due to the 
relatively low output 
pressure of generation, 
typically 30 bar** 

- Dimensioning of generation 
and storage equipment in 
view of the need for 
flexibility resulting from 
fluctuating, peak, and 
overall growing demand 
and the need for 
minimizing investment 
costs 

- Underutilization of the 
production unit is in 
addition to underutilization 
of the HRS 

On-site generation: 
Steam reforming of 
hydrocarbons 

- No extensive 
infrastructure is needed 
for transport by truck 

- No or limited number of 
transport movements 

- Investments in production 
capacity are broken up 

- Capacity of the natural 
gas grid is less restrictive 
than capacity of the 
electricity grid 

- Feedstock can be supplied 
via pipeline or truck (LNG, 
LPG, …) 

- Footprint: Space required 
for generation equipment 
increases with increasing 
HRS capacity 

- On-site compression is 
needed due to the 
relatively low output 
pressure of generation, 
typically up to 30 bars. 
Dimensioning of generation 
and storage equipment in 
view of the need for 
flexibility resulting from 
fluctuating, peak, and 
overall growing demand 
and the need for 
minimizing investment 
costs 

- Steam reforming 
operations are generally 
considered somewhat less 
flexible than is electrolysis 

- Underutilization of the 
production unit is in 
addition to the 
underutilization of the HRS 

- It is difficult to combine de-
centralized production with 
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carbon capture and storage 
(CCS) 

Centralized pathway: 
Truck delivery CGH2 

- Operations are simpler 
because of the lack of on-
site generation 

- Scaling of space 
requirements is more 
favorable with increasing 
HRS capacity 

- Footprint: Space is required 
to drop off and pick up 
trailer with pressure 
vessels 

- The number of transport 
movements increases with 
increasing demand 

- There is still a significant 
need for compression due 
to the decreasing pressure 
that results from 
withdrawing hydrogen 
from storage 

Centralized pathway: 
Truck delivery of LH2 

- There is a relatively high 
energy density and thus a 
potentially limited 
footprint (especially in the 
case of underground bulk 
storage) 

- High-purity hydrogen can 
simplify the procedures 
used to test for hydrogen 
quality compliance 

- There is little or no need 
for compression at the 
HRS 

- There is flexibility with 
regard to the final 
product at the pump: 
High-pressure CGH2 (350 
and 700 bar), and LH2 for 
liquid and potentially 
cryo-compressed storage 
on board vehicles 

- There is transition 
flexibility due to the easy 
scalability of capacity  

- A high upstream 
investment in liquefaction 
plants is needed 

- There is a high upstream 
use of energy for 
liquefaction 

- Control of liquid hydrogen 
boil-off is needed 

Centralized pathway: 
Pipeline delivery of CGH2 

- The footprint of the HRS is 
limited 

- There is transition 
flexibility due to the easy 
scalability of capacity 

- There is a high investment 
cost for constructing a 
pipeline (network); this 
option only applies to a 
more mature market, 
unless a pipeline is already 
available 

- On-site compression is 
needed due to the 
relatively low output 
pressure of the pipeline 

** Electrolyzers that can deliver higher pressures are under development. PEM electrolysis especially offers the 
possibility of high-pressure operations at up to 120–200 bar, which would significantly reduce the need for on-site 
compression. Such products are in a very early stage of commercialization, however. 
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Appendix B. HRSs worldwide 

In order to provide an overview on the number of publicly accessible hydrogen refueling 
stations (HRSs) in the world and the ratios for each of the hydrogen delivery options, 
current worldwide HRSs were investigated by reviewing open databases and up-to-date 
information from IEA/HIA experts from several countries. Even though the breakdown 
of hydrogen delivery pathways now is probably different from the breakdown that 
would occur in a future, economically self-sustaining market (because most of the 
current HRSs are operated as demonstration projects), the trends in the use of various 
hydrogen delivery options can be estimated. 
 
Two databases were used for the analysis: the list of worldwide HRSs published by Fuel 
Cell 2000, which was updated in January 2013 [1], and the data book on international 
HRSs published by the Hydrogen Analysis Resource Center, which was updated in March 
2013 [2]. The information from the two databases was consolidated and updated with 
the latest information from the experts in September 2013. 
 
Figure 5 shows that about 250 HRSs are currently operated worldwide. Of these, 43% 
are in Europe, 36% are in the North America, 19% are in Asia, and 2% are in other 
continents. Of these HRSs, 82 are publicly accessible, and the number of public stations 
represents about one-third of all operated HRSs in each region, as shown in Figure 5. 
 
The breakdown of hydrogen delivery options for operated hydrogen stations in North 
America, Europe, and Asia is shown in Figure 6. In Europe, gaseous truck and on-site 
electrolysis are major delivery paths. In Asia, the ratio of on-site reforming is relatively 
high and that of on-site electrolysis is relatively low. 
 
Figure 7 shows the ratios of hydrogen delivery paths of publicly accessible stations 
worldwide. On-site electrolysis and gaseous truck have the largest shares: 37% and 
35%, respectively. The shares for on-site reforming, liquid truck, and pipeline are 11%, 
6%, and 6%, respectively. 
 
The numbers of operated and of publicly accessible hydrogen stations in the last decade 
are shown in Figure 8 and Figure 9, respectively. The breakdown of hydrogen delivery 
options for all hydrogen stations in 2013 is slightly different from the breakdown for 
publicly accessible stations; gaseous truck has the largest share, at 38%, and on-site 
electrolysis has the second-largest share, at 30%. The share of publicly accessible 
hydrogen stations in all operated hydrogen stations increased from 18% in 2004 to 33% 
in 2013. The publicly accessible stations will play an important role in the next couple of 
years in increasing public acceptance of and support for the hydrogen infrastructure. 
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Figure 5: Breakdown of HRSs with regard to continental location and accessibility 

 

 

Figure 6: Hydrogen delivery pathways of currently operated hydrogen stations in Europe, North 
America, and Asia 

 

 

Figure 7: Hydrogen delivery pathways of publicly accessible hydrogen stations in the world 
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Figure 8: Number of HRSs in the world 

 

 

Figure 9: Number of publicly accessible HRSs in the world 

 
Due to the relatively large number of stations that are operated within the framework 
of specific projects (demonstration projects), not all installed stations are actually in 
operation today. Variations in reported numbers may arise from the fact that stations 
were put out of service (some temporarily, others not) once the projects ended. A 
recent inventory compiled by German consultants LBST and TÜV SÜD [3] reports that 
there is a total of 184 operational stations worldwide, of which 38 are in Asia, 82 are in 
Europe, and 63 are in North America. Worldwide, 74 stations are reported to provide 
public access. In 2014, 17 new HRSs opened throughout the world, of which 3 were in 
Asia, 12 were in Europe, and 3 were in North-America. Most of these stations had 
already been planned in 2013 and been taken into account in that inventory just 
presented. 
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Appendix C. Initiatives for market 
preparation 

This annex presents an overview of main initiatives aimed at preparing the market for 
hydrogen and fuel cell electric vehicles (FCEVs). This overview, however, is not 
exhaustive, and it has a slight bias toward Europe. In general, the initiatives are oriented 
in one of three directions: 
 

- Networking and coordination: Associations, platforms, and partnerships aimed 
at the exchange of information and knowledge and coordination of actions; 

 
- Research, development, and demonstration (RD&D): Partnerships, programs, 

and large collaborative projects with a focus on RD&D; or 
 

- Market development: Partnerships and other initiatives that focus on 
developing plausible deployment scenarios, business cases, and action plans 
for implementation. 

