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Glossary

Alkaline fuel cells
Battery Electric Vehicles (BEVs)
CAPEX (capital expenditure)
Carbon capture and sequestration (CCS)
CHIC (Clean Hydrogen in European Cities) 
CNG (compressed natural gas)
Cogeneration (cogen)
combined heat and power (CHP)
Commonwealth Scientific and Industrial Research 
Organisation (CSIRO)
desulphurization
Direct Methanol Fuel Cell (DMFC)
Drayage – transport, conveyance
Electrolysis
ene-farm
fuel cell (FC)
Fuel Cell and Hydrogen Joint Undertaking (FCH JU)
fuel cell electric vehicle (FCEV)
gallon gasoline equivalent (GGE)
Global Technical Regulation (GTR) 
Ground Transport Vehicle (GTV)
hybrid electric vehicles (HEVs)
hydrail
Hydrocracking – process of breaking hydrocarbon 
molecules of petroleum into simpler molecules by 
the addition of hydrogen under high pressure and in 
the presence of a catalyst
Hydrogen electric passenger Venice boat (HEPIC) 
hydrogen refueling stations (HRS)
IEA RETD (IEA Renewable Energy Technology 
Deployment TCP)
IEA Hydrogen Technology Collaboration Programme 
(IEA H2 TCP) 
Inter-sectoral
International Standards Organization (ISO) 
Kilowatt (kW)

KPMG LLP   
Molten Carbonate Fuel Cells (MCFC)
MOU (memorandum of understanding)
MW (Megawatt)
National Fire Protection Association (NFPA)
Nm3 – normal meters cubed
NOW (National Organisation Hydrogen and Fuel Cell 
Technology)
partial oxidation (POX)
Phosphoric Acid Fuel Cells (PAFC)
Polymer electrolyte membrane (PEM)
Power to Gas (P2G)
Proton Electron Membrane (PEM) 
Scalable
Solid Oxide Fuel Cells (SOFC)
steam methane reforming (SMR)
STEP (a French start-up company)
Syngas (synthetic gas)
Technical Specification (TS) 
U.S. Department of Energy (DOE)
U.S. Maritime Administration (MARAD)
Valorization (process of assigning value, typically in 
ecnomics) 
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Global Trends and Outlook for Hydrogen
1. The Problem: The Energy System’s Effect on the Environment

Environmental stress to planet earth has stimulated a quest for innovation in the energy system on a global 
scale. There is profound interest in fostering a cleaner future for present and future generations, evidenced 
by the 148 nations who ratified the 2015 Paris Climate Accord. These nations agree that the remedy for 
environmental stress requires capping greenhouse gas (carbon) emissions as soon as possible, and holding 
global temperature rise this century to 2°C at a minimum and 1.5°C ideally. 

Hydrogen offers an elegant solution to this environmental crucible. As a highly flexible energy carrier, 
hydrogen can deliver a holistic – clean, integrated and multi sector  ̶  systems approach to energy that  will 
contribute decisively to solving the environmental problem and securing earth’s energy future.

2. The Solution: Why Hydrogen for Energy 

2.1 Hydrogen is the most abundant and lightest of the elements. It is odorless and nontoxic. It has 
the highest energy content of common fuels by weight -- nearly three times that of gasoline. 
Hydrogen is not found free in nature and must be “extracted” from diverse sources: fossil 
energy, renewable energy, nuclear energy and the electrolysis of water. A separate energy source 
(electricity, heat or light) is required to “produce” (extract or reform) the hydrogen. Today, most 
hydrogen is made from fossil energy using steam methane reforming (SMR) of natural gas, 
followed by partial oxidation (POX) and autothermal reforming (ATR), which combines SMR and 
POX processes. 

2.2 Like electricity, hydrogen is an “energy carrier.” It can be used in a full range of applications in all 
sectors of the economy: transportation, power, industry, and buildings.

2.3 Hydrogen can be converted to electricity by a fuel cell, an electrochemical device. Unlike 
batteries, fuel cells operate continuously in the presence of hydrogen and oxygen (in ambient air). 
Fuel cells are “scalable” and may be used in very small to very large sizes. The only byproducts of 
fuel cells are heat and water.

2.4 Hydrogen’s relationship to renewables cannot be overemphasized. The 2015 IEA Technology 
Roadmap for Hydrogen and Fuel Cells recognizes that hydrogen with a low-carbon footprint 
has the potential to facilitate significant reductions in energy-related CO2 emissions. Thus, use 
of renewable feedstocks for hydrogen production is very attractive from the environmental 
perspective. 

2.5 Today, the world is witnessing significant growth in the installed capacity of renewables (primarily 
wind and solar). Onshore wind is the leader, accounting for over one-third of the renewable 
capacity and generation increase. Solar PV follows, accounting for another third of deployment. 
Hydropower is also growing and accounts for one-fifth of new renewable additions, and over a 
quarter of the growth in renewable energy electricity generation.1   

2.6 As a result of this growth, the electricity grid must sometimes restrict uptake of renewable 
electricity when the grid is full (saturated) in order to balance electricity supply and demand. 
Consequently, renewable electricity production is curtailed. However, use of hydrogen for storage 
of renewable electricity (converted via water electrolysis) is a game changer. Hydrogen and 
electricity are in fact complementary energy carriers:  hydrogen can be converted to electricity, 
and electricity can be converted to hydrogen.  
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2.7 Use of hydrogen for energy storage (short term, seasonal, long-term reserve) is 
sometimes referred to as “time shifting with hydrogen.”2  Underground storage of 
hydrogen in salt caverns and depleted oil wells is a well-established practice. The IEA 
HIA Strategic Plan 2015-2020 concludes that “Storage in effect optimizes the H2 value 
chain,”3 acting as a reserve and enhancing the security of energy supply. 

