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Abstract 

The Global Hydrogen Review is an annual publication by the International Energy 
Agency that tracks hydrogen production and demand worldwide, as well as 
progress in critical areas such as infrastructure development, trade, policy, 
regulation, investments and innovation. 

The report is an output of the Clean Energy Ministerial Hydrogen Initiative and is 
intended to inform energy sector stakeholders on the status and future prospects 
of hydrogen, while also informing discussions at the Hydrogen Energy Ministerial 
Meeting organised by Japan. Focusing on hydrogen’s potentially major role in 
meeting international energy and climate goals, the Review aims to help decision 
makers fine-tune strategies to attract investment and facilitate deployment of 
hydrogen technologies at the same time as creating demand for hydrogen and 
hydrogen-based fuels. It compares real-world developments with the stated 
ambitions of government and industry. 

This year’s report includes a focus on demand creation for low-emission hydrogen. 
Global hydrogen use is increasing, but demand remains so far concentrated in 
traditional uses in refining and the chemical industry and mostly met by hydrogen 
produced from unabated fossil fuels. To meet climate ambitions, there is an urgent 
need to switch hydrogen use in existing applications to low-emission hydrogen 
and to expand use to new applications in heavy industry or long-distance 
transport. 
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Executive summary 

Low-emission hydrogen production can grow massively 
by 2030 but cost challenges are hampering deployment 

The number of announced projects for low-emission hydrogen production 
is rapidly expanding. Annual production of low-emission hydrogen could reach 
38 Mt in 2030, if all announced projects are realised, although 17 Mt come from 
projects at early stages of development. The potential production by 2030 from 
announced projects to date is 50% larger than it was at the time of the release of 
the IEA’s Global Hydrogen Review 2022. Only 4% of this potential production has 
at least taken a final investment decision (FID), a doubling since last year in 
absolute terms (reaching nearly 2 Mt). Of the total, 27 Mt are based on electrolysis 
and low-emission electricity and 10 Mt on fossil fuels with carbon capture, 
utilisation and storage.  

Figure ES.1 Map of announced low-emission hydrogen production projects 

 
IEA. CC BY 4.0. 

Note: Map includes also announced projects starting after 2030.  
Source: IEA Hydrogen Projects database. 

https://www.iea.org/reports/global-hydrogen-review-2022
https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database
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After a slow start, China has taken the lead on electrolyser deployment. In 
2020, China accounted for less than 10% of global electrolyser capacity installed 
for dedicated hydrogen production, concentrated in small demonstration projects. 
In 2022, installed capacity in China grew to more than 200 MW, representing 30% 
of global capacity, including the world’s largest electrolysis project (150 MW). By 
the end of 2023, China’s installed electrolyser capacity is expected to reach 
1.2 GW – 50% of global capacity – with another new world record-size electrolysis 
project (260 MW), which started operation this year. China is poised to further 
cement its leading position in electrolyser deployment: the country accounts for 
more than 40% of the electrolysis projects that have reached FID globally. 

Equipment and financial costs are increasing, putting projects at risk and 
reducing the impact of government support for deployment. Inflation is 
increasing capital and financial costs, threatening the bankability of projects 
across the entire hydrogen value chain, which are highly capital intensive. For 
hydrogen produced from renewable electricity, for example, an increase of 3 
percentage points in the cost of capital could raise total project cost by nearly one-
third. Several projects have revised their initial cost estimates upwards by up to 
50%. Inflationary pressures have coincided with a recent fall in natural gas prices, 
particularly in Europe, and with supply chain disruptions that affected project 
timelines. This means that announced government funding will support a smaller 
number of projects than could be expected previously, as greater investment is 
needed to close the cost gap between low-emission hydrogen and unabated fossil 
fuels-based hydrogen. 

Governments have started to make funding available to support the first 
large-scale projects, but slow implementation of support schemes is 
delaying investment decisions. North America and Europe have taken the lead 
in implementing initiatives to encourage low-emission hydrogen production. Large 
amounts of government funding are being made available through schemes such 
as the US Hydrogen Production Tax Credit, the EU Important Projects of Common 
European Interest and the UK Low Carbon Hydrogen Business Model. However, 
the lengthy time lags between the announcement of the schemes and the moment 
at which funds are made available to project developers is delaying project 
execution, and even putting projects at risk. This has been aggravated by the lack 
of clarity about regulation, which has only very recently been resolved in some 
jurisdictions.  

Electrolyser manufacturers have announced ambitious expansion plans. 
Manufacturers have announced that around 14 GW of manufacturing capacity are 
available today, half of which is in China. Electrolyser production in 2022 is 
estimated to be just over 1 GW. Manufacturers have announced plans for further 
expansion, aiming to reach 155 GW/year of manufacturing capacity by 2030, but 
only 8% of this capacity has at least reached FID. Realising manufacturers’ 
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ambitious plans will depend on solid demand for electrolysers, which today is 
highly uncertain. Such uncertainty is already resulting in delays to these expansion 
plans, some of which are being put on hold. 

Efforts to stimulate low-emission hydrogen demand are 
lagging behind what is needed to meet climate ambitions 

Hydrogen demand reached a historical high in 2022, but it remains 
concentrated in traditional applications. Global hydrogen use reached 95 Mt in 
2022, a nearly 3% increase year-on-year, with strong growth in all major 
consuming regions except Europe, which suffered a hit to industrial activity due to 
the sharp increase in natural gas prices. This global growth does not reflect a 
success of policy efforts to expand the use of hydrogen, but rather is linked to 
general global energy trends. Demand remains concentrated in industry and 
refining, with less than 0.1% coming from new applications in heavy industry, 
transport or power generation. Low-emission hydrogen is being taken up very 
slowly in existing applications, accounting for just 0.7% of total hydrogen demand, 
implying that hydrogen production and use in 2022 was linked to more than 900 Mt 
of CO2 emissions. Prospects are better in industry, particularly for ammonia 
production, with refining lagging behind. 

Measures to stimulate low-emission hydrogen use have only recently 
started to attract policy attention and are still not sufficient to meet climate 
ambitions. Government action has been focused on supporting low-emission 
hydrogen production, with less attention to the demand side. The sum of all 
government targets for low-emission hydrogen production accounts for 27-35 Mt 
today, but targets for creating demand account for just 14 Mt, less than half of 
which is focused on existing hydrogen uses. Even if these targets are met, they 
represent only one-fifth of the low-emission hydrogen use in the Net Zero 
Emissions by 2050 Scenario (NZE Scenario) by 2030. Without robust demand, 
producers of low-emission hydrogen will not secure sufficient off-takers to 
underpin large-scale investments, jeopardising the viability of the entire low-
emission hydrogen industry. 

The private sector has started moving to adopt low-emission hydrogen 
through off-take agreements, but efforts remain at very small scale. 
Companies have signed off-take agreements for up to 2 Mt of low-emission 
hydrogen, although more than half are preliminary agreements with non-binding 
conditions. Some companies are developing projects for an additional 3 Mt of low-
emission hydrogen production for their own use, without the need for off-take 
agreements. But even with the addition of these quantities, low-emission hydrogen 
use is still far from what is needed to meet climate goals. 



Global Hydrogen Review 2023 Executive summary 

PAGE | 14 I E
A.

 C
C

 B
Y

 4
.0

. 

International co-operation initiatives can help to aggregate demand for low-
emission hydrogen, but demand signals from these initiatives are unclear. 
Governments and companies have launched a series of co-operation initiatives to 
foster deployment of low-emission technologies, including hydrogen. Based on the 
commitments made by these initiatives, they could create 0.8-3 Mt of low-emission 
hydrogen demand by 2030. However, the real impact of their pledges remains to 
be seen. These initiatives predominantly target new applications of hydrogen, and 
there is no dedicated coalition targeting the chemical and refining sectors, which 
are better placed to adopt low-emission hydrogen at scale in the short term. 

Scaling up low-emission hydrogen use is also key to enabling the nascent 
hydrogen trade. International trade of hydrogen and hydrogen-based fuels is 
expected to be an important feature of a net zero future. In the NZE Scenario, 
more than 20% of demand for merchant hydrogen and hydrogen-based fuels is 
internationally traded by 2030. Based on announced export-oriented projects, 
16 Mt of hydrogen equivalent could be exported all around the world by 2030, but 
only three projects have reached FID. The realisation of these announced trade 
projects will depend on securing off-takers for the long run, as well as the 
implementation of certification schemes and deployment of the necessary 
infrastructure. Progress on infrastructure is moving slowly. There have been 
announcements for around 50 terminals and port infrastructure for hydrogen and 
hydrogen-based fuels, and for up to 5 TWh of underground storage capacity 
aiming to be operative by 2030, but none of them has reached FID. Infrastructure 
projects typically have very long lead times, so it is critical to start developing them 
now to have a chance of them being available by 2030. 

Transforming momentum around hydrogen into 
deployment remains a struggle 

Political momentum behind low-emission hydrogen remains strong but 
deployment is not taking off. A total of 41 governments now have a hydrogen 
strategy in place and some of the early movers are updating their original 
strategies, raising ambitions. There is consensus that low-emission hydrogen is a 
key opportunity for decarbonising sectors where emissions are hard to abate. The 
energy crisis arising from Russia’s invasion of Ukraine has also turned a spotlight 
on the role that low-emission hydrogen can play in enhancing energy security. In 
addition, several major economies have recently adopted new industrial 
strategies, in which hydrogen technologies play a key part. Government policies 
and private sector plans are translating into an expanding flow of capital into the 
low-emission hydrogen sector. However, despite this momentum, low-emission 
hydrogen still accounts for less than 1% of global hydrogen production and use, 
and will need to grow more than 100-fold by 2030 to get in line with the NZE 
Scenario. 
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Regulation and certification remain key barriers to adoption, but strong 
international co-operation can be crucial to finding solutions. Several 
countries have started putting in place regulations on hydrogen’s environmental 
attributes and developing associated certification schemes. These have some 
commonalities, but also significant divergences, which may lead to market 
fragmentation. Intergovernmental forums like the G7 and the G20 have 
recognised this risk and committed to work towards mutual recognition of 
certificates, which can facilitate market and regulatory interoperability. Referring 
to the emissions intensity of hydrogen production in regulation and certification – 
based on agreed methodology – can enable mutual recognition.1  

Governments need stronger policy action on multiple fronts to tap into the 
opportunity that low-emission hydrogen offers. Low-emission hydrogen can 
be an opportunity for countries to boost their economies for the future by creating 
industries along the supply chains of hydrogen technologies. In the Stated Policies 
Scenario, the market size of the low-emission hydrogen sector rises from 
USD 1.4 billion today to USD 12 billion by 2030, equivalent to the spending on 
offshore wind in Europe in 2022. Increasing ambitions in line with the NZE 
Scenario could expand the market size up to USD 112 billion, roughly the size of 
the market for rooftop solar PV installations in the Asia Pacific region in 2022. 
However, there are challenges around the expansion of technology 
manufacturing, as well as for creating demand and securing off-takers for low-
emission hydrogen production. These challenges are to be expected in a sector 
that needs to build up complex value chains, but have been exacerbated by 
inflation, the fall in fossil fuel prices and sluggish policy implementation. 
Overcoming these challenges requires governments to act across the whole value 
chain, or progress will be disjointed and lead to cancellations and setbacks. 

Recommendations 

Urgently implement support schemes for low-emission 
hydrogen production and use  
Governments have announced numerous programmes to support first movers, but 
in most cases, these programmes are not yet implemented, or the funds have not 
yet been made available. This is hindering investment decisions for planned 
projects whose economic feasibility depends on public support, a situation that 
has worsened due to the impacts of inflation. Governments need to urgently 
implement these programmes and make funding available to enable a scale-up 
compatible with their decarbonisation ambitions.  