Europe 

Fuel Cell and Hydrogen Joint Undertaking, European Union 
In 2003, the European Commission established the European hydrogen and fuel cell 
technology platform (HFP), bringing together key stakeholders to “define the 
technological and market developments needed by 2020 to create a hydrogen-oriented 
energy system by 2050.” 
 
Following the HFP, the Fuel Cell and Hydrogen Joint Undertaking (FCH JU) was created 
in 2008 as the first Industrial Initiative under the European Union (EU) Sustainable 
Energy Technology (SET) Plan with a dedicated budget (www.fch-ju.eu/). The three 
members of the FCH JU are the (1) European Commission, (2) fuel cell and hydrogen 
industries represented by the NEW-IG (www.new-ig.eu/), and (3) research community 
represented by N.ERGHY (www.nerghy.eu/). This public private partnership was set up 
to support the development of fuel cell and hydrogen technologies, to position Europe 
at the forefront of development, and to accelerate the technologies’ market 
introduction by supporting RD&D in a coordinated manner. 
 
On May 6, 2014, the Council of the European Union formally agreed to continue the 
Fuel Cells and Hydrogen Joint Technology Initiative under the EU Horizon 2020 
Framework Program (2014–2020).18 The FCH 2 JU was set up for a period that will last 
until December 31, 2024. It has and will continue to bring public and private interests 
together in an industry-led implementation structure, ensuring that the jointly defined 
research program matches the industry’s needs and expectations well while it focuses 
on accelerating the commercialization of fuel cell and hydrogen technologies, the 
objective being that they realize their potential to become instruments in achieving a 
carbon-lean energy system. To this end, the FCH 2 JU projects aim to improve the 

xxxxxxxxxxxxssssssssxxxxxxxxxxxxxx 

18 Available from http://europa.eu/rapid/press-release_STATEMENT-14-149_en.htm. 

http://www.fch-ju.eu/
http://www.new-ig.eu/
http://www.nerghy.eu/
http://europa.eu/rapid/press-release_STATEMENT-14-149_en.htm
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performance and reduce the cost of products and demonstrate the large-scale 
readiness of the technologies to enter the market in the fields of transport (cars, buses, 
and refueling infrastructure) and energy (hydrogen production and distribution, energy 
storage, and stationary power generation). 
 
To enable the required RD&D trajectories to continue and to help establish an initial 
hydrogen refueling station (HRS) network to support the early commercialization phase 
for FCEVs, the FCH 2 JU envisages implementing a series of HRSs in the 2014–2020 
timeframe. This effort will encompass different projects that are expected to be 
embedded in wider national (EU Member State level) or regional rollout initiatives 
(mostly referred to as “H2 Mobility” initiatives). As a first step, the first call of the FCH 2 
JU program has awarded a project for deploying 110 FCEVs that will be serviced by 
6 new and 12 existing HRSs; it will showcase the technology readiness of five EU 
countries (http://www.hyfive.eu/). 
 
The HFP and FCH JU’s research programs can be considered (more or less) the 
counterparts of the U.S. Department of Energy (DOE) Hydrogen and Fuel Cells Program 
(www.hydrogen.energy.gov/index.html). Note, however, that the governance of the 
programs is structured differently: The U.S. program is fully government led. 

Clean Energy Partnership (CEP), Germany 
The CEP was established in December 2002 as a joint initiative of government and 
industry, lead-managed by the German Ministry of Transport and Industry 
(http://cleanenergypartnership.de/home/). Its aim is to test the suitability of hydrogen 
as a fuel — to test FCEVs and their refueling. Since 2008, the CEP has been a lighthouse 
project of the National Hydrogen and Fuel Cell Technology Innovation Programme (NIP), 
implemented by the National Organization for Hydrogen and Fuel Cell Technology 
(http://www.now-gmbh.de/de/). The consortium has evolved through time, and in 
early 2015, it consisted of 20 members, including hydrogen infrastructure companies, 
refueling station operators, car companies, a utility company, and public transport 
providers.  
 
In general terms, the CEP’s efforts focus on the continuous operation of efficient 
hydrogen vehicles, their quick and safe refueling, and the sustainable production of 
hydrogen. Since 2011, the CEP is in the final phase of the project, which will end in 2016 
with market preparation. The current focus is the trial operation of about 100 vehicles 
by the customers themselves, the use of fuel cell buses on regular urban routes, and the 
expansion of the network of HRSs. The CEP pursues the goal of expanding the 2012 
network of 14 HRSs to a total of 50 HRSs in German metropolitan regions and along the 
main motorways by 2015.19 The participating companies and the federal government 
are investing more than €40 million in this. 
 
Two counterparts to the CEP (with regard to type of collaboration and scope of 
activities) are the Japanese Research Association for Hydrogen Supply/Utilization 
Technology (HySUT) and the California Fuel Cell Partnership (CaFCP). The Norwegian 
hydrogen development project HyNor can also be considered as somewhat similar. 
 

xxxxxxxxxxxxssssssssxxxxxxxxxxxxxx 

19 Available from http://www.now-gmbh.de/en/presse-aktuelles/2014/50-h2-refuelling-stations.html. 

http://www.hyfive.eu/
http://www.hydrogen.energy.gov/index.html
http://cleanenergypartnership.de/home/
http://www.now-gmbh.de/de/
http://www.now-gmbh.de/en/presse-aktuelles/2014/50-h2-refuelling-stations.html
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HyNor, Norway 
HyNor was established in 2003. It is a national development project (consisting of local 
projects) designed to promote the use of hydrogen as a fuel in the transport sector. 
HyNor is funded by national, regional, and local institutions as well as private companies 
(hynor.no/). The platform facilitates the sharing of knowledge, coordinates activities 
aimed at establishing an effective hydrogen refueling infrastructure, and plays an active 
role in the acquisition of cars and buses for the project as a whole. Norway, although it 
is still at the forefront of hydrogen development, has had to adjust its ambitions after 
the national oil company Statoil withdrew from development in 2011. Currently, a 
handful of stations are operating in the Oslo area, and further expansion is considered 
on a case-by-case basis, with no well-defined rollout scenario that has fixed future 
targets. 

H2 Mobility, Germany 
The German H2 Mobility initiative was established in September 2009 in Berlin. The 
initiative partners came from various industry sectors and joined forces to develop 
scenarios for building up a hydrogen supply infrastructure in Germany (Phase 1). Based 
on the results of this study, H2 Mobility assessed the economics of the scenarios in 
more detail and developed various business models and an implementation roadmap 
(Phase 2) in 2011.20 
 
Based on the results of the Phase 2 activities, a core group of six members (Air Liquide, 
Daimler, Linde, OMV, Shell, and Total) announced their intention to invest in the 
expansion of Germany’s public hydrogen refueling infrastructure, increasing it from the 
anticipated 50 HRSs to be realized in the framework of the CEP initiative to 400 HRSs by 
2023. The group expects that a total investment of about €350 million will be required 
for this future-oriented infrastructure project. 
 