2.8 Hydrogen reserves can help to buffer the electricity system, enhancing system 
security. Traditionally, the electricity system maintains a reserve of approximately 
15-20% as a standard safety buffer to ensure smooth functioning. In the future, given 
increased demand for electricity, the fossil fuel supply alone may not provide sufficient 
buffer, so hydrogen can be used to fill the gap. 

2.9 Hydrogen can be used for sector coupling by converting excess electricity (power) 
supply to hydrogen for non-power applications in transport, industry and buildings 
(heat) sectors. Inter-sectoral use enhances the integration of the energy system 
and leverages investment for development of the hydrogen infrastructure. Storage 
and sector coupling can also reduce the need for investment in new electricity 
transmission capacity.  

2.10 Hydrogen can be used for decentralized power production in a future energy 
system that is increasingly inclined to consider distributed generation as an option 
to exclusively centralized power production. “H2 investment risk is reduced if H2 
production takes place in decentralized electrolyzers, especially with low cost 
renewables.”4

2.11 Since fuel cell electric vehicles (FCEVs) are emission-free at the tailpipe, use of 
hydrogen in the transport sector positively impacts urban air quality, whether or not 
the hydrogen feedstock is produced from a renewable source. 

2.12 Hydrogen can be used for difficult to electrify applications or applications that 
currently use diesel. Electrification via the grid or with batteries is not an inherently 
superior or even viable solution for some applications. Heavy duty-transport, non-
electrified trains, and maritime transport are examples of applications that are 
battery-challenged. Hydrogen can be used as a substitute for diesel, e.g., to power 
non-electrified trains. Germany alone has some 4,000 diesel powered train cars.

2.13 Hydrogen can replace fossil fuels in the chemical industry. Captured carbon can 
be combined with hydrogen for use as chemical feedstock that contributes to 
decarbonization in other sectors.
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3. Hydrogen: Uses, Sources and Production Methods

3.1 The Existing Industry

Today, hydrogen is used in the refining industry as a petrochemical for hydrocracking and desulphurization. 
In the chemical industry, it is used for ammonia production and fertilizer for agriculture. It is also used for 
applications in the metal production & fabrication, methanol production, food processing and electronics 
sectors. As an “industrial gas,” hydrogen is already a big global business with strong fundamentals. The 
hydrogen generation market is expected to be valued at $115.25 billion USD in 2017 and grow to $154.74 
billion USD in 2022.5 This market comprises two segments: “merchant” hydrogen - i.e., hydrogen generated 
on site or in a central production facility and sold to a consumer by pipeline, bulk tank or cylinder truck 
delivery; and “captive” hydrogen - hydrogen produced by the consumer for internal use and consumed at 
the point of usage.6  Alone, China’s annual hydrogen production reached 10 million metric tons in 2009.7

The existing hydrogen industry and its supply chain are expected to serve as a platform for future energy uses 
of hydrogen. 

3.2 Hydrogen sources and production methods: past and present

Coal gasification produces syngas that contains hydrogen. In the late 18th century, coal was gasified to 
produce coal gas or “town gas” – first for illumination, then for heating and cooking. Today, most industrial 
hydrogen is produced or “reformed” from methane in fossil energy, primarily from natural gas, although oil 
and coal are also used. To a lesser extent, the electrolysis of water (via alkaline electrolyzers) has also been 
used to produce hydrogen. 

3.3 Emerging hydrogen sources and production methods

Hydrogen sources are diversifying. Nuclear is a zero carbon source of hydrogen production. Renewable 
feedstocks (wind, solar, biomass, hydro and geothermal) are likewise environmentally friendly hydrogen 
sources whose use has greatly increased. Fortunately, renewable hydrogen feedstocks abound. They are 
found in most parts of the world, ensuring domestic sources of hydrogen production.8  Use of electrolysis 
to split water into hydrogen and oxygen is on the increase. Electrolysis can occur at low and high 

temperatures, and at scales ranging from kilowatt to Megawatt in size. 
Polymer electrolyte membrane [PEM] and alkaline technologies are 
low temperature technologies. While PEM electrolysis is less proven 
and more costly in terms of capital expenditure/expense (CAPEX) than 
alkaline electrolysis, it is more compact and suitable for dynamic load 
balancing of electricity grids needed with use of intermittent renewable 
energy.9  Notably, electrolyzers that operate using renewable electricity 
to generate hydrogen have no carbon footprint.