 
 

1 See the report Towards hydrogen definitions based on their emissions intensity for more analysis on how emissions intensity 
can facilitate mutual recognition of certificates. 

https://www.iea.org/reports/towards-hydrogen-definitions-based-on-their-emissions-intensity
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Take bolder action to stimulate demand creation for low-
emission hydrogen, particularly in existing hydrogen uses 
Governments must take the lead and implement policies that encourage action in 
the private sector, combining support measures with regulations (such as quotas 
or mandates) to require the adoption of low-emission hydrogen in existing 
applications. These measures can be complemented with technology-neutral 
regulations in priority sectors where alternative mitigation options exist (such as 
steel, shipping, aviation, and long-distance road transport), and with public 
procurement for low-emission and near-zero emission materials and products. Co-
ordinated action is needed to unlock the necessary level of demand while 
facilitating a level playing field, avoiding industry relocation and carbon leakage. 
The private sector can also contribute by establishing an international co-
operation initiative focused on demand aggregation in chemicals or refining, which 
are best suited to scale up demand in the short term. 

Foster international co-operation to accelerate solutions for 
hydrogen certification and mutual recognition of certificates  
Governments should keep moving forward with the implementation of clear 
regulations and associated certification schemes for hydrogen’s environmental 
attributes. International co-operation needs to be reinforced to prevent lack of 
alignment between these efforts, which could lead to market fragmentation. Full 
harmonisation seems impossible in the near term, but governments should work 
together to enable mutual recognition of certificates, which would allow a certain 
level of market interoperability. Referring to the emissions intensity of hydrogen 
production in regulations and certifications, based on a common methodology for 
determining the emissions, in line with the recommendations of the IEA’s report 
for the 2023 G7 Climate, Energy and Environment Ministerial meeting, Towards 
hydrogen definitions based on their emissions intensity, can facilitate the mutual 
recognition of certificates.  

Quickly address regulatory barriers, particularly for project 
licensing and permitting 
The presence of a clear and stable regulatory framework must be balanced with 
a dynamic approach, calibrated to regular market monitoring, trying to make 
regulatory principles workable to not discourage investments. Governments 
should work to make licensing and permitting processes as efficient as possible 
and to improve co-ordination among different authorities involved in the process, 
to minimise their significant impact on project lead times, particularly for certain 
infrastructure developments, such as new pipelines, underground storage and 
import/export terminals.  

https://www.iea.org/reports/towards-hydrogen-definitions-based-on-their-emissions-intensity
https://www.iea.org/reports/towards-hydrogen-definitions-based-on-their-emissions-intensity
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Support project developers to maintain momentum during the 
inflationary period and to extend regional reach  
Governments can take action with interventions that respond to near-term 
financial risks including loan guarantees, export credit facilities or public equity 
investment in projects, to help project developers that are struggling with increases 
in costs for equipment and capital. In addition, advanced economies need to raise 
concessional finance - beyond their recent commitments - and boost co-operation 
to facilitate the development of first-of-a-kind projects in emerging markets and 
developing economies, including through rapid standardisation of contract 
templates to overcome the unfamiliarity of parties with this new sector. 
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Chapter 1. Introduction 

Overview 
The global energy landscape is undergoing a remarkable shift as the world 
endeavours to combat climate change and enhance energy security by 
transitioning to cleaner, more sustainable energy sources. In this context, low-
emission hydrogen2 has emerged as an important tool for decarbonising sectors 
in which emissions are hard to abate. The recent global energy crisis has also 
given more impetus to low-emission hydrogen as a means to bolster energy 
security. As a result, governments have strengthened their commitments to 
achieve net zero emissions, and low-emission hydrogen has become an integral 
part of their plans. In addition, some major economies have recently adopted new 
industrial strategies, with hydrogen technologies as a key element. Yet despite 
this momentum, there are still significant challenges that must be addressed to 
unlock the potential of low-emission hydrogen. 

This edition of the IEA Global Hydrogen Review tracks progress in the hydrogen 
sector, focusing on the role of low-emission hydrogen as a vital driver of the clean 
energy transition. By analysing recent developments and identifying areas 
requiring attention, the report seeks to inform governments, industries and other 
stakeholders on the path needed to ensure hydrogen can play its role in the 
transition to a sustainable energy system.  

First, we consider the status of hydrogen use and production today. Global 
hydrogen use is increasing, but demand remains concentrated in traditional uses 
in refining and the chemical industry and most production is still based on 
unabated fossil fuels. Low-emission hydrogen production is yet to take off as a 
mainstream industry.  

Nonetheless, the chapter on trade and infrastructure reports some encouraging 
signs. The number of announced projects keeps growing, and hydrogen trade is 
gaining momentum. However, progress is still lagging in some areas, notably in 
hydrogen infrastructure and technology innovation. We then go on to consider the 
landscape for investment and innovation, assessing the impact of inflation on 
low-emission hydrogen projects. Together with supply chain disruptions, inflation 
has put some initiatives at risk.  

Finally, a chapter on policy trends highlights the increasing number of policies 
and strategies being announced to support scale-up of low-emission hydrogen. 

 
 

2 See the Explanatory notes annex for the definition of low-emission hydrogen used in this report. 
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We also consider new regulations relating to hydrogen’s environmental attributes, 
and the need for international co-operation to ensure certificates are mutually 
recognised and prevent potential market fragmentation.  

As this review demonstrates, scaling up low-emission hydrogen production and 
use will require co-ordinated action by market players and strong government 
support across multiple fronts. We examine the instruments and policies needed 
to create favourable conditions for private sector investment and deployment, and 
how to address barriers currently hindering project development. 

The Hydrogen Initiative 
Developed under the Clean Energy Ministerial framework, the Hydrogen Initiative 
(H2I) is a voluntary multi-governmental initiative that aims to advance policies, 
programmes and projects that accelerate the commercialisation and deployment 
of hydrogen and fuel cell technologies across all areas of the economy.  

The IEA serves as the H2I co-ordinator to support member governments as they 
develop activities aligned with the initiative. H2I currently comprises the following 
participating governments and intergovernmental entities: Australia, Austria, 
Brazil, Canada, Chile, the People’s Republic of China (hereafter “China”), Costa 
Rica, the European Commission, Finland, Germany, India, Italy, Japan, 
the Netherlands, New Zealand, Norway, Portugal, Republic of Korea (hereafter 
“Korea”), Saudi Arabia, South Africa, the United Arab Emirates, the 
United Kingdom and the United States. Canada, the European Commission, 
Japan, the Netherlands and the United States co-lead the initiative, while China 
and Italy are observers. 

H2I is also a platform to co-ordinate and facilitate co-operation among 
governments, other international initiatives and the industry sector. H2I has active 
partnerships with the Breakthrough Agenda, the Hydrogen Council, the 
International Partnership for Hydrogen and Fuel Cells in the Economy (IPHE), the 
International Renewable Energy Agency (IRENA), the Mission Innovation Clean 
Hydrogen Mission, the World Economic Forum, the United Nations Industrial 
Development Organization (UNIDO), and the IEA Advanced Fuel Cells and 
Hydrogen Technology Collaboration Programmes (TCPs), all of which are part of 
the H2I Advisory Group and participate in various activities of the H2I. In addition, 
several industrial partners actively participate in the H2I Advisory Group’s biannual 
meetings, including Ballard, Enel, Engie, Nel Hydrogen, the Port of Rotterdam 
Authority and thyssenkrupp nucera.  
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Chapter 2. Hydrogen use 

Overview and outlook 
Global hydrogen use reached 95 Mt in 2022, a nearly 3% increase from our 
revised estimate for 20213, continuing the growing trend that was only interrupted 
in 2020 as a consequence of the Covid-19 pandemic and the economic slowdown.  

 Hydrogen use by sector and by region, historical and in the Net Zero 
Emissions by 2050 Scenario, 2020-2030 

 
IEA. CC BY 4.0. 

Notes: NZE = Net Zero Emissions by 2050 Scenario. “Other” includes buildings and biofuels upgrading. 

Hydrogen use continues to grow, but remains concentrated in traditional applications, such 
as industry and refining. 

Hydrogen use has grown strongly in all major consuming regions except Europe. 
In Europe, hydrogen use suffered a big hit due to reduced activity – particularly in 
the chemical industry – as a consequence of the sharp increase in natural gas 
prices resulting from the energy crisis sparked by the Russian Federation’s 
(hereafter “Russia”) invasion of Ukraine. Several fertiliser plants reduced their 
production output or even stopped operations for prolonged periods of the year, 
reducing hydrogen use by nearly 6% in the region. In contrast, North America and 
the Middle East observed strong growth (around 7% in both cases), which more 
than compensated the drop in Europe. In China, use grew more modestly (around 

 
 

3 The estimate of hydrogen demand for 2021 has been revised to 93 Mt from the Global Hydrogen Review 2022 (94 Mt), due 
to adjustments to historic values in underlying datasets. In addition, in this report we are not including estimations of historical 
use of hydrogen small demands in glassmaking, electronics and metal processing (which accounted for around 1 Mt for 2021 
in the estimate of the Global Hydrogen Review 2022). 
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https://iea.blob.core.windows.net/assets/318af78e-37c8-425a-b09e-ff89816ffeca/GasMarketReportQ42022-CCBY4.0.pdf
https://iea.blob.core.windows.net/assets/318af78e-37c8-425a-b09e-ff89816ffeca/GasMarketReportQ42022-CCBY4.0.pdf
https://www.iea.org/reports/global-hydrogen-review-2022
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0.5%), but the country remains the largest single consumer of hydrogen by far, 
accounting for nearly 30% of global hydrogen use (more than double that of the 
second largest consumer, the United States).  

As in previous years, the growth in global hydrogen use is not a result of hydrogen 
policies, but rather of global energy trends. Practically all of the increase took place 
in traditional applications (Box 2.1), mainly refining and the chemical sector, and 
has been met by increasing production based on unabated fossil fuels (see 
Chapter 3 Hydrogen production). This means that growth has had no benefit for 
climate change mitigation purposes. The uptake of hydrogen in new applications 
in heavy industry, transport, the production of hydrogen-based fuels or electricity 
generation and storage – which is key for the clean energy transition – remains 
minimal, accounting for less than 0.1% of global demand. In the updated 2023 
edition of the IEA’s Net Zero Emissions by 2050 Scenario (NZE Scenario), 
hydrogen use grows by 6% annually until the end of this decade. This implies 
reaching more than 150 Mt of hydrogen use by 2030, with nearly 40% coming 
from new applications.4  

This chapter presents an overview of progress in the uptake of hydrogen in 
different sectors (including traditional and new applications) and assesses options 
to increase ambition in demand creation for low-emission hydrogen5 in the short 
term. 

Box 2.1 Traditional and new applications for hydrogen 

Hydrogen is widely used today in refining, the chemical industry (as a feedstock), 
the steel industry (as a reducing agent) and for special applications in other 
industries. The evolution of hydrogen use in these applications will be determined 
by market dynamics in these sectors. 

In theory, hydrogen can also be used in a wide range of other applications, as a 
feedstock or reducing agent, and also as a fuel. Hydrogen has not been used at 
scale in these applications, either due to its lack of competitiveness with incumbent 
fossil fuels and with other low-emission technology alternatives, or because end-
use technologies have not reached commercial maturity. However, 
decarbonisation efforts are expected to prompt hydrogen use in some of these new 
applications, particularly in sectors where emissions are hard to abate and other 
low-emission technologies are unavailable or very difficult to implement. 