The number of partners and the nature of co-operation has changed during the 
development of the initiative. Beyond the core group of six partners, a certain number 
of partners from the automotive industry (associated partners) and the organization 
NOW (as the interface to Germany's federal government) were also involved in Phase 2 
of the initiative. The current status is that H2Mobility Germany has evolved into a joint 
venture (H2 Mobility Deutschland GmbH & Co. KG ) of the six core group members. The 
aim of the joint venture is to build and operate the initial network of 400 HRSs in 
Germany. 

UK H2 Mobility, United Kingdom 
UK H2Mobility is a collaborative project designed to evaluate the potential for hydrogen 
FCEVs to provide environmental and economic benefits to the UK 
(www.ukh2mobility.co.uk/). The project brings together industrial participants from the 
fuel cell technology, energy utility, industrial gas, fuel retail, and global car 
manufacturing sectors together with a European public-private partnership (the FCH 
JU), three UK Government departments, and the Devolved Administrations and the 
Greater London Assembly to develop a business case and strategic plan for the 
commercial rollout of the technology starting in 2015. 
 

xxxxxxxxxxxxssssssssxxxxxxxxxxxxxx 

20 Available from http://www.now-gmbh.de/.../h2-mobility-development-of-a-network-of-hydrogen-refueling-
stations.html. 

http://hynor.no/
http://(www.ukh2mobility.co.uk/
http://www.now-gmbh.de/.../h2-mobility-development-of-a-network-of-hydrogen-refueling-stations.html
http://www.now-gmbh.de/.../h2-mobility-development-of-a-network-of-hydrogen-refueling-stations.html
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At the start of the project, three study phases were defined: evaluation potential, 
business case development, and action plan. At the end of 2012, UK H2Mobility 
completed the first phase and published its key findings, which outline options for a 
potential rollout of hydrogen FCEVs to consumers.21 Results indicate the need for an 
initial network of 65 HRSs to start the market, with a need for £62 million in financing 
before 2020. In 2013, in Phase 2, an agreement on a business case and implementation 
plan for the rollout of hydrogen vehicles and a refueling infrastructure in the UK was 
reached,22 but no details have been published. 
 
On October 9, 2014, as a first step toward implementation, the UK Government 
announced funding of up to £11 million to prepare the UK for the rollout of hydrogen 
FCEVs.23 The Government would contribute £7.5 million and allocate £2 million for 
public-sector hydrogen vehicles. The remaining £9 million, of which £3.5 million would 
come from industry, would be used to help establish an initial network of up to 15 HRSs 
by the end of 2015. This funding would probably have to be complemented by 
European funds and embedded in European projects (e.g., in the framework of the 
FCH 2 JU program). 

Hydrogen Link and Copenhagen Hydrogen Network, Denmark 
Denmark is among the European frontrunners in establishing a hydrogen refueling 
infrastructure, with an active role being played by Hydrogen Link (Denmark), the 
national network for advancing the use of hydrogen for transport in Denmark 
(www.hydrogenlink.net/). Hydrogen Link facilitates and coordinates the building up of a 
hydrogen refueling infrastructure and the rollout of FCEVs in Denmark. Co-funded by 
the EU Trans-European Transport Network (TEN-T) Hydrogen Infrastructure for 
Transport (HIT) initiative, the national network published an ambitious outline for a 
Danish Implementation Plan in 2014 24. 
 
Currently, the actual implementation is being done by the Copenhagen Hydrogen 
Network A/S (CHN). This fit-for-purpose company was established in 2013 to create a 
focal point for the early hydrogen infrastructure rollout in Denmark, starting in 
Copenhagen. CHN was built on the many years of hydrogen infrastructure activities in 
Denmark carried out by H2 Logic A/S and the Hydrogen Link Denmark network. In 2014, 
CHN became a joint venture owned by Air Liquide and H2 Logic,25 and it announced its 
investments in four HRSs, thus expanding the CHN network to five HRSs and the total 
Danish network to six HRSs by 2015. 

Scandinavian Hydrogen Highway Partnership, Norway, Denmark, and Sweden 
The Scandinavian Hydrogen Highway Partnership (www.scandinavianhydrogen.org/) 
constitutes a transnational networking platform that coordinates collaboration between 
three national networking bodies: HyNor (Norway), Hydrogen Link (Denmark), and 
Hydrogen Sweden (Sweden). Regional clusters of major and small industries, research 
institutions, and local/regional authorities are also involved in the collaboration. The 

xxxxxxxxxxxxssssssssxxxxxxxxxxxxxx 

21 Available from http://www.ukh2mobility.co.uk/wp-content/uploads/2013/08/UKH2-Mobility-Phase-1-Results-
April-2013.pdf. 

22 Available from http://www.cenex-lcv.co.uk/2014/assets/downloads/presentations/dennis-hayter.pdf. 
23 Available from https://www.gov.uk/government/news/multi-million-pound-fund-to-get-hydrogen-cars-moving. 
24 Available from http://www.hydrogenlink.net/download/reports/HIT-NIP-Denmark_3rd-final_June-2014.pdf. 
25 Available from http://www.h2logic.com/com/shownews.asp?id=443. 

http://www.hydrogenlink.net/
http://www.scandinavianhydrogen.org/
http://www.ukh2mobility.co.uk/wp-content/uploads/2013/08/UKH2-Mobility-Phase-1-Results-April-2013.pdf
http://www.ukh2mobility.co.uk/wp-content/uploads/2013/08/UKH2-Mobility-Phase-1-Results-April-2013.pdf
http://www.cenex-lcv.co.uk/2014/assets/downloads/presentations/dennis-hayter.pdf
https://www.gov.uk/government/news/multi-million-pound-fund-to-get-hydrogen-cars-moving
http://www.hydrogenlink.net/download/reports/HIT-NIP-Denmark_3rd-final_June-2014.pdf
http://www.h2logic.com/com/shownews.asp?id=443
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coordination activities of the partnership aim to make the Scandinavian region one of 
the first regions in Europe where hydrogen is available for vehicles through a network 
of HRSs. 