Both alkaline and PEM water electrolyzers are available in Megawatt 
(MW) scale. In April 2017, a 3 MW PEM electroylzer stack was unveiled 
at Hannover Messe. A large-scale (400 MW) alkaline system consisting 

of 187 electrolyzer stacks is currently available at $450/kW USD plus housing.10

High temperature electrolysis splits water at between 700-1000°C. The solid oxide electrolyer (SOEC) is the 
most commonly used high temperature electrolyzer. 

According to the U.S. Department of Energy (DOE), the cost of distributed (as opposed to centralized) 
hydrogen production via electrolysis using off-peak electricity was $3.90 USD/kilogram (kg) H2 in 2015, while 
the 2020 cost target for distributed hydrogen production is $2.30/kg H2.

11 This is promising news, as DOE 
estimates the hydrogen threshold cost – the sweet spot for competition of Fuel Cell Electric Vehicles (FCEVs) 
with hybrid electric vehicles (HEVs) – to be $2.00-$4.00/gge (gallon gasoline equivalent) on a cost per mile 
basis in 2020.12 
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Use of small reformers for hydrogen production via gasification of fossil and biomass 
feedstocks is also expected to increase. Small-scale electrolyzers and reformer systems with 
hydrogen capacities in the range of 50-500 normal cubic meters per hour (Nm3/hour) are already 
commercially available. The specific cost (CAPEX) of small scale water electrolyzers and gas 
reformers is comparable today (5,000-12,000 USD per Nm3/hr), depending on the electrolyzer or 
reformer capacity (50-500 Nm3/hr), as well as the technology type (alkaline or PEM) in the case 
of electrolyzers.13 

Carbon capture and sequestration (CCS) technology 
can remove CO2 emissions from fossil fuels used to 
produce hydrogen before (pre) combustion or after 
(post) combustion.  As CCS technology matures, its use 
is anticipated at utility scale. Apart from electrolysis and 
reforming with CCS, it is expected that hydrogen will 
also be produced from bio-derived liquids and microbial 
conversion. Research is underway on longer term methods of hydrogen production, including: 
biohydrogen production; renewable electrolysis; photoelectrochemical (PEC) solar water splitting; 
and solar high temperature thermochemical cycles. 

Broad Hydrogen Production Portfolio14

4. How - Fuel Cells: Hydrogen Conversion Technology

Fuel cells and electrolyzers operate via simple and “inverse” processes: electrolysis splits water 
into hydrogen and oxygen, while fuel cells recombine hydrogen and oxygen to make electricity. 
Like electrolyzers, fuel cells are scalable so they can be combined to make larger systems. There 
are different kinds of fuel cells, distinguished by their temperatures of operation, catalyst and fuel 
types, and hydrogen purity: 

•	 Polymer Electrolyte Membrane or Proton Exchange Membrane (PEM): interchangeable terms for same 
low temperature fuel cell (80-200° F) that operates on pure hydrogen. PEM is the fuel cell of choice for 
automotive applications.

•	 Direct Methanol Fuel Cell (DMFC): also operates at low temperature but is less advanced than PEM 
fuel cells. DMFC can utilize unreformed liquid methanol rather than gaseous H2. Suitable for small-scale 
applications.

•	 Alkaline fuel cells: used since the 1960’s by NASA in space applications for life support. Low temperature. 
High efficiency.

•	 Phosphoric Acid Fuel Cells (PAFC):  a higher temperature (~200° C; ~392°F) fuel cell that can run on impure 
hydrogen, this technology was used extensively in buses beginning in the 1990’s.

•	 Solid Oxide Fuel Cells (SOFC):  high temperature (650 °C; ~1200°F) and high efficiency; can operate on 
unreformed natural gas or propane; uses cheaper catalyst; now used for stationary applications.

•	 Molten Carbonate Fuel Cells (MCFC) – highest temperature (1000°C; ~1832°F) and high efficiency; can run 
on natural gas, propane and diesel; uses include power and heat, stationary and marine applications.
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U.S. DOE Fuel Cell Targets and Global Fuel Cell Shipments

5. What and Where: H2 Energy Applications in Many Sectors 17

5.1 Transport: vehicle propulsion
5.1.1  The light duty passenger vehicle 

Technology and Application Status
There are no technical barriers to commercialization of light duty FCEVs.18 Automakers are now 
launching products rather than prototypes. The light duty passenger vehicle market segment 
offers mass market opportunity for FCEVs. This includes fleet vehicles and taxis, as well as individual 
passenger vehicles. 

Performance-wise, the FCEV is comparable to the conventional vehicle with a range of 250-
350 miles per tank. FCEVs fuel quickly (3-5 minutes): the FCEV refueling experience is similar to 
conventional vehicles, offering convenience and alleviating “range anxiety.” Unlike conventional 
vehicles, FCEVs are quiet and have no emissions but heat and water vapor if made from renewable 
sources. If operating on hydrogen from fossil sources, FCEVs have no emissions at the tailpipe. In 
the U.S., a Toyota Mirai is available for sale at $57,500 USD and for lease at $349/month. The Honda 
Clarity is available for purchase at $60,000 USD. The Hyundai Tucson is available for lease only – at 
$499/mo19. 