 
 

4 The IEA’s forthcoming report Net Zero by 2050: A Roadmap for the Global Energy Sector - 2023 Update will present a 
redesigned NZE Scenario, based on an in-depth, sector-by-sector assessment of the progress and setbacks seen since the 
release of its landmark report, Net Zero by 2050: A Roadmap for the Global Energy Sector, in May 2021. 
5 See the Explanatory notes annex for the definition of low-emission hydrogen used in this report. 

https://www.iea.org/reports/net-zero-by-2050
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Tracking hydrogen use alone is not sufficient to assess progress on hydrogen 
adoption, and particularly whether it is happening in the direction and at the pace 
required for hydrogen to play its role in the clean energy transition. It is important 
to also track the use of hydrogen by application, with a view to assessing the 
uptake in new applications. For reporting purposes in the IEA’s Global Hydrogen 
Review, we have defined two categories of applications for hydrogen: 

 Traditional applications, including refining; feedstock to produce ammonia, 
methanol and other chemicals; and as a reducing agent to produce direct 
reduced iron (DRI) using fossil-based synthetic gas. This category also 
includes the use of hydrogen in electronics, glassmaking or metal processing, 
but these sectors use very small quantities of hydrogen (around 1 Mt per year) 
and are not included in our tracking. 

 Potential new applications, such as the use of hydrogen as a reducing agent 
in 100%-hydrogen DRI, transport, production of hydrogen-based fuels (such 
as ammonia or synthetic hydrocarbons), biofuels upgrading, high-temperature 
heating in industry, and electricity storage and generation, as well as other 
applications in which hydrogen use is expected to be very small due to the 
existence of more efficient low-emission alternatives. 

 

Refining 
Hydrogen use in refining reached more than 41 Mt in 2022, surpassing its 
historical maximum from 2018. The largest increase in year-on-year demand 
came from North America and the Middle East, together accounting for more than 
1 Mt, or around three-quarters of global growth in 2022 (Figure 2.2). China was 
the only major refining region that reduced its demand for hydrogen (around 
0.5 Mt) due to a decrease in refinery throughput as a consequence of extensive 
pandemic-related mobility restrictions. 

About 80% of the hydrogen used in refineries was produced onsite at the refineries 
themselves, with around 55% resulting from dedicated hydrogen production and 
the rest being produced as a by-product from different operations, such as 
naphtha crackers. Less than 1% of the hydrogen used in refineries in 2022 was 
produced using low-emission technologies. The remaining 20% of hydrogen used 
was sourced as merchant hydrogen,6 produced externally, and mostly from 

 
 

6 Merchant hydrogen sourced by refineries is typically produced in plants very close to the refinery, and sometimes even in 
the same location, but in plants operated by another company, given that hydrogen is not a global commodity today. 

https://iea.blob.core.windows.net/assets/6ff5beb7-a9f9-489f-9d71-fd221b88c66e/Oil2023.pdf
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unabated fossil fuels. The production of hydrogen for use in refining resulted in 
240-380 Mt CO2 emitted to the atmosphere in 2022.7 

 Hydrogen use by region and source of hydrogen for refining, historical 
and in the Net Zero Emissions by 2050 Scenario, 2019-2030 

 
IEA. CC BY 4.0. 

Notes: NZE = Net Zero Emissions by 2050 Scenario. Fossil w/o CCUS = fossil fuels without carbon capture, utilisation and 
storage; Fossil w CCUS = fossil fuels with carbon capture, utilisation and storage. Onsite refers to the production of 
hydrogen inside refineries, including dedicated captive production and as a by-product of catalytic reformers. 

Hydrogen use in refining reached a new record in 2022, but the fall in demand for oil 
products required to align with the NZE 2050 Scenario would reverse this trend. 

Meeting the requirements of the NZE Scenario necessitates a reversal in the trend 
towards increasing demand for oil products, which will in turn result in lower 
hydrogen use in refining. Consequently, the use of hydrogen in refining is less 
than 35 Mt by 2030 in the NZE Scenario. In addition, a larger share of the 
hydrogen used in refining is met by low-emission hydrogen, which accounts for 
more than 15% of hydrogen use in 2030 in the NZE Scenario. 

The use of low-emission hydrogen in refining can offer an accessible route to 
create large demand for low-emission hydrogen and facilitate the scale-up of 
production, given that it involves a like-for-like substitution rather than a fuel 
switch. However, use of low-emission hydrogen in refineries has been limited to 
date, and is progressing slowly as a consequence of its higher production costs 
when compared with hydrogen produced from unabated fossil fuels (see Chapter 
3 Hydrogen production) and the lack of policy action to promote its adoption (see 
Creating demand for low-emission hydrogen). In 2022, around 250 kt of low-
emission hydrogen were used in refineries, practically the same amount as in 
2021, given that only a couple of small electrolysis pilot projects (2.4 MW and 

 
 

7 The range reflects different emission allocation of by-product hydrogen production. This excludes upstream and midstream 
emissions for fossil fuel supply. 
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50 kW of installed capacity) started operating in the year (Figure 2.3). Almost all 
the low-emission hydrogen used in refining in 2022 was produced in four facilities 
using fossil fuels with CCUS that were already in operation in refineries in Canada 
and the United States8.  

An increase in the use of low-emission hydrogen in refining can be expected in 
2023. In July, Sinopec put into operation the world’s largest electrolysis plant in 
Kuqa, China, (260 MW), which will produce 20 kt of low-emission hydrogen to 
supply Tahe refinery. However, there are only a limited number of announced 
projects aiming to produce low-emission hydrogen in refineries to replace 
hydrogen produced from unabated fossil fuels. If all the announced projects are 
realised on time, 1.3 Mt of low-emission hydrogen will be produced and used in 
refineries by 2030, with around 1.1 Mt being produced from fossil fuels with CCUS 
and 0.2 Mt from electrolysis.9 This represents an increase of around 6% compared 
to the potential production coming from projects announced when the Global 
Hydrogen Review 2022 was released. Most of this increase is from projects aiming 
to produce hydrogen from fossil fuels with CCUS. The increase from the very few 
new announcements by projects aiming to produce hydrogen through electrolysis 
was nearly cancelled out entirely by pauses in projects that had previously been 
announced.10 

As noted above, the use of merchant hydrogen in refineries is a common practice 
today and could provide an alternative route to increase the supply of low-emission 
hydrogen in refineries. This option is being explored by refinery operators and 
some off-take agreements have already been signed, such as between Vertex 
Hydrogen and Essar Oil to use hydrogen produced from fossil fuels with CCUS in 
the Stanlow refinery (United Kingdom). From an analysis of announced projects, 
we estimate that an additional 0.7 Mt of low-emission hydrogen could be supplied 
to refineries by 2030.11  

In the NZE Scenario, more than 4 Mt of low-emission hydrogen are produced and 
used in refineries by 2030, with around two-thirds produced from electrolysis and 
low-emission electricity, and one-third from fossil fuels with CCUS. Announced 
projects therefore meet only around 25% of the NZE Scenario’s requirements. The 
gap with the NZE Scenario is significantly larger in the case of announced projects 
to produce hydrogen from electrolysis, which meet less than 10% of the NZE 
requirements. In the case of fossil fuels with CCUS, announced projects account 

 
 

8 There are two more facilities in operation in France and the Netherlands, but these produce hydrogen from fossil fuels with 
CCU, which is not considered as low-emission hydrogen for the purpose of this report. 
9 This could increase to 1.4 Mt (1.15 Mt from fossil fuels and CCUS and 0.25 Mt from electrolysis) with the inclusion of projects 
at a very early stage of development, e.g. only a co-operation agreement among stakeholders has been announced. 
10 Argus direct (2023), Phillips 66, Orsted pause UK green hydrogen plan. 
11 This could increase to 1 Mt with the inclusion of projects at a very early stage of development, e.g. only a co-operation 
agreement among stakeholders has been announced. 
 

https://www.ecopetrol.com.co/wps/portal/Home/es/noticias/detalle/Noticias+2021/el-grupo-ecopetrol-inicip-la-produccion-de-hidrogeno-verde-en-colombia
http://www.sinopecgroup.com/group/en/Sinopecnews/20230704/news_20230704_299217593563.shtml
https://www.iea.org/reports/global-hydrogen-review-2022
https://www.iea.org/reports/global-hydrogen-review-2022
https://direct.argusmedia.com/newsandanalysis/Article/2480112
http://www.essaroil.co.uk/news/essar-oil-uk-signs-offtake-agreement-with-vertex-hydrogen/
http://www.essaroil.co.uk/news/essar-oil-uk-signs-offtake-agreement-with-vertex-hydrogen/
https://direct.argusmedia.com/newsandanalysis/Article/2480112
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for around three-quarters of the NZE needs. Moreover, the use of fossil fuels with 
CCUS in refineries can count on an important head start since projects operating 
today are already able to meet 15% of the onsite production from fossils with 
CCUS in the NZE Scenario requirements. 

 Onsite production of low-emission hydrogen for refining by technology, 
region and status, historical and from announced projects, 2020-2030 

 
IEA. CC BY 4.0. 

Notes: CCUS = carbon capture, utilisation and storage; FID = projects that have at least taken a final investment decision; 
GHR 2022 = Global Hydrogen Review 2022; NZE = Net Zero Emissions by 2050 Scenario. Only planned projects with a 
disclosed start year of operation are included. GHR 2022 shows the estimated production of low-emission hydrogen from 
projects that were included in IEA Hydrogen Projects Database as of August 2022. 
Source: IEA Hydrogen Projects , (Database, October 2023 release). 

Based on announced projects, 1.3 Mt of low-emission hydrogen could be produced in 
refineries by 2030, meeting one-quarter of low-emission onsite production needs in the NZE 
Scenario.  

In terms of maturity, around 10% of the announced projects to produce hydrogen 
from electrolysis to be used in refining have at least taken a final investment 
decision (FID), whereas no FIDs have been taken for projects to produce 
hydrogen from fossil fuels with CCUS. As last year, Europe remains the region 
with the most projects, followed by North America and China. 

Industry 
Of the 53 Mt of hydrogen used in industry in 2022, about 60% was for ammonia 
production, 30% for methanol and 10% for DRI in the iron and steel subsector 
(Figure 2.4). Virtually all hydrogen used in industry is produced from unabated 
fossil fuels in the same facilities as where it is used. Carbon capture is a common 
practice in some industry sub-sectors, although most of the 140 Mt of CO2 
captured is used for other industrial applications (such as urea production) and 
ends up being released, with only a handful of projects storing CO2 underground. 
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As a result, industrial hydrogen production was responsible for 680 Mt of CO2 
emissions in 2022, up 2% from 2021.12 

 Hydrogen use in industry by subsector and by region and source of 
hydrogen, historical and in the Net Zero Emissions by 2050 Scenario, 
2019-2030 

 
IEA. CC BY 4.0. 

Notes: DRI = Direct Reduced Iron; Fossil w/ CCS = fossil fuels with carbon capture and storage; Fossil w/ CCU = fossil 
fuels with carbon capture and use; Fossil w/o CCUS = fossil fuels without carbon capture, utilisation and storage; NZE = 
Net Zero Emissions by 2050 Scenario. Ammonia and methanol exclude fuel applications. 'Other' includes dedicated 
hydrogen production for high-temperature heat applications.  
Sources: IEA analysis based on data from International Fertilizer Association, World Steel Association and Wood 
Mackenzie.  

Hydrogen use in industry increased 2% in 2022 to reach 53 Mt, mostly concentrated in 
ammonia, methanol and steel production, but a 4% annual growth rate would be necessary 
to align with the NZE Scenario. 