H2 Mobility France or H2 Mobilité France 
The H2 Mobility France initiative follows the H2 Mobility initiatives in Germany and the 
United Kingdom and is organized and structured in the same way. Starting in 2012, 
regional, national, and international and private and public stakeholders were brought 
together by the French Association for Hydrogen and Fuel Cells (AFHyPaC) and 
supported by the Ministry of Ecology, Sustainable Development and Energy. The aim 
was to share their knowledge and expertise to develop coordinated deployment 
scenarios for vehicles and hydrogen stations and to assess the benefits and costs of this 
transition. Initially, 25 partners were brought together at the initiative’s launch in May 
2013, and participation has grown slightly since then. The Phase 1 study is co-funded by 
the stakeholders themselves and the EU TEN-T HIT (Hydrogen for Transport 
Infrastructure) project. Final results were published in 2014.26 
 
The initial focus of the French scenario is on introducing hydrogen to large, captive, 
electric vehicle (EV) fleets equipped with a fuel-cell range-extender that requires only 
350 bar of hydrogen. This contrasts with all other scenarios, which focus on 700 bar of 
hydrogen for passenger cars. These latter hydrogen stations are much more expensive 
than the 350-bar stations. Establishing a relatively low-cost network with guaranteed 
utilization by large, captive fleets first could provide a favorable business case and a 
solid basis for expanding the rollout to a 700-bar network for passenger cars in the 
business and private market. Clearly, the French approach adds another dimension to 
the search for effective deployment scenarios that have manageable risks. 

EU Directive on deployment of alternative fuels infrastructure 
The Clean Power for Transport package — including the recent “Directive 2014/94/EU 
on the Deployment of Alternative Fuels Infrastructure” — requires EU Member States 
to draw up scenarios and action plans for implementing alternative fuel infrastructures 
for transport. Hydrogen is to be included for Member State already involved in 
hydrogen infrastructure activities; for others, hydrogen is optional.27 
 
A related development is the recognition of alternative fuel infrastructures as being an 
integral part of Europe’s key road corridors within the framework of the EU Trans-
National Transport Network (TEN-T) program.28 This recognition gives rise to the 
possibility that support for the buildup of alternative fuel infrastructures could be 
provided via the multi-billion-euro budgets available for funding projects aimed at 
strengthening Europe’s key infrastructures. 
 
As a first step, small budgets are made available for study and demonstration activities. 
This has led to — among other projects — the Hydrogen Infrastructure for Transport 
(HIT) project (www.hit-tent.eu/). In that framework, four Member States have 
developed coordinated deployment scenarios for vehicles and hydrogen stations: 

xxxxxxxxxxxxssssssssxxxxxxxxxxxxxx 

26 Available from http://www.afhypac.org/images/documents/h2_mobilit_france_en_final_updated.pdf. 
27 Available from http://ec.europa.eu/transport/themes/urban/cpt/index_en.htm. 
28 Available from http://ec.europa.eu/transport/themes/infrastructure/index_en.htm. 

http://www.hit-tent.eu/
http://www.afhypac.org/images/documents/h2_mobilit_france_en_final_updated.pdf
http://ec.europa.eu/transport/themes/urban/cpt/index_en.htm
http://ec.europa.eu/transport/themes/infrastructure/index_en.htm
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Denmark (see previous text), France (see previous text), the Netherlands,29 and 
Sweden.30 In addition, three HRSs were realized as part of the project: two in Denmark 
and one in the Netherlands. 
 
Currently, a second HIT is being implemented (http://hit-2-corridors.eu/), and further 
HIT projects are being defined. In addition, discussions have begun on aligning FCH 2 JU 
and DGMOVE/TEN-T objectives, synchronizing the making of plans, and maximizing the 
leveraging of available funds. The aim is to optimize efforts to build up a basic European 
hydrogen refueling infrastructure that can effectively support market development. 

Asia 

Fuel Cell Commercialization Conference of Japan (FCCJ) 
The FCCJ is a private-sector partnership (http://fccj.jp/eng/index.html). Since its 
foundation in 2001, it has been proactively engaged in shaping RD&D in and the 
promotion of fuel cell technologies. It provides a forum for private companies and 
entities to examine and discuss the commercialization and popularization of fuel cells in 
both stationary and transport applications. The FCCJ currently has 108 members, 
consisting of board members (27 companies), general members (42 companies), 
associate members (20 companies and organizations) and advisory members 
(17 organizations and 2 individuals). 
 
The FCCJ activities include conducting investigations and studies in support of policies 
and making recommendations to the Japanese government on RD&D needs and 
budgets, the streamlining of regulations, and the introduction and deployment 
scenarios that could lead to the commercialization of fuel cells. In 2008, the FCCJ 
announced a scenario for the diffusion of FCEVs and HRSs. That scenario formed the 
basis of the current commercialization scenario, which was drawn up in 2010 by 13 of 
the FCCJ’s members from the car industry and energy sector (see Figure 10). According 
to the FCCJ, a more detailed development scenario is being investigated and will be 
suggested in the future. The current scenario is the basis of the Japanese Government’s 
aim to install 100 HRSs before the end of fiscal year 2015 (April 1, 2015, to March 31, 
2016). To this end, the Japanese Government earmarked ¥7.2 billion for fiscal year 2014 
and about ¥40 billion for fiscal year 2015 to subsidize installing new HRSs and upgrading 
existing HRSs (the total equals about $410 million or €370 million). 

HySUT, Japan 
HySUT is short for The Research Association for Hydrogen Supply/Utilization Technology 
(http://hysut.or.jp/en/index.html). The association was founded in July 2009 with the 
aims of establishing an initial hydrogen supply infrastructure and to improving the 
hydrogen business environment. At first, 13 private-energy-related companies 
interested in realizing a low-carbon society involving hydrogen became members of 
HySUT. As of September 2015, a total of 20 parties participate in the association, 
including the car companies Toyota, Honda, and Nissan. 
 

xxxxxxxxxxxxssssssssxxxxxxxxxxxxxx 

29 Available from http://www.hit-tent.eu/wp-content/uploads/2014/12/HIT_EU-Workshop_171214-NIP_NL.pdf. 
30 Available from http://www.hit-tent.eu/wp-content/uploads/2014/12/HIT_EU-Workshop_171214-NIP_SE.pdf. 

http://hit-2-corridors.eu/
http://fccj.jp/eng/index.html
http://hysut.or.jp/en/index.html
http://www.hit-tent.eu/wp-content/uploads/2014/12/HIT_EU-Workshop_171214-NIP_NL.pdf
http://www.hit-tent.eu/wp-content/uploads/2014/12/HIT_EU-Workshop_171214-NIP_SE.pdf
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Figure 10: Commercialization scenario for FCEVs and HRSs as drawn up by Japanese industry 

 
HySUT is playing an important role in the execution of Phase 3 of the Japanese 
Hydrogen and Fuel Cell Demonstration Program (JHFC3), which is coordinated by the 
New Energy and Industrial Technology Development Organization (NEDO). This phase 
covers the period 2011–2015 and follows JHFC1 (2002–2005) and JHFC2 (2006–2010), 
which were coordinated by the Japanese Automobile Research Institute (JARI) and the 
Engineering and Advancement Association of Japan (ENAA); (http://www. 
jari.or.jp/Portals/0/jhfc/e/jhfc/index.html). In the period after fiscal year 2015, HySUT 
expects to continue its RD&D on various topics in NEDO’s hydrogen utilization 
technology RD&D program, helping to reduce the cost of hydrogen infrastructure 
equipment and systems, spread the use of FCEVs, and strengthen Japan's international 
competitiveness by establishing a market for FCEVs and hydrogen infrastructure in the 
period after 2020. 