Toyota Mirai Honda Clarity         Hyundai Tucson          Hyundai Genesis
IEA Global EV Outlook 2017 reports over 2 million in electric car sales (primarily BEVs and plug-
in hybrids) in 2016, a 60% increase from 2015.20 In 2015, electric car sales grew 70% over 2014 
sales.21 These results are proof positive of the burgeoning electric vehicle market.22 The success of 
Battery Electric Vehicles (BEV) is a likely indicator of the success with FCEVs. The Global Automotive 
Executive Survey 2017 on “evolutionary, revolutionary and key disruptive technology” reports that 
FCEVs are the #3 trend in the marketplace. According to 78% of executives polled, FVECs are “the 
real breakthrough for e-mobility.”23 

•	 The U.S. DOE cites durability and cost as the two primary challenges to fuel cell commercialization. DOE has set 
market driven 2020 targets for successful fuel cell competition in the marketplace. The automotive fuel cell cost 
target is $40/kW and the ultimate automotive target is $30/kW. The durability target is 5,000 hrs  and 8,000 hrs 
ultimately. For stationary applications, the 2020 fuel cell cost target is $1,000/kW for natural gas and $1,500/kW 
for biogas.15

•	 Fuel cell shipments grew five-fold from 100 Megawatts in 2011 to nearly 500 Megawatts in 2016. The graph 
below segments fuel cell shipments between 2011 and 2016 by transport, stationary and portable markets. 16

Trending Now
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Apart from passenger vehicles for individuals, the light duty captive fleet vehicle market is 
a promising FCEV market segment. According to the IEA – Renewable Energy Technology 
Deployment (RETD) Power to Gas (P2G) study, light duty captive fleet hydrogen vehicles have 
the potential to be more competitive in 2030 than diesel, compressed natural gas (CNG), and 
biomethane powered vehicles by a significant margin.”24

5.1.2 Transport:  Non-individual/public:  Buses

Technology and Application Status
Technically ready for the marketplace, fuel cell buses have undergone extensive demonstration 
around the world over a prolonged period. In Europe, the Fuel Cell and Hydrogen Joint Undertaking 
(FCH JU)’s CHIC (Clean Hydrogen in European Cities) program ended in December 2016, after 6 
years of demonstrating 56 fuel cell buses at a total cost of €81 million (including €25.88 million 
in FCH JU co-funding). In 2013, the California Fuel Cell Partnership published A Road Map for 
Fuel Cell Electric Buses in California. UC Transit in Oakland, CA, USA has the largest fleet in North 
America, with 12 fuel cell buses. Buses fleets are ready for scale up.

Trending Now •	 China – Foshan and Yunfu placed a $17 million order for 300 fuel cell buses through Ballard subsidiary 
Guangdong Synergy Hydrogen Power. 

•	 South Korea – is replacing ~26,000 CNG buses with FC buses in the 2030 timeframe.

•	 Europe – 3Emotion-project will develop a transferability plan to bridge the gap between fuel cell gap 
demonstration and larger scale development and procurement; EU funding JIVE to deploy 139 FC buses.

•	 Funding announced in UK to bring 42 fuel cell buses on the road in 2017.

•	 Non-Individual Transport:  From commercial and logistics vehicles to heavy duty trucks.

Trending Now •	 Japanese vehicle production:  Japan’s game plan 
calls for FCEV production of  3,000 in 2017; 40,000 
(including buses) in 2020; ~200,000 by 2025; 
~800,000 by 2040.

•	 FCEV registration is now being tracked. In 
California, there were just over 1600 registered 
FCEVS in April 2017, an increase of 1300 vehicles 
registered in the prior period.

•	 Norway anticipates application of FCEVS incentives 
similar to those that stimulated the 100K 
BEV market in Norway; BEV incentives will be 
withdrawn/terminated.

•	 In Denmark there are 75 FCEVs on the road.

•	 In the UK there are currently 49 registered FCEVs 
on the road.25

•	 Today, the automotive fuel cell supply chain 
is immature. Since manufacturing occurs in 
low volume. Specialty suppliers furnish key 
components for fuel cells and storage systems. 
Seven (7) key components make up ~ 80% system 
cost, see diagram at right.26

 
Cost Breakdown Assumptions based on 

Strategic Analysis (SA) cost models

Hydrogen Bus in the UK                                    Sunline Transit H2 Bus in CA                   Hydrogen Bus in Norway
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5.1.3 Small Commercial and Logistics Vehicles, plus Heavy Duty Trucks

Technology and Application Status
Small commercial vehicles (from small business/captive fleet vehicles) and logistics vehicles 
(material handling equipment) as well as heavy duty (industrial) trucks -- offer opportunities for 
hydrogen. These vehicles are differentiated by weight and payload capacity. Pollution is driving a 
shift to alternative fuel powertrains, including fuel cell powertrains, in various classes of commercial/
industrial trucks.27 H2 trucks are in operation in Norway, Switzerland and the Netherlands. 