Global hydrogen use in industry in 2022 increased by 2% compared with 2021, 
driven by global demand for ammonia rising by 0.4%, for methanol by 5% and for 
DRI by 4%, although growth rates were lower than the average of the previous 
years. China remains the main consumer of hydrogen in industrial applications, 
with 35% of global industrial use, followed by the Middle East (14%), North 
America (10%) and India (9%). Europe was the only major consuming region 
where hydrogen use in industry fell in 2022, as a consequence of the energy crisis 
sparked by Russia’s invasion of Ukraine. Hydrogen use in industry in Europe 
decreased 18% in 2022, largely due to a 20% decrease in activity in the ammonia 
sector, which was particularly impacted by the conflict. At their peak in mid-2022, 
 
 
 

 
 

12 This includes direct emissions from hydrogen production and around 290 Mt of CO2 utilised in the synthesis of urea and 
methanol, the majority of which is later emitted. This excludes upstream and midstream emissions for fossil fuel supply. 
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global ammonia prices had increased six-fold compared to the 2020 average. 
However, prices declined during the first half of 2023, and have now returned to 
their pre-pandemic level.  

In the NZE Scenario, hydrogen use in industry grows to 70 Mt by 2030. Meeting 
this need would require a 4% annual increase in production, compared to just 2% 
over the past 4 years. Furthermore, to meet emission reduction objectives, about 
one-third of industrial hydrogen production capacity needs to be low-emission by 
2030, which would require most of the new capacity to be low-emission, as well 
as retrofits to some existing stock.  

Beyond traditional applications in the chemical and steel sectors, hydrogen use 
also increases in new industrial applications, particularly 100%-hydrogen DRI and 
high-temperature heating, which account for 16% of global demand in industry by 
2030.  

Low-emission hydrogen production in industrial plants in 2022 was about 285 kt, 
up from 240 kt in 2021. More than 90% of this capacity relies on fossil fuels with 
CCUS with installations spread across North America, the Middle East and China. 
There has been no significant progress in production of hydrogen from electrolysis 
since the publication of the GHR 2022, with only three relatively small projects 
coming online in 2023, one in Spain (8 MW of electrolysis to replace natural gas 
with hydrogen), one in Sweden (17 MW of electrolysis for heating steel prior to 
rolling) and one in India (5 MW of electrolysis for methanol production13).  

However, the near-term outlook is positive, as projects able to produce more than 
600 kt of low-emission hydrogen are already under construction or have taken an 
FID. The vast majority are concentrated in Europe (40%), China (28%) and Middle 
East (24%). The most noteworthy developments since the release of the 
GHR 2022 are:  

• The Hydrogen Energy Metallurgical Demonstration (China) to produce 390 kt of 
ammonia using electrolysis and renewable electricity, which started construction 
in April 2023 and aims to begin operation in 2025. 

• A project from OCI aiming to capture 450 kt of CO2 annually from its Iowa (United 
States) ammonia plant.  

• The first project of H2 Green Steel in Boden (Sweden) which will install between 
700 and 800 MW of electrolysers to produce more than 100 kt of hydrogen 
required annually for its steel production.  

• The Hygenco JSL plant (India) which should open in late 2023 and will be the first 
steel plant using hydrogen from electrolysis and renewable electricity for the 
annealing process in the country.  

 
 

13 Platts Hydrogen Daily (2023), INTERVIEW: NTPC Renewables set to place 1 GW of electrolyzer orders by 2026-27. 

https://hydrogen-central.com/pamesa-group-ecombustible-energy-partner-launch-first-carbon-free-hydrogen-based-fuel-used-in-commercial-industrial-operations/
https://hydrogen-central.com/pamesa-group-ecombustible-energy-partner-launch-first-carbon-free-hydrogen-based-fuel-used-in-commercial-industrial-operations/
http://www.fuelcellchina.com/Industry_information_details/1454.html
http://www.fuelcellchina.com/Industry_information_details/1454.html
https://www.unido.org/news/demonstration-project-production-green-hydrogen-and-ammonia-underway-baotou-china
https://www.unido.org/news/demonstration-project-production-green-hydrogen-and-ammonia-underway-baotou-china
https://oci-global.com/news-stories/press-releases/oci-progresses-iowas-carbon-capture-sequestration-project-to-abate-its-co2-emissions-and-produce-low-carbon-ammonia-urea-and-def-in-the-us/
https://www.h2greensteel.com/latestnews/h2-green-steel-has-entered-into-a-long-term-frame-agreement-with-fortum-for-electricity-supply-1
https://www.argusmedia.com/en/news/2371492-indias-jindal-stainless-hygenco-plan-green-h2-plant
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Over the past year, numerous additional projects were announced, increasing the 
expected low-emission hydrogen production from fossil fuels with CCUS  by 30% 
and from electrolysis by 50% (Figure 2.5), thus reaching 1.3 Mt and 1.8 Mt of 
hydrogen production by 2030, respectively14. Some of the newly announced 
projects include:  

• Dow Stade (Germany), which plans to use around 40 kt of electrolytic hydrogen 
to produce 200 kt of methanol annually. 

• Plug Power Kristinestad (Finland), which will install 1 GW of electrolyser capacity 
to supply a steel DRI plant with about 85 kt of hydrogen per year. 

• Yara Sluiskil plant (Netherlands), which projects capturing 800 kt of CO2 per year 
from ammonia production.  

 Onsite production of low-emission hydrogen for industry applications by 
technology and status, historical and from announced projects, 2020-2030 

 
IEA. CC BY 4.0. 

Notes: CCUS = carbon capture, utilisation and storage; FID = final investment decision; GHR-22 = Global Hydrogen 
Review 2022; NZE = Net Zero Emissions by 2050 Scenario. Projects explicitly using ammonia or methanol as energy 
carriers are not included. Only projects with a disclosed start year are included. GHR 2022 shows the estimated production 
of low-emission hydrogen from projects that were available in the IEA Hydrogen Projects Database as of August 2022. 
Source: IEA analysis based on data from the International Fertilizer Association and IEA Hydrogen Projects , (Database, 
October 2023 release).  

Announced projects for the production of low-emission hydrogen in the industrial sector 
can reach 3 Mt by 2030, roughly one-quarter of low-emission onsite production needs in the 
NZE Scenario. 

 

 
 

14 This could increase to a combined 6.7 Mt if projects at a very early stage of development are included, e.g. projects for 
which only a co-operation agreement among stakeholders has been announced.  
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Nonetheless, to align with the net zero emissions target, the production of low-
emission hydrogen from electrolysis using renewable electricity and fossil fuels 
with CCUS in the industry sector needs to reach 8.6 and 3.5 Mt of hydrogen, 
respectively, almost quadrupling the production potential of the current project 
pipeline. 

Besides onsite hydrogen production, a significant number of projects aim to 
produce merchant hydrogen for delivery to industrial consumers. Merchant 
hydrogen projects can have certain advantages, such as partnering with multiple 
industrial clients to spread risk, but transport infrastructure is required. We 
estimate that these projects could supply an additional 0.7 Mt of hydrogen to 
industrial consumers by 2030 if they can secure off-takers for all their potential 
production. Some key merchant hydrogen projects include:  

• A project in Ordos (China), where Sinopec is building solar, wind and electrolyser 
capacity to supply 30 kt of hydrogen per year to nearby chemical industries.  

• The Catalina Project (Spain), which aims to install 1.1 GW of renewable capacity 
and 500 MW of electrolysers in 2027 to supply around 40 kt of hydrogen annually 
to an ammonia plant through a dedicated 221 km pipeline.  

• The HyDeal project (Spain), which is developing 4.8 GW of solar and 3.3 GW of 
electrolyser capacity by 2030 to supply hydrogen to steel and ammonia producers.  

• The NorthH2 Project (Netherlands), which targets an electrolyser capacity of 1 GW 
in 2027 and 4 GW by 2030 to supply  more than 300 kt of hydrogen to industries 
across the region.  

Transport  
Hydrogen use in road transport increased by around 45% in 2022 compared to 
2021 (Figure 2.6), albeit from a relatively low starting point. Fuel cell electric 
vehicles (FCEVs) saw the earliest successes in terms of vehicle sales, in the car 
and bus segments, but as heavy-duty fuel cell truck sales increase, their share of 
total consumption is increasing rapidly. China’s focus on heavy-duty vehicles, and 
outsized role in the deployment of fuel cell trucks, means that although only 20% 
of all FCEVs are in China, they consume more than half of the hydrogen used in 
road transport.  

 

 

 

 

https://www.seetao.com/details/203342.html
https://www.seetao.com/details/203342.html
https://catalinaptx.com/
https://www.hydeal.com/copie-de-hydeal-ambition
https://www.hydeal.com/copie-de-hydeal-ambition
https://www.hydeal.com/copie-de-hydeal-ambition
https://www.equinor.com/news/archive/20201207-hydrogen-project-north2
https://theicct.org/wp-content/uploads/2023/01/china-hvs-ze-bus-truck-market-2021-jan23.pdf
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 Hydrogen consumption in road transport by vehicle segment and region, 
2020-2022 

 
Notes: RoW = Rest of World; US = United States. Commercial vehicles include light commercial vehicles and medium- and 
heavy-duty trucks. Assumptions on annual mileage and fuel economy have been updated to match the IEA Global Energy 
and Climate Model.  

Hydrogen use in road transport increased by around 45% in 2022, albeit from a low base, 
driven mainly by increased use from heavy-duty vehicles. 

The vast majority of hydrogen use in transport will likely remain in the road sector 
for years to come, but rail is also adding to hydrogen consumption as hydrogen 
trains are being trialled and adopted along more routes. In addition, several fuel 
cell ferries are beginning operation in 2023, which will further diversify hydrogen 
use for transport applications. Orders for ammonia- and methanol15-ready vessels 
could also result in additional hydrogen use for shipping in the coming years if 
these technologies reach commercial maturity.  

In the NZE Scenario, the use of synthetic kerosene and even the direct use of 
hydrogen as an aviation fuel in later years add to hydrogen use in transport. To 
get on track with the NZE Scenario, it will be important to accelerate the adoption 
of hydrogen and hydrogen-based fuels and advance technologies that are today 
still pre-commercial. In the NZE Scenario in 2030, almost 8 Mt of hydrogen is used 
directly in transport, mostly in the road (50%) and shipping (45%) sectors. In 
addition, around 8 Mt of hydrogen are used for the production of ammonia and 
synthetic fuels for their use in shipping and aviation. 

 

 

 
 

15 Low-emission methanol can be biomethanol or synthetic methanol (e-methanol), but only the latter contributes to hydrogen 
demand.  
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 Fuel cell electric vehicle stock by segment and region, 2019-2023 

 

 
IEA. CC BY 4.0. 

Notes: RoW = Rest of World; US = United States. Includes data until June 2023 for the current year. 
Sources: Advanced Fuel Cells Technology Collaboration Programme; Hydrogen Fuel Cell Partnership; Korea’s Ministry of 
Trade, Industry and Energy monthly automobile updates; Chinese vehicle insurance registration data, International 
Partnership for Hydrogen and Fuel Cells in the Economy and Clean Energy Ministerial Hydrogen Initiative country surveys. 

The global fleet of FCEVs is closing in on 80 000, with Korea remaining the major market for 
cars and China for trucks. 

Cars and vans 
By the end of 2022, the stock of fuel cell cars and vans exceeded 58 000, an 
almost 40% increase compared to the previous year, and has reached around 
63 000 in the first half of 2023 (Figure 2.7).16 About 15 000 fuel cell cars were sold 
in 2022, with Korea representing around two-thirds of that increase. The first half 
of 2023 saw something of a slowdown in the country, with fewer than 3 000 units 
sold, compared to almost 4 900 during the same timeframe the previous year, 
despite government plans to subsidise 16 000 fuel cell cars in 2023. Nevertheless, 
Korea remains the largest fuel cell car market in the world, with a stock of over 
32 000 fuel cell cars as of the first half of 2023. The second largest market is the 
United States, with around 16 000 fuel cell cars on the road. While Japan is still 
home to the third largest stock of fuel cell cars, fewer than 1 000 units were sold 
in the country in 2022, meaning that Europe experienced higher growth with 
almost 1 500 additions. China added more than 200 fuel cell cars in 2022, which 
is remarkable given that the country has over the past few years only deployed 
FCEVs in heavier segments. As of June 2023, China is home to the majority of 
fuel cell light commercial vehicles, with over 800 units deployed. 