South Korea 
Carmaker Hyundai (together with Toyota in Japan) is a leader in bringing FCEVs to the 
market. However, there are few stations available at its home market. In early 2014, 
11 HRSs were in operation in South Korea, but there was only one public station with 
700-bar hydrogen. Another two of these stations were planned for 2014. Furthermore, 
the Department of Environment in Korea announced plans to build an additional 
10 HRSs by 2020 and 200 HRSs by 2025. By then, a total of 10,000 FCEVs are expected 
to be on the road.31 
  

xxxxxxxxxxxxssssssssxxxxxxxxxxxxxx 

31 Available from 
http://www.iphe.net/docs/Meetings/SC21/Country%20Reports/Korea%20Country%20Update.pdf. 

http://www.jari.or.jp/Portals/0/jhfc/e/jhfc/index.html
http://www.jari.or.jp/Portals/0/jhfc/e/jhfc/index.html
http://www.iphe.net/docs/Meetings/SC21/Country%20Reports/Korea%20Country%20Update.pdf
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North America 

California Fuel Cell Partnership (CaFCP), United States 
In January 1999, two California State Government agencies joined with six private-
sector companies to form the CaFCP (http://cafcp.org/). Within the first few years, 
more government agencies and private businesses became members of the 
partnership, and the total number of members grew rapidly from 8 to 33. Currently, 
there are 36 members. New members must be active in hydrogen or fuel cells in 
California and are invited by current members. 
 
The organizations in the public-private partnership work together to promote the 
commercialization of hydrogen fuel cell vehicles. Over time, the focus of the CaFCP has 
changed. Assessing the technical viability of vehicles and fuel was the focus in the first 
phase, and assessing their commercial viability was the focus of the second phase. After 
this phase, the focus shifted to laying the foundation for a commercial market, including 
the development of early retail stations, policies that would enable the sale of retail 
hydrogen, and steps for building a supplier base for large-scale production in the future. 
 
The CaFCP members jointly identify projects that need to happen in concert to move 
development forward. Staff from CaFCP’s member organizations execute the projects 
with the support of CaFCP staff. Projects currently focus on the steps that bring FCEVs 
and hydrogen fuel to the commercial market, including fostering community readiness, 
developing and supporting safety codes and standards, planning the deployment of 
vehicle-stations, and identifying funding mechanisms. In June 2012, through a 
collaborative process substantiated by research, data, and modeling, CaFCP members 
published a hydrogen roadmap for California. It indicated that a network of 68 stations 
operating statewide by 2015–2017 is needed to enable the launch of the early 
commercial FCEV market. 
 
In September 2013, Governor Jerry Brown of California signed into law an assembly bill 
on measures to take until January 1, 2024, to achieve California’s air quality, climate, 
and energy goals (Figure 11). It includes a provision to fund at least 100 hydrogen 
stations with a commitment of up to $20 million per year until 2024 from the 
Alternative and Renewable Fuel and Vehicle Technology Program. With respect to 
FCEVs, the bill addresses the HRS network at the point where the roadmap left off — 
funding the initial network of stations. As a consequence, the law and roadmap offer an 
unprecedented opportunity for a collaboration between California authorities and 
industry to (1) coordinate efforts during early commercialization and (2) carefully plan 
the network and tune it to optimally meet early consumer needs. In parallel, they have 
led three automakers — Toyota, Hyundai, and Honda — to announce plans to bring 
FCEVs to market in 2014 and 2015. Up through early 2015, awards had been granted to 
install 45 stations; these, when added to the existing stations, result in a near-term 
outlook for a network of more than 50 stations.32  
 

xxxxxxxxxxxxssssssssxxxxxxxxxxxxxx 

32 Available from www.energy.ca.gov/.../2014-05-01_hydrogen_refueling_stations_funding_awards_nr.html. 

http://cafcp.org/
http://www.energy.ca.gov/.../2014-05-01_hydrogen_refueling_stations_funding_awards_nr.html
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Figure 11: Projected HRS network development in California (Source: 
http://cafcp.org/sites/files/Roadmap-Progress-Report2014-FINAL.pdf) 

 

H2USA, United States 
On May 13, 2013, DOE launched a new a public-private partnership, H2USA, to promote 
the commercial introduction and widespread adoption of hydrogen FCEVs across the 
United States (http://h2usa.org/). H2USA’s mission is to address hurdles to establishing 
a hydrogen fuelling infrastructure, thereby enabling the large-scale adoption of FCEVs. 
The new partnership brings together automakers, government agencies, gas suppliers, 
and the hydrogen and fuel cell industries to coordinate research and identify cost-
effective solutions with a goal of deploying an infrastructure that can deliver affordable, 
clean, hydrogen fuel in the United States. 
 
The original number of members, which included 6 associations and partnerships, 4 car 
manufacturers, and 2 providers of hydrogen production technology, has grown into 
40 current members. So far, the H2USA initiative has gathered and structured all the 
relevant technical and socioeconomic information about hydrogen production, delivery 
infrastructure, and FCEVs, and it has brought together plans for deploying fuel cells and 
hydrogen stations created by public-private partnerships in several states in the 
northeast United States and in California (the CaFCP). 
 
 
  

http://cafcp.org/sites/files/Roadmap-Progress-Report2014-FINAL.pdf
http://h2usa.org/
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Appendix D. Investment costs of HRSs 

Figure 12, which is based on data that were presented and discussed by experts in the 
task force during its meetings, shows investment costs for hydrogen refueling stations 
(HRSs). The investment costs reported for Europe and those for the United States are 
on the same order of magnitude. For Japan, investment costs were reported for only 
one station size, and these costs appear to be relatively high. Based on the trend shown 
in Figure 12, the cost difference seems to be a factor of 2, but in reality, the difference 
is even larger. This stems from a difference in how station capacity is reported. The 
European and U.S. data were reported in terms of the actual daily peak capacity of an 
HRS (kg/d), while the Japanese HRS was defined based on the maximum production 
capacity of a possible on-site hydrogen generation unit (300 Nm3/h). Taking into 
account realistic operating hours and demand profiles, the practical capacity of the 
station is more likely to be on the order of 200 kg/d, indicating investment costs that 
would be higher by a factor of 2 to 5. 
 
The higher investment costs for Japanese stations seem to originate from Japan’s safety 
regime for HRSs, which is stricter than those found in Europe or the United States. It 
requires accounting for more redundancy in system designs and including more safety 
measures. The requirements have been identified as resulting in an important 
bottleneck in developing the Japanese market, and that conclusion has led to a program 
aimed at reconsidering safety codes and standards for HRSs. 
 

 

Figure 12: Estimates of investment costs for current and future HRSs having different capacities 

 
The data presented in Figure 12 already show a considerable bandwidth, but even 
larger bandwidths may be indicated in the literature and in budget estimates for 
projects, since data are reported in different ways. Examples of investment costs are as 
follows: 
 



 

    67 

- Is the sum of the cost of individual pieces of equipment in a system — 
equipment costs; 

 
- Accounts for the integration of individual pieces of equipment into a system — 

system cost uninstalled; and 
 

- Accounts for the installation of a system at a location, including the integration 
of the HRS in existing facilities and the connection of HRS-required utilities. 