Sale of forklifts for industrial uses is increasing:  this market segment is the “low hanging fruit” of 
hydrogen applications. In the U.S., some 11,600 forklifts (logistics vehicles) were sold as of October 
2016.  Hydrogen powered forklifts are more cost effective than battery powered forklifts due to low 
refueling times that are a tenth of that required to swap out a fully charged battery. The CAPEX for 
hydrogen powered forklifts is competitive with battery powered forklifts.28  

5.1.4 Trains and Light Rail

Technology and Application Status
The first hydrogen-powered mining locomotive (for 
Placer Dome) was demonstrated at Val-d’or, Quebec 
in 2002. In 2006, the East Japan Railway Company 
developed the world’s first hydrail car (using hydrogen 
for propulsion), which was tested by the Railway 
Technical Institute in Japan on an inter-city fuel cell 
train. Commercial activity in fuel cell powered trams 
and light rail has increased in the past year.

•	 Building on its forklift success with Walmart, the fuel cell company Plug Power announced a deal with Amazon 
that could bring up to $600 Million in forklift sales over a three-year period. 

•	 In France, retailer Carrefour has 150 forklifts in a distribution center.

•	 Toyota has developed a fuel cell powered semi, a heavy duty “drayage” vehicle (class 8), as a diesel replacement. 
The fuel cell semi can haul 80,000 lbs and operate 200 miles per fueling. It is being tested at the port of Los 
Angeles in California as part of “Portal Project” to determine how well heavy-duty vehicles perform in a shipping 
environment. 

•	 In Trondheim, Norway, food distributor ASKO will start running 4 trucks and 10 forklifts in 2018 with hydrogen 
produced on site.

•	 In Switzerland, retailer Coop is operating a 100kW PEM fuel cell delivery truck with 375 km range and 38-ton 
capacity.

•	 New Zealand’s UniQuad H2 Farm Bike is scheduled for completion in the August 2017 timeframe.

•	 On December 1, 2016, Nikola motors unveiled its class 8 zero-emission hydrogen-electric truck. They have 
partnered with US Express and are set for mass production in 2020. 

Trending Now

•	 In 2017, Alstom unveiled its Coradia iLint hydrogen powered train, which will replace diesel trains on the 
extensive, un-electrified sections of rail in Germany. 

•	 A 2015 framework agreement between Ballard and Tangshan Railway Vehicle Company aims to develop a new 
fuel cell module for trams or Ground Transport Vehicle (GTV) applications. 

•	 In 2015, Hydrogenics signed a 10-year €50M million exclusive agreement to supply Alstom Transport with 
hydrogen fuel cell systems for regional commuter trains in Europe.

Trending Now
Coradia iLint Train, Germany



12 IEA Hydrogen

5.1.5 Ferries and smaller boats

Technology and Application Status
In the 1960’s, the U.S. Navy developed an experimental hydrogen turbine powered boat. During 
the last 20 years, there has been renewed interest in use of hydrogen fuels cells in maritime 
applications. In submarines, hydrogen fuel cells are used for auxiliary applications. However, 
hydrogen technologies for the maritime are now advancing beyond auxiliary applications. Since 
90% of all trade between countries takes place by ship, and EU ports alone handled 400 million 
marine passengers in 2013, the maritime market segments have great appeal.

5.1.6 Airplanes and Drones     

Technology and Application Status:
Over the last ~20 years, there has been an increased interest in integrating hydrogen technologies 
into aviation applications. In commercial airliners, fuel cells are being harnessed to power aircrafts 
during taxiing. Although taxiing only accounts for a small amount of fuel use, if used in mass this 
would greatly decrease fuel consumption. Manufacturers have also applied fuel cell technologies 
to power drones that will be used in varied applications from Horizon Unmanned Systems’ light 
weight Hycopter to larger military based applications like the Boeing Insitu’s ScanEagle drone. 

Trending Now •	 The “Energy Observer” catamaran, which employs a fuel cell using hydrogen produced by electrolysis of 
seawater, launched this year off coast of Saint Malo, France for a 6 year round-the-world voyage. 

•	 In Norway, the Pilot-E project will demonstrate a hydrogen fuel cell ferry in 2020. The long established Red 
and White Ferry Company in the San Francisco Bay Area and Sandia National Laboratory have teamed up on 
a feasibility study for designing, building and operating a high-speed hydrogen fuel cell powered passenger 
ferry and refueling station. In parallel, the U.S. Maritime Administration (MARAD) is funding another study to 
examine technical, regulatory and economic aspects of the project.

•	 At the Catalonya University in Spain, the Plus H2-Boat project is using a fuel cell system to power a 
conventional internal combustion engine (ICE) boat.

•	 In Venice, Italy, the Hydrogen electric passenger Venice boat (HEPIC) will use a fuel cell as a range extender.

•	 IEA Hydrogen Task 39 is tackling use of hydrogen in the maritime sector to advance the use of hydrogen and 
fuel cells in the maritime, and to initiate research and demonstration projects.