 
 

16 The deployment of fuel cell cars remains significantly lower than that of battery electric cars, which reached a global stock 
of over 18 million in 2022.  
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Reflecting Korea’s dominance in domestic fuel cell car sales, Hyundai’s Nexo 
represented the best-selling fuel cell car (10 000) in 2022; Toyota’s Mirai came in 
second (3 200). Both the SAIC EUNIQ7 and Honda Clarity sold around 200 fuel 
cell cars in 2022, despite Honda discontinuing production of their fuel cell car in 
2021. BMW also began small-series production of the iX5 Hydrogen fuel cell car 
in 2022, launching their pilot fleet internationally at the beginning of 2023. 

More fuel cell light-duty vehicle models are expected to enter the market in the 
future. Honda has announced a new fuel cell vehicle, based on their CR-V 
crossover sports utility vehicle (SUV), which will begin production in 2024 in the 
United States. NamX, a Moroccan start-up, has presented a prototype fuel cell 
SUV that can be fuelled in part by replaceable hydrogen capsules, with plans to 
launch in 2026. Kia, Korea’s second largest carmaker, aims to release fuel cell 
cars starting from 2027. Additionally, both Porsche and Toyota have developed 
prototype hydrogen cars using combustion engines, highlighting their multi-
technology approaches. However, FCEVs are very much a minority technology 
with companies such as Volkswagen focusing instead on battery electric vehicles. 
The French start-up Hopium had plans to produce a luxury fuel cell sedan to enter 
the market in 2025, but instead entered receivership in July 2023.  

In the light-commercial segment, new entrants First Hydrogen began trialling their 
“Generation I” fuel cell van in 2023, with plans to launch a second generation 
vehicle in the coming years. RONN Motor Group has also announced plans to 
manufacture fuel cell delivery vans, as well as medium-duty trucks. In terms of 
established names, Ford has announced a fuel cell van trial in the United 
Kingdom.  

Trucks 
The stock of fuel cell trucks has grown faster than light-duty vehicles, increasing 
over 60% in 2022 to bring the total to more than 7 100 by the end of the year. In 
the first half of 2023, the stock reached more than 8 000.17 The vast majority of 
sales took place in China, which now accounts for over 95% of fuel cell trucks 
globally, driven largely by a more than fivefold increase in heavy-duty fuel cell 
trucks from the end of 2021 to June 2023 thanks to favourable policy and 
supporting infrastructure. Fuel cell trucks are also being proven in practical use 
outside of China, with Hyundai’s Xcient accumulating 5 million km in Switzerland 
since 2020, with operations now also in Germany, Korea and New Zealand. 
According to CALSTART’s Zero-Emission Technology Inventory (ZETI) there 
were around 20 medium- and heavy-duty fuel cell truck models available in 2022, 
with a handful additional models planned for 2023. 

 
 

17 For comparison, there were around 300 000 battery electric medium- and heavy-duty trucks globally at the end of 2022.  

https://fuelcellsworks.com/news/global-sales-of-hyundai-motors-hydrogen-fuel-cell-nexo-surpass-10000/?mc_cid=5bfaf55d17&mc_eid=da4624d261
https://www.bmwblog.com/2022/12/02/bmw-ix5-hydrogen-production-overview/
https://fuelcellsworks.com/news/bmw-group-brings-hydrogen-cars-to-the-road-bmw-ix5-hydrogen-pilot-fleet-launches/?mc_cid=44d2eee315&mc_eid=da4624d261
https://hondanews.com/en-US/releases/honda-to-begin-us-production-of-fuel-cell-electric-vehicles-in-2024
https://www.autoevolution.com/news/namx-will-share-more-details-about-its-hydrogen-network-at-goodwood-s-future-lab-217671.html
https://fuelcellsworks.com/news/kia-aims-to-release-hydrogen-fuel-cars-starting-2027/?mc_cid=762126b762&mc_eid=da4624d261
https://fuelcellsworks.com/news/porsches-hydrogen-engine-beats-v8s/?mc_cid=5bfaf55d17&mc_eid=da4624d261
https://media.toyota.co.uk/toyota-highlights-its-multi-technology-approach-to-zero-carbon-with-hydrogen-combustion-prototype-car/
https://insideevs.com/news/650152/volkswagen-rules-out-hydrogen-cars/
https://www.engineering.com/story/luxury-car-maker-hopium-gives-new-hope-for-hydrogen
https://www.hydrogeninsight.com/transport/struggling-french-hydrogen-car-maker-hopium-enters-receivership-with-debts-frozen-for-at-least-six-months/2-1-1489936
https://fuelcellsworks.com/news/first-hydrogen-prepares-lcvs-for-deployment/?mc_cid=44d2eee315&mc_eid=da4624d261
https://www.h2-view.com/story/ronn-motor-group-targets-urban-delivery-market-with-hfcevs/
https://media.ford.com/content/fordmedia/feu/gb/en/news/2023/05/09/ford-announces-three-year-hydrogen-fuel-cell-e-transit-trial.html
https://www.iea.org/energy-system/transport/trucks-and-buses
https://theicct.org/wp-content/uploads/2023/01/china-hvs-ze-bus-truck-market-2021-jan23.pdf
https://www.topgear.es/noticias/coche-electrico/camion-hyundai-xcient-acumula-5-millones-km-baterias-combustible-hidrogeno-1153963
https://globaldrivetozero.org/tools/zeti/
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In Europe, there have been a number of announcements for orders of fuel cell 
trucks, such as from German energy company GP Joule, which ordered 
100 Nikola Tre FCEVs (30 to be delivered within 2024); a SINTEF-led 
H2Accelerate project in which 150 trucks will be deployed in Europe; and H2X 
Global winning the tender to provide trucks for waste management in Gothenburg, 
Sweden. Additionally, smaller announcements have come from companies such 
as Dura Vermeer, and from Scania, which will be delivering fuel cell trucks in 
Switzerland. Shell have launched a “pay-as-you-go” scheme in Germany similar 
to that offered by Hyundai in Switzerland. Progress appears slower in the United 
States, though Hyundai is starting operations in the United States and Israel in 
2023.  

Activity is also increasing with respect to hydrogen combustion, which allows for 
retrofitting of diesel engines, as done by Technocarb and CMB.TECH. The latter 
anticipate converting up to 20 trucks per month. Cummins also revealed a concept 
hydrogen combustion truck, suggesting that India may be the market most suited 
to this approach, which was later echoed in announcements by Tata Motors and 
JBC. New Zealand is also trialling hydrogen combustion, though in dual-fuel 
vehicles.  

Buses 
The stock of fuel cell buses grew similarly to that of light-duty vehicles, with around 
a 40% increase in 2022 compared with the previous year. As of June 2023, there 
are around 7 00018 fuel cell buses worldwide, about 85% of which are located in 
China, which added around 1 300 fuel cell buses in 2022. Europe has the second 
largest stock, followed by Korea and then the United States.  

Compared to trucks, there are fewer companies producing fuel cell buses, with 
under 20 in CALSTART’s ZETI, though companies often produce a number of 
variations for different applications. Of those, just Foton (China) and Hyzon 
(United States) are producing coaches, and the others manufacturing transit 
buses, with no new models slated for 2023.  

Germany, in particular, has seen a number of stakeholders opt for FCEVs, such 
as Deutsche Bahn, which approved the purchase of 60 fuel cell buses, as well as 
the cities of Weimar and Frankfurt. Other projects are underway in Liverpool in the 
United Kingdom, where the first of 20 planned fuel cell buses came into service in 
2023, and in Brazil and Uruguay where the Chinese manufacturer Higer is trialling 
fuel cell buses. The largest announcements come from Korea, where 700 fuel cell 

 
 

18 For comparison, there were around 650 000 battery electric buses at the end of 2022.  

https://fuelcellsworks.com/news/gp-joule-to-order-100-nikola-tre-fuel-cell-electric-vehicles/?mc_cid=6e3fa770f1&mc_eid=da4624d261
https://hydrogen-central.com/sintef-150-hydrogen-powered-trucks-ready-to-roll-european-roads/
https://fuelcellsworks.com/news/hydrogen-trucks-in-sweden-renova-awards-contract-to-h2x-global/?mc_cid=ad9de15a25&mc_eid=da4624d261
https://fuelcellsworks.com/news/hydrogen-trucks-in-sweden-renova-awards-contract-to-h2x-global/?mc_cid=ad9de15a25&mc_eid=da4624d261
https://fuelcellsworks.com/news/dura-vermeer-will-use-hydrogen-truck-on-projects/?mc_cid=762126b762&mc_eid=da4624d261
https://fuelcellsworks.com/news/scania-to-deliver-fuel-cell-trucks-to-switzerland/?mc_cid=47fbff2b40&mc_eid=da4624d261
https://www.hydrogeninsight.com/transport/shell-launches-pay-as-you-go-hydrogen-truck-scheme-in-germany/2-1-1494057
https://hyundai-hm.com/en/unser-angebot/
https://fuelcellsworks.com/news/15-nikola-tre-fcevs-headed-to-biagi-bros-inc-in-california-in-q4-2023/?mc_cid=6e3fa770f1&mc_eid=da4624d261
https://fuelcellsworks.com/news/15-nikola-tre-fcevs-headed-to-biagi-bros-inc-in-california-in-q4-2023/?mc_cid=6e3fa770f1&mc_eid=da4624d261
https://fuelcellsworks.com/news/hyundai-motor-brings-hydrogen-powered-commercial-trucking-to-israel-with-xcient-fuel-cell/?mc_cid=850deae301&mc_eid=da4624d261
https://hydrogen-central.com/hydrogen-ammonia-compatible-gas-diesel-engine-conversion-kits-hydrofuel-and-technocarb-exclusive/
https://fuelcellsworks.com/news/cmb-tech-launches-its-first-dual-fuel-workshop-to-convert-new-trucks-into-dual-fuel-hydrogen-trucks/?mc_cid=850deae301&mc_eid=da4624d261
https://fuelcellsworks.com/news/cummins-to-reveal-zero-carbon-h2-ice-concept-truck-at-iaa-expo-powered-by-the-b6-7h-hydrogen-engine/?mc_cid=762126b762&mc_eid=da4624d261
https://hydrogen-central.com/cummins-sees-india-launch-pad-hydrogen-engines/
https://hydrogen-central.com/hydrogen-internal-combustion-engine-may-see-faster-commercialisation-than-hydrogen-fuel-cell-electric-girish-wagh-tata-motors/
https://www.livemint.com/companies/news/jcb-eyes-india-for-hydrogen-engines-11694369606607.html
https://www.mbie.govt.nz/dmsdocument/26911-interim-hydrogen-roadmap-pdf
https://globaldrivetozero.org/tools/zeti/
https://fuelcellsworks.com/news/deutsche-bahn-approves-purchase-of-60-hydrogen-buses/?mc_cid=bcc521eb55&mc_eid=da4624d261
https://fuelcellsworks.com/news/weimar-becomes-first-city-with-hydrogen-buses-in-thuringia/?mc_cid=850deae301&mc_eid=da4624d261
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https://www.h2-view.com/story/hydrogen-buses-enter-passenger-service-in-liverpool/
https://fuelcellsworks.com/news/higer-will-have-an-articulated-electric-bus-running-in-brazil-and-uruguay-by-july/?mc_cid=762126b762&mc_eid=da4624d261
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buses will be deployed in Incheon by the end of 2024, and 1 300 in Seoul by 2030, 
partially funded through a subsidy scheme.  