 
Further differences in reported investment costs may arise from whether (1) cost apply 
to a “brown field” or “green field” situation, (2) cost are calculated on the basis of a 
single HRS or a (small) series of the same HRSs, and whether (3) costs for site 
preparation and civil works and (4) other related costs (e.g., for required permits and 
possibly required risk assessments or other studies) are included. Finally, a lack of clarity 
may result from differences in the terminology being used and how the costs are 
subdivided. Figure 13 presents cost breakdowns of reported investment costs for HRSs 
and also illustrates the variety of terminology used to subdivide cost items. Some 
differences are relatively easy to understand; for example, “cascade,” “storage,” and a 
combination of “bulk storage and high-pressure storage” are all synonyms for hydrogen 
storage. Another example consists of “refrigeration,” “pre-cooler,” and “cooler,” which 
all refer to the cooling unit required to enable fast-filling. However, it is not clear what 
exact items are included in “additional equipment,” “communication system,” and 
“control and safety and electrical,” or in budget items like “other capital” and 
“overhead cost,” or whether “construction cost” is or is not similar to “installation cost 
and site preparation.” 
 
Even though it is often not clear what the figures mean exactly, the data do show some 
definite trends: 
 

- Over the course of time, the size of installed HRSs will increase as the 
deployment of fuel cell cars increases. At the same time, the investment cost 
for HRSs will come down, as shown in Figure 12, as a result of standardization, 
system optimization, economy of scale, and innovation. The net result is that 
the investment cost per HRS will remain at about the same order of 
magnitude, despite the increasing size of HRSs. Figure 12 indicates that the 
investment cost (as reported in the graph) will roughly be on the order of 
€1 million per HRS. 

 
- As a direct consequence of the previous point, the specific investment cost per 

fuel cell car will decrease significantly. A large station with a capacity of 
1,000 kg/d can provide hydrogen to a car fleet that is more than 15 times 
larger than the fleet serviced by a very small station with a capacity of 80 kg/d. 
A large 1,000-kg/d station is equivalent to a fleet of approximately 1,600 cars, 
resulting in the perspective for specific investment cost being well below 
€1,000 per car. This is lower than the investment cost projected for a public 
charging infrastructure for electric cars and comparable to the investment cost 
projected for home charging. 
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Figure 13: Breakdown of investment cost estimates for HRSs 

 
- Compressors and hydrogen storage are clearly the most expensive 

components of a HRS. Together they make up about two-thirds of the 
equipment cost, with the compressor accounting for 35–45% of the investment 
cost and the storage facilities accounting for 20–35%. 

 
- The costs for installation and site preparation add significantly to the total 

investment cost of an HRS. Figure 13 indicates that the additional cost are in 
the range of 20-40%. Major differences in the magnitude of these costs can 
result from whether hydrogen is combined with an existing retail station, or 
not (greenfield or brownfield situation), and the level of integration in an 
existing station, i.e. a separate hydrogen dispenser as part of the hydrogen 
facility, or full integration of hydrogen in the forecourt of the retail station. 
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Appendix E. Economics of HRSs 

The contribution of refueling stations to hydrogen cost is strongly affected by 
economies of scale. Figure 14 demonstrates the rapidly declining hydrogen refueling 
station (HRS) cost per kilogram of dispensed hydrogen with increasing station demand 
and capacity. At the current cost of refueling equipment, a small station with a 
dispensing capacity of 100 kg/d contributes $9–10 to the cost of a kilogram of 
dispensed hydrogen, while a large station with a 1,000-kg/d capacity contributes only 
$3–4/kg to the cost of hydrogen.33 However, in early fuel cell electric vehicle (FCEV) 
markets where there is a need for a minimum refueling network density, the demand is 
low, and when the aforementioned profound impact of underutilization on station 
economics is taken into account, only small HRSs can be afforded. Thus, an accelerated 
deployment of FCEVs can rapidly reduce the cost contribution of HRSs through a higher 
demand for refueling (thus requiring large HRS capacities) and through improved use of 
the installed capacities. The rapid deployment of FCEVs will also help reduce the cost of 
vehicles due to the increased production volume. Incentives to promote such rapid 
deployment of FCEVs will result in a positive-feedback cycle that will continuously 
reduce the cost of FCEVs and refueling costs until economies of scale are fully realized. 
 
 

 

Figure 14: Cost contribution of HRSs as impacted by economies of scale 

 
The difficulty of the business case is illustrated by a number of examples showing the 
impacts of underutilization, hydrogen taxation, and total investment costs on the 
economics of an HRS. The parameters used for the standard case in the examples are 
given in Table 5. Note that the examples merely serve as illustrations; the results are 
indicative of the actual situation. The parameter values may be actual values under 

xxxxxxxxxxxxssssssssxxxxxxxxxxxxxx 

33 Elgowainy, A., 2015, Hydrogen Refueling Station Analysis Model (HRSAM — A Near-Term HRS Cost Model, 
available from 
http://energy.gov/sites/prod/files/2015/05/f22/Fcto_webinarslides_h2usa_station_analysis_tools_ 
051215.pdf. 

http://energy.gov/sites/prod/files/2015/05/f22/Fcto_webinarslides_h2usa_station_analysis_tools_051215.pdf
http://energy.gov/sites/prod/files/2015/05/f22/Fcto_webinarslides_h2usa_station_analysis_tools_051215.pdf
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specific circumstances, but they can vary widely depending on local conditions and on 
the deployment phase. 
 

Table 5: Parameters used for illustrative examples about impacts on HRS economics 

Parameter Starting Point and Value Assumptions and Remarks 
HRS peak capacity 420 kg/d Medium-size station 
Maximum HRS utilization 80% = 336 kg/d Annual average utilization 
Total investment cost €1.2 million Early commercialization phase, 2020–

2025 timeframe; brownfield; for 
combination with an existing refueling 
station 

Cost share technical system 70% Equipment cost and system 
integration; 30% other costs, including 
installation and civil works 

Annual O&M costs 10% Based on technical system cost; 
covering fixed and variable O&M cost; 
plausible target, but current costs are 
higher and vary with HRS capacity 

Development utilization 

 

25% in first year, gradually increasing 
to 80% (full utilization) in the eighth 
year of operation; equivalent to about 
250 cars per HRS, increasing to 
800 cars per HRS at 15,000 km/yr and 
1 kg/100 km 

   
FCEV benchmark Gasoline car with 

95 g of CO2/km 
Equivalent to 4.1 L/100 km 

Oil price $100/bbl Assumption is $1 = €1 
Fuel production cost  €0.73/L 160 L/bbl; efficiencyof gasoline 

production is 86% 
Distribution cost and margin €0.2/L Dutch data for 2012–2014 
Excise duty €0,66/L Typical value NW-Europe 2015 
Pump price excluding value-
added tax (exclu. VAT) 

€1.6/L  

Equivalent H2 price exclu. VAT €9.2/kg Gasoline is 32.2 MJ/L; hydrogen is 
120 MJ/kg; FCEV efficiency 
improvement is 36% (0.7 kg/100 km 
versus 4.1 L/100 km on test cycle) 