Trending Now •	 Easy Jet has partnered with French Aerospace giant Safran to test hydrogen fuel cells on their planes. Fuel 
cells will collect energy through solar panels and kinetic energy as the planes brake on the runway through 
“regenerative braking”, which will in turn power the planes taxiing capabilities. (If applied across their entire 279 
plane fleet, they estimate savings of 55,000 tonnes of fuel per year).29

•	 In September 2016, the world’s first 4-seater Hydrogen plane (aptly called the HY4) took off for the first time 
from Stuttgart airport in Germany.30

•	 There are a number of manufacturers now using hydrogen fuel cells to power drones. Protonex has successfully 
tested flights of a drone powered by a hydrogen fuel cell system. Their hydrogen system was installed in Boeing 
Insitu’s ScanEagle drone, which has been used in both military and civilian applications in the U.S., including 
ocean surveillance.31 Chinese company MMC has developed the Hydrone 1550: a hydrogen powered search and 
rescue drone capable of reaching extreme altitudes.32 Horizon Unmanned Systems’ Hycopter uses an ultralight 
hydrogen fuel cell system to power a 4 hr continuous flight.33  
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5.2 Power (and Heat)

Technology and Application Status
Hydrogen can expand supply in the power sector via use of electricity from renewable sources 
(renewable electricity) to electrolyze water for storage. When needed, the stored hydrogen can 
be re-converted to electricity via fuel cells or turbines. In 2014, renewable electricity accounted for 
over 45% of net additions to world capacity in the power sector, expanding to 130 GW [gigawatts] 
at the fastest annual rate to date.34 

Furthermore, hydrogen can be used to provide heat. Heating – as well as cooling and cooking – are 
critical applications worldwide. “Space heating continues to dominate building energy use in OECD 
countries, while cooking and water heating are prominent end-uses in non-OECD countries.”35

Power and heat are interrelated. This is, of course, the principle underlying combined heat and 
power (CHP) systems, also known as cogeneration. CHP systems produce power (electricity) and 
heat from a single source. Fuel cells are a modular, scalable technology that can be used for CHP. 
Fuel cells produce the highest proportion of electricity of any CHP technology. In Japan, the “ene-
farm” cogeneration systems were first deployed in 2009 and now number 200,000 residential units. 
They produce hydrogen from the municipal gas line supply. In Germany, the Callux demonstration 
project concluded year end 2015 with installation of 500 fuel cell systems.

Hydrogen can be substituted for natural gas in existing gas distribution networks. It can be blended 
with natural gas to “green” the natural gas grid. 

5.3 Cross-Cutting:  Power to Hydrogen

Technology and Application Status
“Power to hydrogen” means that hydrogen is produced via electrolysis. Electricity supply for 
electrolysis can be either grid, off-grid or mixed systems. There are numerous potential applications 
that cross cut all sectors (transport, power, re-electrification via hydrogen turbines or fuel cell, 
refinery/industry).37  These applications are in various phases of technology and market readiness. 

From left to right:  
Hydrogen-powered Drone, HY4 

Hydrogen Fuel Cell Electric Aircraft, 
Easy Jet Hydrogen Fuel Cell Hybrid 

Energy System

•	 The Japanese “ene-farm” cogeneration system goal is 1.4 million ene-farm systems by 2020 and 5.3 million 
by 2030. These systems will be introduced for commercial and industrial use in 2017. The long-term plan is to 
replace natural gas pipelines with hydrogen pipelines.

•	 The UK government’s H21 Leeds City Gate Report – proposes conversion of the Leed’s gas grid (network) 
to a hydrogen grid (network) as early as 2026-2029, followed by rollout to Europe. The feedstock would be 
natural gas, converted to hydrogen via SMR. 90% of the direct carbon emissions would be captured and stored 
underground via CCS. Overall, an emissions reduction of 73% is anticipated from heat combined with transport 
and power generation uses. KPMG’s UK Gas Networks Role in a 2050 Whole Energy System touts its large cost-
savings when compared with alternative low carbon heating sources.36

•	 The Australian Renewable Energy Agency (ARENA) has provided AquaHydrex with $5 million AUD to develop and 
test a pilot plant electrolyser in partnership with the Australian Gas Network (AGN).  This is the first Australian 
“power to gas” trial to inject hydrogen into the gas grid.

Trending Now
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5.4 Industrial Applications 

Technology and Application Status
While industrial uses already constitute the bulk of hydrogen use today, they offer promise for 
decarbonization in energy applications. Use of hydrogen could displace the oil used in chemicals 
and petrochemicals and the coals used in iron and steel.38 For example, hydrogen may be used 
as a reductant in steel production. As well, CHP is likely to find a major market in industry since 
“many companies that use significant amounts of process heat find that generating their own 
electricity onsite can help to offset production costs.”39 

Combining hydrogen with nitrogen produces ammonia (NH3). Ammonia can be stored at room 
temperature. It is already widely transported, which is useful for countries like Australia with 
ambitions to become hydrogen exporters, and it can be easily converted back into hydrogen by 
passing it over a catalyst to release hydrogen and nitrogen gas.

Trending Now •	 Flemish cluster “power to gas” began in Sept 2016 with 20 companies under WaterstofNet. 

•	 IEA RETD published Non-Individual Transport – Paving the Way for Renewable Power-to-Gas (RE-P2G) in 2016, 
concluding that captive fleets of long range light duty vehicles are the most promising for early adoption.