Hydrogen refuelling stations 
Globally, there are around 1 100 hydrogen refuelling stations (HRS)19 in operation 
as of June 2023, with hundreds more stations planned. Of the existing stations, 
well over 300 are in China, with Europe having around 250 HRS and both Korea 
and Japan having around 180 (Figure 2.8). In the United States, the stock of HRS 
has increased by only 10% since 2019. Given that the fleet of FCEVs has 
increased at a higher rate, the ratio of FCEVs to HRS has increased steadily over 
this time frame, reaching almost 240 vehicles per station in June 2023. Since 
2019, the ratio of FCEVs per station in Korea has remained between 140 and 200. 
Other major markets (i.e. China, Japan and Europe) have fewer than 50 FCEVs 
per HRS.  

 Hydrogen refuelling stations by region and ratio of fuel cell electric 
vehicles to refuelling stations, 2019-June 2023 

 
IEA. CC BY 4.0. 

Note: FCEV = fuel cell electric vehicle; RoW = rest of world; US = United States. The number of hydrogen refuelling 
stations refers to both public (retail) and private stations. Includes data until June 2023 for the current year. 
Sources: Advanced Fuel Cells Technology Collaboration Programme, H2stations.org by LBST, International Partnership for 
Hydrogen and Fuel Cells in the Economy and Clean Energy Ministerial Hydrogen Initiative country surveys. 

In 2022, the number of hydrogen refuelling stations surpassed 1 000 for the first time. 

With policy support from the EU Alternative Fuels Infrastructure Regulation, which 
mandates HRS every 200 km along major road networks and in all urban nodes 
from 2030 onwards, there are plans to expand the hydrogen refuelling network in 

 
 

19 This includes only HRS for road mobility applications and excludes refuelling points for non-road applications such as 
forklifts. 
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https://hydrogen-central.com/korea-700-hydrogen-powered-buses-incheon-2024/
https://www.hydrogeninsight.com/transport/south-korean-capital-city-signs-deal-for-1-300-new-hydrogen-buses-by-2026-says-hyundai/2-1-1463347
https://fuelcellsworks.com/news/in-2023-korea-will-provide-16920-hydrogen-vehicles-with-subsidies-of-30m-won-24-4m/?mc_cid=49fd008c93&mc_eid=da4624d261
https://www.h2stations.org/wp-content/uploads/2023-01-21-LBST-HRS-2022-en.pdf
https://www.ieafuelcell.com/index.php?id=2
https://www.h2stations.org/
https://www.consilium.europa.eu/en/press/press-releases/2023/07/25/alternative-fuels-infrastructure-council-adopts-new-law-for-more-recharging-and-refuelling-stations-across-europe/#:%7E:text=hydrogen%20refuelling%20stations%20serving%20both%20cars%20and%20lorries%20must%20be%20deployed%20from%202030%20onwards%20in%20all%20urban%20nodes%20and%20every%20200%20km%20along%20the%20TEN%2DT%20core%20network
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Europe, especially to serve the growing fuel cell truck fleet. TotalEnergies and Air 
Liquide are forming a joint venture to develop heavy-duty HRS focusing on 
Benelux, France and Germany, with the aim of deploying over 100 stations. H2 
Mobility aims to more than double its network by 2030, adding 210 stations across 
Germany and Austria to the existing 90 today. Italy will fund the construction of 
36 HRS. However, there have also been steps backwards in HRS deployment in 
Europe, with Shell closing their three HRS in the United Kingdom. 

In the United States, hydrogen and electric truck-maker Nikola was awarded 
almost USD 42 million to establish 6 HRS in California, each capable of refuelling 
80-100 trucks per day. In 2023, Nikola also launched a 700 bar mobile refueller 
with almost 1 t of storage.  

Despite fewer announcements, the expansion of the HRS network was strongest 
in Asia in 2022, and this will likely be the case again in 2023. For example, SK 
Plug Hyverse, a joint venture between SK E&S and Plug Power, will establish 
around 40 HRS in Korea, while Shanghai, China intends to build 70 HRS by 2025.  

Locating hydrogen refuelling infrastructure at ports opens up the opportunity to 
provide hydrogen to a variety of potential users beyond trucks, such as forklifts 
and container stackers. The Port of Valencia, supported by the H2Ports project, 
provides such an example; elsewhere the Port of Hamburg has contracted Linde 
Engineering to build a compressed hydrogen refuelling station expected to begin 
operations in 2023. Air Products will build a commercial-scale liquid hydrogen 
refuelling station in the Port of Zeebrugge, Belgium. In the United States, ports are 
bidding to receive support to become “clean” hydrogen hubs.  

Manufacturing capacity is scaling up 
To capitalise on growing demand for mobile fuel cells, Hyundai opened its first 
hydrogen fuel cell production facility outside of Korea in 2023, in Guangzhou, 
China. Developments are also being seen in manufacturing of components in 
different regions. For example, Germany-based EKPO will invest in a new 
production site following a large order for bipolar plates. Other announcements 
come from Hexagon Purus, which opened a new hydrogen storage cylinder 
factory in the United States and broke ground on a new smaller factory in Canada. 
Ballard are aiming to reduce the cost of their next generation bipolar plate by up 
to 70% by investing in their Canadian facility, while also planning a membrane 
electrode assembly plant in Shanghai, supplying customers such as Siemens 
Mobility.  

Capacity additions in 2022, together with a revised outlook for FCEV deployment 
in the NZE Scenario, mean that the gap to 2030 continues to close and mobile 
fuel cell manufacturers could meet 70% of what is needed in the NZE Scenario in 
2030 (Figure 2.9).  

https://totalenergies.com/media/news/press-releases/totalenergies-and-air-liquide-join-forces-develop-network-over-100
https://www.bayern-innovativ.de/en/page/h2-mobility-adapts-hydrogen-refueling-station-network-to-payload-vehicles
https://www.bayern-innovativ.de/en/page/h2-mobility-adapts-hydrogen-refueling-station-network-to-payload-vehicles
https://www.hydrogeninsight.com/transport/italian-government-lines-up-more-than-100m-of-funding-for-36-new-hydrogen-fuelling-stations-across-country/2-1-1423501
https://www.hydrogeninsight.com/transport/exclusive-shell-has-quietly-closed-down-all-its-hydrogen-filling-stations-in-the-uk/2-1-1335049
https://www.hydrogen-worldexpo.com/industry_news/nikola-awarded-41-9m-grant-to-build-zero-emission-infrastructure-for-hydrogen-fuel-cell-electric-trucks/?utm_source=https%3a%2f%2fevents.trans-globalevents.com%2fhydrogentechnologylz%2f&utm_medium=email&utm_campaign=Engaged+Newsletter+Campaign+7th+July+2023&utm_term=Nikola+awarded+%2441.9m+grant+to+build+zero-emission+infrastructure+for+hydrogen+fuel+cell+electric+trucks&utm_content=324944&gator_td=SV8c0AMa9vO5n2YHWlRmcyrl7w%2fURadEqFC3NXt7ykuwvgTGX9vAbvvQE7bICNRg9ej7GNXlNPQSZpFPuM2SDYgAGz1iVOcTtaJSzUN54%2bTO03GucJfBk2h6T%2f%2fxqGKJwYPGtVDYMZtVglcsKyPzbA12A4oxTV1KeG1JkCeJVDWpEJ%2brj93k0cKNhojNdfKU
https://www.nikolamotor.com/press_releases/nikola-launches-first-hydrogen-fuel-cell-truck-mobile-fueler-223/
https://www.h2stations.org/wp-content/uploads/2023-01-21-LBST-HRS-2022-en.pdf
https://www.h2stations.org/wp-content/uploads/2023-01-21-LBST-HRS-2022-en.pdf
https://hydrogen-central.com/korea-700-hydrogen-powered-buses-incheon-2024/
https://hydrogen-central.com/korea-700-hydrogen-powered-buses-incheon-2024/
https://fuelcellsworks.com/news/shanghai-gears-up-to-establish-70-hydrogen-refueling-stations-by-2025-fuel-cell-vehicles-to-surpass-10000/
https://www.valenciaport.com/en/the-port-of-valencia-will-carry-out-the-first-hydrogen-test-for-its-refuelling-station/
https://h2ports.eu/
https://www.hafen-hamburg.de/en/press/news/hhla-and-linde-engineering-build-hydrogen-filling-station-in-the-port-of-hamburg/
https://www.hafen-hamburg.de/en/press/news/hhla-and-linde-engineering-build-hydrogen-filling-station-in-the-port-of-hamburg/
https://www.advfn.com/stock-market/NYSE/APD/stock-news/91061377/aers-energy-belgie-selects-air-products-to-build-a
https://www.ttnews.com/articles/ports-la-lb-hydrogen-fuel
https://www.koreatimes.co.kr/www/tech/2023/07/129_352169.html
https://fuelcellsworks.com/news/ekpo-secures-large-scale-contract-for-bipolar-plates-from-global-car-manufacturer/?mc_cid=6496c47104&mc_eid=da4624d261
https://fuelcellsworks.com/news/hexagon-purus-opens-new-hydrogen-cylinder-manufacturing-facility-in-westminster-maryland-usa/?mc_cid=49fd008c93&mc_eid=da4624d261
https://fuelcellsworks.com/news/hexagon-purus-opens-new-hydrogen-cylinder-manufacturing-facility-in-westminster-maryland-usa/?mc_cid=49fd008c93&mc_eid=da4624d261
https://www.globenewswire.com/news-release/2021/08/10/2277584/0/en/Hexagon-Purus-announces-new-manufacturing-facility-in-Kelowna-Canada.html
https://fuelcellsworks.com/news/ballard-announces-plan-to-scale-production-reduce-costs-of-next-generation-bipolar-plates/?mc_cid=877c398b84&mc_eid=da4624d261
https://www.ballard.com/about-ballard/newsroom/news-releases/2022/09/30/ballard-announces-global-manufacturing-strategy-including-plan-to-invest-$130-million-in-mea-manufacturing-facility-and-r-d-center-in-shanghai-china
https://www.ballard.com/about-ballard/newsroom/news-releases/2022/09/22/ballard-receives-order-from-siemens-mobility-to-power-7-trains-and-signs-loi-for-up-to-an-additional-200-modules-over-the-next-six-years
https://www.ballard.com/about-ballard/newsroom/news-releases/2022/09/22/ballard-receives-order-from-siemens-mobility-to-power-7-trains-and-signs-loi-for-up-to-an-additional-200-modules-over-the-next-six-years
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 Mobile fuel cell manufacturing capacity by country/region according to 
announced projects and in the Net Zero Emissions by 2050 Scenario, 
2022-2030 

 
IEA. CC BY 4.0. 

Notes: NZE = Net Zero Emissions by 2050 Scenario; RoW = rest of world. Announced capacity includes existing capacity. 
The manufacturing capacity needed to meet projected demand in the NZE Scenario (NZE demand) is estimated assuming 
a utilisation rate of 85%. NZE residual capacity represents the manufacturing capacity that would remain unused, on 
average, which provides some flexibility to accommodate demand fluctuations. Capacities in 2022 and announced 
capacities include material handling equipment and other transport applications; NZE demand for fuel cells is based on fuel 
cell vehicles only.  
Sources: IEA analysis based on data from E4tech and company announcements. 

Expansion projects indicate a fourfold increase in fuel cell manufacturing for mobility 
applications, reaching 70% of what is needed in 2030 in the NZE Scenario. 