   
Cost of hydrogen at plant gate €3.0/kg Central steam methane refining (SMR) 
Remittance excise duty €2.4/kg Excise duty based on equal taxation 

per unit of energy compared to diesel 
benchmark; excise duty would be 
€3.8/kg based on equal state income 
per kilometer driven compared to 
diesel 

Cost of transport/distribution €1.0/kg Covering truck, trailer, driver, and fuel 
costs at large volumes; costs depend  
on distance to HRS, trailer capacity, 
and amount of H2 delivered, and they 
can be considerably higher in the 
introduction period 
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Cost of utilities at the HRS €0.3/kg Indicates costs for advanced 
utilization, mainly electricity for 
compression and refrigeration. At low 
utilization, however, keeping 
precooling at –40°C could easily add 
several euros per kilogram 

Minimum cost of H2 for HRS €6.7/kg Capital and operational and 
maintenance (O&M) expenses. ). Other 
costs (labor, rental, …) not yet included 

   
Financing for investment 100% debt Not realistic but suffices for illustrative 

purposes 
Interest rate 8% Currently 4–6% more realistic, but 

value also representative for WACC 
resulting from combined debt-equity 
financing 

Repayment period debt 15 years Annuity method 
Company tax 25% Standard company tax rate in the 

Netherlands 

 
 

 Figure 15 illustrates the impact of underutilization. The standard case shows a -
positive annual cash flow after 6 years, but the cumulative annual cash flow 
reveals that the project only breaks even after about 13 years. If the period of 
underutilization could be limited to 4 years, the results indicate that the period 
to break even would decrease to 6 years under the simulated conditions. 
Conversely, the period to break even would increase if the period of 
underutilization increased (e.g., due to a delay in introducing a wide range of 
FCEVs by automakers or to a slow absorption of FCEVs by the market). 

 
 

  

Figure 15: Annual and cumulative annual cash flow as a function of HRS utilization and development 

 
 Figure 16 illustrates the impact from taxing hydrogen (excise duty) on cash -

flow. The tax comes at the expense of the margin needed to recover the costs 
of the station; thus, it reduces the possibilities for creating an acceptable 
business case in the early stage of rollout. Using a tax rate based on equal state 
income per kilometer driven compared to diesel (€3.8/kg), instead of an equal 
tax per unit of (final) energy used (base case of €2.4/kg), leads to a negative 
annual cash flow over the full period of the project. It is obvious that a tax 
reduction or exemption has a favorable effect on the business case; a larger 
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part or even the full margin between the competitive hydrogen price at the 
pump and the HRS purchase cost of hydrogen can be used to cover expenses 
and recover the investment. Other factors that have a positive influence on the 
margin (e.g., factors that enable a higher price to be charged at the pump or 
that reduce the purchase price of hydrogen) will also help improve the 
business case. Of course, the opposite is also true: All factors that have a 
negative impact on the margin will negatively affect the business case. 

 
 

  

Figure 16: Annual and cumulative annual cash flow for various cases involving taxation of hydrogen or 
other factors that influence the available margin (between the competitive hydrogen price at the pump 
and the HRS hydrogen purchasing cost) for covering the HRS investment and expenses 

 
 Figure 17  illustrates the impact of the total investment costs on the business -

case of an HRS. Obviously, the prospects for a positive business case are better 
as the investment costs get lower. Since investment costs will decrease as 
more stations are built (due to learning and economy of scale), the example 
also illustrates the prospects for improvement of the business case in the 
future. However, the capacity of the stations will have to increase as the 
demand increases, and that will again induce a period of relatively high costs 
before the full effect from the economy of scale due to the higher-capacity 
stations kicks in. The examples shown also illustrate the impact of investment 
subsidies. If the investment costs without support are €1.2 million, the other 
two examples represent cases with an investment subsidy of 25% and of 50%, 
respectively. This clearly reduces the period for breaking even and reduces the 
financial gap significantly. 

 
 

  

Figure 17: Annual and cumulative annual cash flow for various total investment cost levels  
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Appendix F. Technological 
developments of hydrogen 
delivery infrastructure 
components 

The U.S. Department of Energy (DOE) set cost goals of $2–4/kg for hydrogen from the 
dispenser (in 2007 $) by 2020. The target delivery and dispensing cost contribution 
would be $1–2/kg for the same timeframe. The DOE Fuel Cell Technologies Office has 
focused on meeting these cost targets through research, development, and 
demonstration (RD&D) investments in (1) innovative technologies and processes 
designed to address the challenges associated with providing low-cost, reliable 
hydrogen delivery and (2) infrastructure modelling, including delivery pathway analysis 
and optimization. 
 
Europe’s strategy to meet cost targets is quite similar to DOE’s, although its 
infrastructure modelling is less centrally coordinated and thus less structured. Cost 
goals in Europe are, however, quite different from those in the United States. The most 
recent multiannual implementation plan (MAIP) of the Fuel Cell and Hydrogen Joint 
Undertaking (FCH JU) reports a goal of €5–9/kg by 2020 and €4.5–7.0/kg by 2023 for 
hydrogen delivered to a hydrogen refuelling station (HRS). This excludes the cost 
contribution of the HRS itself. The investment cost for HRSs should have reached  
€0.8–2.1 million by 2020 and €0.6–1.6 million by 2023. These ranges reflect the cost 
variations associated with various production and delivery pathways and different HRS 
sizes. 
 
Japanese figures, based on a 2009 review of the Japanese Hydrogen and Fuel Cell 
Demonstration Program (JHFC), represent an intermediate position when compared 
with the European and U.S. figures. The review projects an overall hydrogen cost on the 
order of ¥900/kg for both on-site and off-site production/delivery pathways in the 
2015–2020 timeframe, which is roughly equivalent to €6–7/kg. In the case of off-site 
production, the cost of hydrogen delivered to an HRS represents about ¥400/kg 
(€2.5–3/kg), while the HRS itself contributes another ¥500/kg (€3–3.5/kg) at full 
utilization. In the case of on-site production, the ratio between the two cost 
contributions is exactly reversed. HRS investment costs are expected to be in the range 
of ¥360–420 million, or €2.5–3 million, which is higher than European and U.S. targets 
by a factor of two to three. It is assumed that the higher investment costs reflect the 
more stringent safety regime for HRS that is found in Japan than elsewhere. 
 
At present, there are about 60 HRSs in the United States that have cumulatively been 
supplying more than 1,500 kg/d of hydrogen to more than 200 light-duty fuel cell 
electric vehicles (FCEVs) and 20 fuel cell buses. While the majority of these stations 
reside in southern California, about a dozen each are located in the Midwest and Mid-
Atlantic States. Similar numbers for HRSs, cars, and buses apply to Europe, with the 
majority of activities being concentrated in Germany, while the numbers are about half 
of those for Japan. Most HRSs were built as demonstration projects, designed to 
provide data on the installation and operation of hydrogen refueling equipment, 
including costs. The cost of dispensed hydrogen at these facilities can vary significantly 
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depending on a number of factors, such as the daily station capacity and the use of such 
capacity. The daily station capacity affects the method of hydrogen transport. 
U.S. stations with capacities at or above 100 kg/d often rely on liquid transport. The 
current dispensed hydrogen cost for 700-bar vehicles in the United States is $10–13/kg. 
The HRS contributes about half of this total cost to customers. Table 6 summarizes the 
status of the hydrogen delivery components. 
 