•	 The U.S. has developed the H2@Scale R&D initiative to explore the potential for utility scale hydrogen 
production and utilization in the United States. (https://energy.gov/eere/fuelcells/h2-scale)

•	 IEA Hydrogen Task 38 – Power to Hydrogen and Hydrogen to “X” is examining hydrogen as a key energy carrier 
for a sustainable and integrated small energy system.
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6. Infrastructure - Hydrogen Refueling Stations (HRS)

The global count of hydrogen refueling stations (HRS) that are open to the public or fleets is growing. 
Likewise increasing are the number of planned HRS (that have funding and/or a firm location) 
for the near term, as well as the number of HRS projected for the period up to mid-century. The 
worldwide count of early market stations open to the public and/or fleets as of mid-2017 exceeds 
200.

The current leaders are: Japan, California (United States) and Germany, followed by the United 
Kingdom, South Korea, and Denmark. Each leader has its own strategy and implementation plans.

The cost of early market HRS ranges from $2.1M to $3M in California.44 On average, the California 
Alternative and Renewable Fuel and Vehicle Technology Program is providing about $1.5M in grant 
funding for station construction. Station construction costs are higher in Japan than in Europe and 
the United States due to the more stringent Japanese regulatory framework.

•	 Australia’s Commonwealth Scientific and Industrial Research Organisation (CSIRO) is developing a metallic 
membrane that helps convert ammonia into high-purity hydrogen for fuel-cell powered vehicles. 40

•	 The Kawasaki Australia project would make liquid hydrogen from coal with CCS and ship this product to Japan, 
creating a comprehensive hydrogen supply chain. Chiyoda will also produce H2 abroad and mix it with toluene 
as an energy carrier (an organic chemical hydride [OCH]) called SPERA hydrogen for shipping. 41 Japan intends 
to import 900,000 tons of H2 by 2030.

•	 Development of the Siemens electrolyser pilot plant at Voestalpine in Lina, Austria will produce green 
hydrogen for industrial use at various stages of steel production in the internal gas network. 42

•	 Shell and ITM have entered into a joint agreement to install a 10 MW PEM electrolyser to produce hydrogen at 
Shell’s  Wesseling refinery site within the Rheinland Refinery Complex in Germany. 43

Trending Now

•	 Japan’s Strategic Roadmap for Hydrogen and Fuel Cells calls for 100 HRS in 2016 concentrated in 4 hubs (Tokyo, 
Nagoya, Fukuoka, Osaka); 320 HRS are forecast by 2025. In spring 2017, a group of 11 Japanese firms have 
signed a Memorandum of Understanding to expand the fuel cell market by building HRS in Japan; the firms 
include: Toyota, Nissan, Honda, XTG Nippon Oil & Energy, Idemitsu Kosan, Iwatani Corporation, Tokyo Gas, Toho 
Gas, Air Liquide Japan, Toyota Tsusho Corporation, and the Development Bank of Japan Inc.

•	 Germany – A total of 60 hydrogen refueling stations (HRS) are planned irrespective of FCEV registrations. 35 are 
now open, 15 are under construction and 6 are in the application process.  100 HRS will be built by 2018 if there 
are sufficient FCEV registrations. The goal is 400 stations by 2018. 

•	 USA – CA has State funding of $20 M/yr as HRS co-funding for 100 HRS thru 2023;  28 are open and 28 in 
development; 12 stations are to be opened in Northeast in 2017 time frame; 13 more are planned.

•	 Denmark has the highest density of HRS and FCEV in world: 10 HRS comprise a complete national network for its 
75 passenger vehicles.

•	 Norway – plans 200 HRS and 50,000 FCEVs. Fuel retail company UNO_X, a chain of unmanned fuel stations in 
Norway and Denmark,  and NEL, the Norwegian hdyrogen company, have firm plans to build 20 HRS by 2020.

•	 Korea plans ~200 HRS nationwide.

•	 China – anticipates 100 HRS 2016-2020. 45

•	 France –  start-up STEP has launched a hydrogen taxi fleet in Paris along with an app to order a taxi.

Trending Now
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7. Who – More About the Leaders

7.1 Governments

Government leaders in hydrogen infrastructure were introduced in the previous section. IEA 
Hydrogen Technology Collaboration (IEA H2 TCP) Members – whether nations, regional entities, 
international organizations, industries or associations – have dedicated hydrogen research 
programs or focused hydrogen activities. Several IEA H2 member nations – notably the U.S., 
Japan, Germany and Korea – as well as the European Commission with its Fuel Cell and Hydrogen 
Joint Undertaking (FCH JU), have truly robust R&D programs with great breadth and depth of 
subject matter. Some government R&D programs cooperate closely with industry as a matter of 
national strategy and/or culture. 

Nations also influence each other as to policy and implementation. For instance, the impressive 
efforts of the U.S. California Fuel Cell Partnership to design an FCEV infrastructure in California 
were followed in Germany through creation of H2 Mobility by Germany’s NOW (National 
Organisation Hydrogen and Fuel Cell Technology). With its 17 industry partners, the public-private 
H2 Mobility is building the German infrastructure. In turn, H2 Mobility has inspired the creation of 
sister organizations in several European nations. Throughout the world, the spotlight on hydrogen 
research and implementation at the government level is growing.

7.2 Industry

The renewable energy business began as a “start-up” in the late 1970’s. (That is, with the 
exception of hydropower, which has been used to generate electricity since the last quarter 

Trending Now •	 Germany – in September 2016, the National Innovation Program (NIP), which funds NOW, was extended 10 
years to 2026. 