Progress in non-road transport sectors 

Rail  
One of the largest orders for fuel cell trains comes from Italy, which is allocating 
EUR 24 million (~USD 25 million) for rolling stock, and EUR 276 million 
(~USD 290 million) for hydrogen production and supply, with specific lines 
identified and projects to have been completed by June 2026. In Germany, 
Alstom’s hydrogen trains have progressed from trials to deployment, with 36 fuel 
cell trains in operation as of June 2023. They can now travel 1 175 km on a single 
refuel, with a line outside of Hamburg now set to be the first all-hydrogen service. 
Siemens Mobility also received an order for seven hydrogen trains in 2022, with 
deliveries expected by Q3/Q4 2024. Passenger hydrogen trains are also 
beginning trials in Canada, Spain and Japan. Arriva Netherlands launched a 
tender for four to six hydrogen trains, after successfully trialling them in 2020.  
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https://www.hydrogeninsight.com/transport/italy-allocates-300m-to-new-hydrogen-trains-and-associated-green-h2-projects/2-1-1431505
https://fuelcellsworks.com/news/alstoms-coradia-ilint-successfully-travels-1175-km-without-refueling-its-hydrogen-tank/?mc_cid=762126b762&mc_eid=da4624d261
https://hydrogen-central.com/germany-train-line-switching-fully-hydrogen/
https://www.railway-technology.com/projects/siemens-mireo-plus-h/#:%7E:text=Niederbarnimer%20Eisenbahn%20(NEB)%2C%20a,in%20December%20the%20same%20year.
https://www.hydrogenfuelnews.com/hydrogen-train-quebec-first/8559353/
https://hydrogen-central.com/demonstrator-train-fch2rail-project-first-hydrogen-train-run-tests-spanish-railway-network/
https://asia.nikkei.com/Business/Transportation/Japan-s-first-hydrogen-hybrid-train-gears-up-for-trial-runs
https://fuelcellsworks.com/news/arriva-netherlands-launches-tender-for-hydrogen-trains/?mc_cid=ad9de15a25&mc_eid=da4624d261
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Hydrogen is also progressing in freight: Canadian Pacific used a hydrogen-
powered locomotive on a commercial run in November 2022, and China also saw 
its first domestic use of hydrogen in rail starting with freight.  

However, several stakeholders who previously committed to hydrogen have 
instead opted for electric trains, citing lower operating costs.  

Shipping  
The Global Maritime Forum has identified pilot and demonstration projects for 
zero-emission vessel technologies, of which over 50 each focus on ammonia 
combustion and hydrogen fuel cells, 30 on methanol and 25 on hydrogen 
combustion. In terms of numbers of Approvals in Principle20, ammonia vessel 
designs have seen the most progress over 2022 and 2023.  

In July 2023, the European Union adopted a new regulation, FuelEU maritime, to 
increase use of low-carbon fuels in shipping with special incentives for non-
biological fuels such as from low-carbon hydrogen.  

In March 2023, the first liquid hydrogen ferry, the MF Hydra, began operation in 
Norway, using zero-emission hydrogen, and PowerCell signed an agreement to 
provide their fuel cell system to two additional ferries in Norway set to be delivered 
in late 2024. In the same month, another hydrogen ferry, the Sea Change, became 
the first commercial maritime boat in the United States to be powered by hydrogen 
fuel cells. A hydrogen-powered barge was launched in the Netherlands, with a 
second retrofit underway. In addition, Damen Shipyards will produce two 
hydrogen-powered vessels for use in offshore wind farm construction, which are 
set to be delivered in 2025.  

Aviation  
Sustainable aviation fuels (SAFs), including low-emission hydrogen-based fuels 
such as synthetic kerosene, are at the highest levels of technology readiness 
compared with other potential solutions for aviation decarbonisation. Synthetic 
kerosene is a drop-in fuel that can directly replace fossil jet fuel without any 
technology switch. This can facilitate its uptake, since technology barriers are 
small and there are already some off-take agreements in place by aviation 
companies (see Creating demand for low-emission hydrogen). However, its high 
production cost is still a very significant barrier, which limits the scale of uptake 
and hinders project developers from taking FIDs (see the Chapter 3 Hydrogen 
production). In April 2023, the European Union provisionally agreed to implement 
ReFuelEU, an initiative aimed at decarbonising the aviation sector. The proposal 

 
 

20 As stated in the report by the Global Maritime Forum, ““Approval in Principle” refers to the evaluation and approval of a 
concept in its initial design stages, confirming its technical feasibility and moving it into further development stages.” 

https://fuelcellsworks.com/news/canadian-pacific-hydrogen-powered-locomotive-makes-first-revenue-run/
https://m.bjx.com.cn/mnews/20220929/1258212.shtml?utm_campaign=China%20Clean%20Energy%20Syndicate%20&utm_medium=email&utm_source=Revue%20newsletter
https://www.hydrogeninsight.com/transport/no-more-hydrogen-trains-rail-company-that-launched-worlds-first-h2-line-last-year-opts-for-all-electric-future/2-1-1495801
https://www.globalmaritimeforum.org/content/2023/05/Getting-to-Zero-Coalition_Mapping-of-Zero-Emission-Pilots-and-Demonstration-Projects_Fourth-edition.pdf
https://www.consilium.europa.eu/en/press/press-releases/2023/07/25/fueleu-maritime-initiative-council-adopts-new-law-to-decarbonise-the-maritime-sector/
https://www.offshore-energy.biz/watch-mf-hydra-starts-worlds-first-voyage-on-emission-free-liquid-hydrogen/
https://powercellgroup.com/press-releases/powercell-signs-agreement-for-deliveries-to-norwegian-state-ferries-valued-at-eur-19-2-million/
https://www.latimes.com/california/story/2023-03-13/new-zero-emissions-ferry-to-begin-operating-in-san-francisco
https://www.offshore-energy.biz/future-proof-shipping-launches-1st-hydrogen-powered-inland-containership/
https://www.offshore-energy.biz/fps-waal-says-goodbye-to-diesel-ready-to-embrace-hydrogen-as-future-fuel/
https://fuelcellsworks.com/news/windcat-and-damen-shipyards-to-develop-two-hydrogen-powered-csovs/?mc_cid=ad9de15a25&mc_eid=da4624d261
https://www.consilium.europa.eu/en/press/press-releases/2023/04/25/council-and-parliament-agree-to-decarbonise-the-aviation-sector/
https://www.globalmaritimeforum.org/content/2023/05/Getting-to-Zero-Coalition_Mapping-of-Zero-Emission-Pilots-and-Demonstration-Projects_Fourth-edition.pdf
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includes a sub-mandate on the use of synthetic fuels, including synthetic 
kerosene. 

Most announcements regarding the direct use of hydrogen come from newer 
entrants, such as Universal Hydrogen, which successfully completed a hydrogen 
powered flight in 2023, and ZeroAvia, which continues testing and advancing its 
hydrogen powertrain, and is also partnering with Absolut Hydrogen to develop 
liquid hydrogen refuelling infrastructure by 2027. Cranfield Aerospace Solutions 
and aircraft manufacturer Britten-Norman have announced the intention to merge 
their operations with the aim of creating the world's first fully integrated, zero-
emission sub-regional aircraft for entry into service in 2026. Other companies 
advancing this technology in 2022 were Avio Aero, and H2Fly.  

More established players such as Airbus are developing innovative cryogenic 
hydrogen tanks and, in a joint venture with Safran, are developing hydrogen 
refuelling facilities at Toulouse for their ZEROe aircraft. Meanwhile, Rolls-Royce 
has continued testing hydrogen jet engines.  

With respect to commercial agreements, the establishment of a memorandum of 
understanding (MoU) for a “hydrogen flight corridor” between Hamburg and 
Rotterdam paves the way for hydrogen flights as early as 2026. Unmanned cargo 
aircraft company Dymond Aerospace signed an MoU for 200 hydrogen-powered 
motors from Duxion Motors; and ZeroAvia have received orders for 
250 powertrains for US regional airline Air Cahana in California.  

Other applications 
The use of fuel cell material handling equipment (e.g. forklifts) has continued to 
expand. For example, at the end of 2022 there were over 60 000 fuel cell forklifts 
in operation in the United States, compared to around 50 000 the previous year. 

Hydrogen applications in mining trucks are gaining momentum, with 120 kW 
proton exchange membrane (PEM) fuel cells and hydrogen-electric conversion of 
2 wheeled excavators by zepp.solutions being deployed in India. Ballard are also 
supplying fuel cells for retrofitting mining trucks, receiving orders in March and 
June of 2023. JCB has had its hydrogen-powered digger approved by the UK 
government and it will be seen on construction sites in 2023.  

Hydrogen continues to be an attractive option for various port operations, with 
recent examples including testing of a hydrogen fuel cell container stacker at the 
Port of Los Angeles in late 2022 and launch of the world’s first hydrogen dual-fuel 
straddle carrier at the Port of Antwerp in March 2023. The Port of Aberdeen will 
investigate liquid hydrogen-fuelled autonomous cargo ships in 2024. 

More niche applications are also being investigated, as Kawasaki, Suzuki, Honda 
and Yamaha have formed the Hydrogen Small mobility and Engine technology 

https://www.businesswire.com/news/home/20230302005768/en/Universal-Hydrogen-Successfully-Completes-First-Flight-of-Hydrogen-Regional-Airliner
https://www.businesswire.com/news/home/20230302005768/en/Universal-Hydrogen-Successfully-Completes-First-Flight-of-Hydrogen-Regional-Airliner
https://zeroavia.com/flight-testing/
https://fuelcellsworks.com/news/zeroavia-and-absolut-hydrogen-partner-to-develop-liquid-hydrogen-refueling-infrastructure-for-aircraft-operations/?mc_cid=12e0faa137&mc_eid=da4624d261
https://cranfieldaerospace.com/caes-and-britten-norman-sign-heads-of-terms-agreement/
https://cranfieldaerospace.com/caes-and-britten-norman-sign-heads-of-terms-agreement/
https://www.avioaero.com/en/media/media-releases/avio-aero-launches-hybrid-electric-technology-demonstration-program-in-europe
https://fuelcellsworks.com/news/h2fly-and-partners-mark-a-significant-step-toward-zero-emission-commercial-flight-following-developments-of-liquid-tank-integration/?mc_cid=47fbff2b40&mc_eid=da4624d261
https://hydrogen-central.com/airbus-developing-innovative-cryogenic-tanks-make-hydrogen-powered-flight-reality/
https://fuelcellsworks.com/news/airbus-and-arianegroup-to-pioneer-liquid-hydrogen-technology/?mc_cid=ad9de15a25&mc_eid=da4624d261
https://fuelcellsworks.com/news/airbus-and-arianegroup-to-pioneer-liquid-hydrogen-technology/?mc_cid=ad9de15a25&mc_eid=da4624d261
https://www.bbc.com/news/business-63758937
https://www.h2-view.com/story/hydrogen-flight-corridor-to-be-established-between-hamburg-and-rotterdam/
https://fuelcellsworks.com/news/hydrogen-fuel-cell-flights-duxion-signs-500-million-cad-memorandum-of-understanding-for-ejet-motor-order/?mc_cid=762126b762&mc_eid=da4624d261
https://fuelcellsworks.com/news/californias-air-cahana-orders-250-hydrogen-electric-powertrains-from-zeroavia-for-regional-us-flights/?mc_cid=5df216986d&mc_eid=da4624d261
https://fuelcellsworks.com/news/gaussin-and-symbio-enter-into-a-strategic-partnership-to-accelerate-the-development-of-gaussins-hydrogen-logistics-equipment-range/?mc_cid=a80ca13255&mc_eid=da4624d261
https://www.hydrogen.energy.gov/pdfs/review23/plenary1_satyapal_2023_o.pdf
https://swarajyamag.com/infrastructure/in-a-first-in-asia-adani-to-deploy-hydrogen-powered-trucks-for-mining
https://fuelcellsworks.com/news/zepp-solutions-fuel-cell-systems-used-in-conversion-of-two-liebherr-excavators/?mc_cid=5bfaf55d17&mc_eid=da4624d261
https://fuelcellsworks.com/news/ballard-first-mode-sign-order-for-30-additional-hydrogen-fuel-cells-for-diesel-free-mining-trucks/?mc_cid=44d2eee315&mc_eid=da4624d261
https://fuelcellsworks.com/news/ballard-first-mode-sign-order-for-60-additional-hydrogen-fuel-cell-modules-for-zero-emission-mining-trucks/?mc_cid=ff2ec41b16&mc_eid=da4624d261
https://fuelcellsworks.com/news/worlds-first-hydrogen-powered-digger-set-to-drive-on-uk-roads/?mc_cid=7c02bba89a&mc_eid=da4624d261
https://fuelcellsworks.com/news/nuvera-powers-fuel-cell-shipping-container-handler-at-the-port-of-los-angeles/?mc_cid=47fbff2b40&mc_eid=da4624d261
https://www.offshore-energy.biz/ats-and-cmb-tech-roll-out-worlds-1st-hydrogen-powered-straddle-carrier/
https://www.heraldscotland.com/business_hq/23343239.port-aberdeen-launch-green-hydrogen-autonomous-ships/
https://www.globalsuzuki.com/globalnews/2023/0517.html
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(HySE) group to develop engines for motorcycles, construction equipment, drones 
and other applications.  