 

Table 6: Overview of main hydrogen delivery infrastructure components, indicating their current status 
and main developments 

Delivery 
Component 

Current Status 

Gas 
compressors 

Compressors can be categorized based on their capacity and pressurization 
requirements. For pipeline transport, high flow rates at relatively low pressures 
(10 MPa) and compression ratios are typical. At fueling stations, low flow rates 
(50–500 Nm3/h) and pressures as high as 90 MPa (900 bar) are required. Loading 
operations at terminals generally have intermediate needs. 
 
Compressors can also be categorized based on the technology being employed. High-
flow-rate, reciprocating piston compressors or centrifugal compressors are often 
typical for pipeline transport, while diaphragm compressors are typical for hydrogen 
fueling stations. Recently, ionic liquid compressors developed by Linde have been 
deployed commercially for moderate-flow-rate and high-pressure gas-compression 
applications. The cost and reliability of compressors for refueling station applications 
are major barriers to the successful rollout of commercial station networks. Currently, 
the installed cost of compressors can range from $300,000 for small compressors to 
$1 million for large compressors. 
 
The most recent development is electrochemical compressors, but they are still in a 
prototype stage, and are probably better suited for slow fill (home) refueling schemes 
than for fast fill applications such as at retail stations. 
 

Tube trailers In the United States, storage pressure is limited for over-the-road transport on the 
basis of U.S. Department of Transportation regulations, which include those on the 
maximum allowable gross trailer weight. The trailer weight depends on vessel 
construction, vessel size, and container design. The current carrying capacity of steel 
tube trailers is only about 300 kg. Because of the limited amount of H2 that can be 
transported by steel tube trailer, this transport approach is economically constrained to 
short transportation distances and smaller daily demands. Increased trailer payloads of 
hydrogen can be achieved by using high-pressure tubes made of carbon-fiber 
composites. The cost of tube trailers is about $1,000 times the hydrogen payload 
(capacity) of the trailer.  
 

Pipelines Pipelines are perceived as lowest-cost option for large-volume H2 transport. However, 
because the capital investment for pipelines is high, there must be a steady demand for 
high volumes of gas to justify the investment cost. Typical pipeline materials are mild, 
low-carbon steels. The concerns about embrittlement for these materials are far less 
than they are for higher-strength steels, and they are further mitigated by proper 
pipeline design. The costs of pipelines vary greatly by diameter, labor cost, location 
(urban versus nonurban), and right-of-way cost. The installed cost of pipelines in the 
United States ranges from $500,000 to $4 million (per mile), depending on the 
aforementioned factors. 
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Delivery 
Component 

Current Status 

Compressed 
gas storage 

Type 1 steel tubes are commonly used for compressed gas storage. These are capable 
of storing gaseous H2 at pressures of 40 MPa or more. Composite pressure vessels are 
also used for higher-pressure applications of up to 100 MPa. Typically, these cost more 
than steel vessels of an equivalent size, but their cost on a “per kilogram of H2 stored” 
basis is similar. The cost of hydrogen storage is $600–1,200 per kilogram of stored 
capacity, depending on the storage pressure and employed technology. 
 

Gas cooling 
systems 

Per the Society of Automotive Engineers SAE J2601 refueling protocol, 70-MPa 
(700-bar) fast-fills of gaseous H2 into Type IV vehicle tanks require precooling to –40oC 
to overcome the heat of compression. Several early-design 70-MPa (700-bar) 
dispensing systems employed liquid nitrogen (N2) cooling to about –40°C, while others 
employed refrigeration systems at the station for H2 precooling. The installed cost of 
the cooling system and associated heat exchanger near the dispenser can be 
$50,000–150,000, depending on the station capacity. 
 

Liquefaction 
systems 

More than 90% of merchant hydrogen is transported in liquid form in the United 
States. This is currently the most economical means of delivering hydrogen for large 
market demands (>100 kg/d). There are 10 liquefaction plants in North America, and 
their capacities vary from 5 to 40 metric tons/d. These plants are energy intensive, 
consuming electricity at levels of about one-third of the energy in the hydrogen  
(11–14 kWh/kg of hydrogen). Currently, the cost of liquid hydrogen delivered to a 
refueling site is approximately $5–6/kg, including production, liquefaction, and 
transport. 
 

Cryogenic 
storage tanks 

Liquid hydrogen cryogenic tanks (dewars) are needed for storage at production and 
delivery sites. These tanks are usually vacuum-insulated to minimize the boiling off and 
venting of hydrogen. Liquid hydrogen tanks at refueling sites have capacities ranging 
from 800 to 4,000 kg. The installed cost of these tanks range from $250,000 to 
$500,000, depending on tank size. 
 

Liquid pumps Liquid H2 can be pressurized with specially designed centrifugal pumps. Cryogenic 
reciprocating pumps have also been employed. More recently, Linde introduced a 
novel design for cryo-pumps capable of pressurizing liquid H2 up to 900 bar with a 
throughput of 120 kg/h. The cost of cryo-pumps can vary from $50,000 to $300,000, 
based on their capacity and the employed technology. 
 

Evaporators Evaporators are used to gasify liquid H2 at a given pressure. These units are usually 
composed of a series of finned heat exchangers that can be heated by ambient air via 
natural convection. Alternatively, controlled heat blocks can be employed to achieve 
the same purpose. The cost of evaporators ranges from $50,000 to $100,000, 
depending on the station capacity and employed technology. 
 

Dispensers Commercial vehicle station gas dispensers consist of a locking nozzle equipped to 
communicate with the tank to ensure proper preprogrammed fill rates, safety 
breakaway hoses, temperature/pressure-compensated metering, controls/safety 
equipment, a cabinet, and a card reader. Dispenser systems exist that can handle gas 
pressures of either 35 or 70 MPa (350 or 700 bar). Currently, the cost of single-hose 
dispensers is $80,000 to $100,000. 
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Delivery 
Component 

Current Status 

Geologic 
storage 

Geologic storage is commonly used in the natural gas delivery infrastructure to store 
large quantities of gas at modest pressures (about 15–20 MPa or 150–200 bar). 
Caverns are typically formed in impermeable salt domes to minimize gas loss. In 
addition, salt cavern are chemically inert toward hydrogen and contain little or no 
impurities which has the advantage that that only limited cleaning of hydrogen from 
the storage is needed before its use (basically only drying is needed). 
 
In the United States, there is one H2 storage salt cavern site in Texas that has been 
operating for several decades, and two others have been built recently, also in Texas. 
A plant with three, relatively small, single caverns is operating at Teesside in the United 
Kingdom. The cost contribution of caverns to hydrogen storage is $2–4/kg. Thus, if 10% 
of delivered hydrogen needs to be stored in caverns, the cost contribution of the 
cavern storage to delivered and dispensed hydrogen becomes only $0.20–0.40/kg. 
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