•	 Japan has a Strategic Roadmap for Hydrogen and Fuel Cells.

•	 EU – Development of FCHJU project CertifHy is underway. This is the first EU-wide Guarantees of Origin scheme 
for green and low-carbon hydrogen. As well, the Alternative Fuels Infrastructure (AFI) Directive requires 
evaluation of national policy frameworks. This ongoing activity will identify EU Member States that plan to 
include hydrogen. See the map and legend below.

 

•	 The Netherlands – has strong fiscal inventives for FCEV, similar to BEV incentives.

•	 Norway – is considering a reduction of incentives that created market for BEVs; the government will establish a 
strategy for hydrogen, considering replication of successful incentives. 

•	 Italy has announced a Memorandum of Understanding (MOU) between regions (Lazio, Tuscany, Bolzano, 
Favignana) and the FCH JU to promote hydrogen and fuel cells.

•	 Japan and Korea – have announced plans to make hydrogen a “star” of the coming Olympic cycle. Korea will 
highlight hydrogen for the 2018 Winter Olympics in Pyeongchang. Hyundai will debut its next generation FCEV 
in time for the 2018 Winter Games. Japan promises the 2020 Summer Games will be the “Hydrogen Olympics,” 
with investments not only in FCEVs and HRS, but also in fuel cells that will power the entire 6,000 unit Olympic 
Village. 46 

•	 China - Zhangjiakou, Hebei, will be a hydrogen energy demonstration city as host to the 2022 Winter Olympic 
Games.
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of the 19th century). In contrast, the hydrogen energy business is building on the foundation of 
the global industrial gas business with support from global automotive manufacturers (such 
as Toyota, Hyundai, Honda, Daimler, BMW), which have developed FCEVs. Numerous original 
equipment manufacturers (OEM) have developed and are now manufacturing and selling fuel cells, 
electrolysers, and small reformers. Industry has played and will continue to play an increasingly 
vital role in the commercialization of hydrogen.

8. Safety and International Codes & Standards 

For over 50 years, hydrogen has been safely produced, stored, transported and used in the industrial 
sector. FCEVS meet all US National Highway Safety Transportation Administration standards.

The International Standards Organization (ISO) Technical Committee (TC) 197 and the National Fire 
Protection Association (NFPA) are standards development organizations working on codes and 
standards for vehicles, fuel delivery and storage, fueling/service/parking facility and interfaces. 
All codes and standards activities are deeply rooted in science and typically require experimental 
verification. The United Nations Economic Commission for Europe (UNECE), created in 1947, offers 
a framework for harmonization of Global Technical Regulations (GTR).

Also founded in 1947, ISO has consultative status with the United Nations. ISO TC197 is a 
technical committee developing international standards in the field of systems and devices for the 
production, storage, transport, measurement and use of hydrogen. The center piece of the TC197 
standardization work program is the “Fueling Family” of standards organized under ISO19880 to 
address the most critical installation and component requirements for HRS. TC197 has 14 active 
Working Groups developing 15 international standards for hydrogen refueling stations (HRS), 
electrolyers, ground and on-board storage, fuel quality and quality control. 

NFPA is a 121 year old American organization that creates and maintains codes and standards 
for the built environmental that are used and adopted by local governments in North America.  
NFPA2 applies to the production, storage, transfer and use of hydrogen in all occupancies and on 
all premises. It includes fundamental requirements for both gaseous and liquid phases. 

•	 ISO Technical Specification (TS) 19880-1:2016 is a first step toward standardization of HRS, serving as a guideline 
for HRS safety and performance. 

•	 Japan is streamlining its HRS regulations.            

•	 A proposed revision to harm criteria in NFPA2 (Restriction on use of FCEV) in road tunnels on the east coast of 
the U.S. would allow use of FCEVs.

•	 The U.S. has trained 36,000 code officials and first responders on safety best practices in h2tools.org. 

•	 United Nations Global Technical Regulation (GTR) 13 for transport (hydrogen and fuel cell vehicles), published in 
2013, was authorized in 2016 to undertake phase 2 to continue its work.

Trending Now

Formed in January 2017, the Hydrogen Council comprises 
leading energy, transport and industry companies that have 
teamed up to position hydrogen as  a key solution in the 
energy transition. With combined revenues of €1.07 trillion 
and 1.72 million employees around the world, Hydrogen 
Council Members currently invest  €1.4 billion/year. Over 
the next five years, they plan to invest at least €1.9 Bn/
year to accelerate hydrogen commercialization. The 13 
original H2 Council members are: Air Liquide, Alstom, 
AngloAmerican, BMW Group, Daimler, Engie, Honda, 
Hyundai, Kawasaki, Shell, The Linde Group, Total, Toyota.

Trending Now

They have been joined  by 11 new members:  Audi, Iwatani, Plastic Omnium and Statoil, Mitsui & Co, Plug Power,  
Faber Industries, Fureci, First Element  Fuel (True Zero), Gore and Toyota Tsusho. For further information, see the 
January 2017 “How hydrogen empowers the energy transition” at  www.hydrogencouncil.com. As well, see their 
November 2017 publication Hydrogen Scaling Up. 47
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