Buildings  
The contribution of hydrogen to meeting energy demand in the buildings sector 
remains negligible, with no significant development in 2022. As part of efforts to 
meet climate goals, there is a need to shift the use of fossil fuels in buildings 
towards low-carbon alternatives, but options such as electrification via heat 
pumps, district heating, and distributed renewables appear to be well ahead of 
hydrogen technologies. The use of hydrogen for decarbonisation in the buildings 
sector is therefore negligible in the NZE Scenario (hydrogen use reaches slightly 
over 1 Mt by 2030, 0.14% of total energy demand in the sector). Under current 
policies (in the IEA Stated Policies Scenario, [STEPS])21, global hydrogen use in 
buildings reaches just 0.03 Mt by 2030. 

Hydrogen use in buildings can contribute to some niche applications, such as 
heating old and poorly insulated buildings already connected to a natural gas grid 
in cold environments. However, due to the energy losses associated with 
hydrogen conversion, transport and use, hydrogen technologies for use in 
buildings are much less efficient than other available options, and they require 
new or repurposed infrastructure and devices. For instance, electric heat pumps 
require five to six times less electricity than a boiler running on electrolytic 
hydrogen to provide the same amount of heating. 

There has been little progress in 2022 on the deployment of buildings technologies 
that might run on hydrogen. Currently, fuel cells in the building sector experienced 
modest market growth in the past few years, are installed for the most part in 
Europe, Japan, Korea and United States and predominantly run on fossil fuels 
(Figure 2.10). In Japan, thanks to the ENE-FARM project, the stock of deployed 
fuel cell micro-combined heat and power (CHP) units surpassed 450 000 at end-
2022. Across various system sizes of stationary fuel cells, in 2022 the United 
States had installed capacity of around 600 MW, Japan about 315 MW, Europe 
around 230 MW and Korea about 20 MW. 

  

 
 

21 Projections for the STEPS Scenario in this Global Hydrogen Review 2023 are based on modelling results derived from the 
most recent data and information available from governments, institutions, companies and other sources, as of July 2023. 
Updates will be included in the World Energy Outlook 2023 to be published in October 2023. 

https://www.iea.org/reports/global-hydrogen-review-2021
https://www.enecho.meti.go.jp/about/pamphlet/energy2022/006/#:%7E:text=%E6%B0%B4%E7%B4%A0%E3%82%92%E6%B4%BB%E7%94%A8%E3%81%99%E3%82%8B%E5%AE%B6%E5%BA%AD,%E3%81%8C%E6%99%AE%E5%8F%8A%E3%81%97%E3%81%A6%E3%81%84%E3%81%BE%E3%81%99%E3%80%82
https://www.enecho.meti.go.jp/about/pamphlet/energy2022/006/#:%7E:text=%E6%B0%B4%E7%B4%A0%E3%82%92%E6%B4%BB%E7%94%A8%E3%81%99%E3%82%8B%E5%AE%B6%E5%BA%AD,%E3%81%8C%E6%99%AE%E5%8F%8A%E3%81%97%E3%81%A6%E3%81%84%E3%81%BE%E3%81%99%E3%80%82
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 Fuel cell stock by region, 2021-2022, and hydrogen use in buildings in the 
Net Zero Emissions by 2050 Scenario, 2021-2050 

 

 
IEA. CC BY 4.0. 

Notes: H2 = Hydrogen. The average fuel cell in Japan is assumed to be around 700 Watts.  
Sources: IEA analysis based on International Partnership for Hydrogen and Fuel Cells in the Economy and Clean Energy 
Ministerial Hydrogen Initiative country surveys, Japan's Ministry of Economy, Trade and Industry, Fuel cells and Hydrogen 
Observatory and Fuel Cell & Hydrogen Energy Association. 

Fuel cell deployment in buildings showed very limited progress in 2022, with most fuel cells 
still running on natural gas. 

Advances in the use of pure hydrogen in buildings are limited to small pilots and 
demonstration projects. For example, in Lochem, the Netherlands, a pilot was 
started at the end of 2022 in which 12 historic homes were connected to a 
hydrogen supply and had hydrogen boilers installed to provide heating. In 2023, 
in Stad aan’t Haringvliet, more than three-quarters of residents voted in favour of 
switching their heating systems from natural gas to “green” hydrogen22. However, 
some of these pilots face low social acceptance. In July 2023, the UK government 
abandoned plans for a trial to transition the natural gas network to hydrogen in 
Whitby, Cheshire, citing a lack of community backing as the primary reason. 

The potential use of hydrogen in buildings is vaguely mentioned in multiple 
national hydrogen strategies or plans. Only Japan has set a concrete target, with 
5.3 million micro-CHP fuel cells to be installed by 2030. However, micro-CHP fuel 
cells can use other fuels, and the target does not explicitly require the equipment 
to run on hydrogen. 

 
 

22 See Explanatory notes annex for the use of the term “green” hydrogen in this report. 
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https://www.fchobservatory.eu/observatory/technology-and-market/fc-market
https://www.fchobservatory.eu/observatory/technology-and-market/fc-market
https://www.fchea.org/
https://www.bdrthermeagroup.com/en/stories/bdr-thermea-hydrogen-pilot-lochem
https://www.bdrthermeagroup.com/en/stories/bdr-thermea-hydrogen-pilot-lochem
https://www.hydrogeninsight.com/innovation/world-first-dutch-city-votes-to-switch-its-heating-from-natural-gas-to-green-hydrogen/2-1-1479452
https://www.bbc.com/news/uk-england-merseyside-66165484
https://www.bbc.com/news/uk-england-merseyside-66165484
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Electricity generation  
Hydrogen as fuel in the power sector is virtually non-existent today, with a share 
of less than 0.2% in the global electricity generation mix (and largely not from pure 
hydrogen, but mixed gases containing hydrogen from steel production, refineries 
or petrochemical plants). 

Technologies to use pure hydrogen for electricity generation are commercially 
available today, with some designs of fuel cells, internal combustion engines (ICE) 
and gas turbines able to run on hydrogen-rich gases or even pure hydrogen. Using 
hydrogen in the form of ammonia could be another option for electricity generation. 
Co-firing of ammonia in coal-fired power plants has been successfully 
demonstrated in trials in Japan and China. Ammonia could also become a fuel for 
gas turbines. The direct use of 100% ammonia was successfully demonstrated in 
a 2 MW gas turbine in 2022 in Japan, with efforts underway to develop a 40 MW 
turbine for pure ammonia use.  

While the use of hydrogen and ammonia can reduce CO2 emissions in power 
generation, nitrogen oxides (NOx) emissions are a concern. Modern gas turbines 
today use dry low NOx technologies to manage NOx emissions, allowing hydrogen 
co-firing shares of 30-60% (in volumetric terms)23 depending on the burner design 
and combustion strategies implemented. R&D activities are underway to develop 
dry low NOx gas turbines that can handle the full hydrogen blending range of up 
to 100%. For NOx emissions from ammonia, flue gas treatment technologies such 
as selective catalytic reduction are available and already established for coal 
power plants. Ammonia combustion can also lead to nitrous oxide (N2O) 
emissions, a strong GHG, but in the 2 MW demonstration project in Japan it was 
possible to reduce overall GHG emissions (CO2 and N2O combined) of the 
ammonia-fired gas turbine by 99% compared to a gas turbine using natural gas. 

Projects using hydrogen and ammonia in electricity 
generation 

Interest in using hydrogen or ammonia as a fuel in the power sector has been 
growing over the past few years. Several utilities in North America, Europe and 
the Asia-Pacific region are exploring the possibility to co-fire hydrogen with natural 
gas in combined-cycle or open-cycle gas turbines. In Asia, several projects have 
been announced to explore the use of ammonia in coal-fired power plants. In the 
near-term, the use of hydrogen and ammonia can reduce the emissions from 
existing plants, while in the longer term power plants running entirely on hydrogen 
or ammonia can provide flexibility to the electricity system, in combination with 

 
 

23 Volumetric hydrogen co-firing share of 30% and 60% with natural gas corresponds in energy terms (lower heating values) 
to shares of 11% and 31%, respectively. If not stated otherwise, hydrogen shares are on a volumetric basis. 

https://www.ihi.co.jp/en/all_news/2022/resources_energy_environment/1197938_3488.html
https://power.mhi.com/news/20210301.html
https://power.mhi.com/news/20210301.html
https://www.euturbines.eu/
https://www.euturbines.eu/
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large-scale hydrogen storage. Projects to combine hydrogen production from 
renewable electricity with large-scale hydrogen storage for subsequent 
reconversion of part of the electricity are under development. For example, in the 
United States (Advanced Clean Energy Storage and IPP Renewed), gas turbines 
were delivered in 2022 for a new 840 MW combined-cycle power plant with a 
hydrogen co-firing share of 30% at start-up in 2025. In the United Kingdom 
(Saltend), a project aims to refurbish an existing 1 200 MW natural gas-fired 
combined heat and power plant for 30% hydrogen co-firing by 2027. 

The announced projects using hydrogen and ammonia in the power sector could 
result in an installed capacity of 5 800 MW by 2030, an increase of 65% compared 
to the corresponding capacity identified in the GHR 2022 (Figure 2.11).24 Around 
70% of the projects are linked to hydrogen use in open-cycle or combined-cycle 
gas turbines, while the use of hydrogen in fuel cells accounts for 10% and the co-
firing of ammonia in coal-fired power plants for 3% of the capacity of announced 
projects. Regionally, these projects are principally located in the Asia-Pacific 
region (39%), Europe (36%) and North America (25%). 

 Capacity in power generation using hydrogen and ammonia by region, 
historical and from announced projects, 2019-2030 

 
IEA. CC BY 4.0. 

Note: Values for 2023 are estimates, assuming plants with an announced start date in 2023 actually start operation in 
2023. 

Hydrogen and ammonia-fired power generation capacity could approach 5 800 MW by 2030 
based on project announcements, principally from hydrogen co-fired in combined-cycle 
gas turbines. 

 
 

24 In the case of co-firing hydrogen or ammonia, the capacity corresponds to the total installed capacity multiplied by the co-
firing share in energy terms. 
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https://www.ipautah.com/ipp-renewed/
https://www.equinor.com/news/20220628-acquire-triton-power-prepare-transition-hydrogen
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In addition, several utilities announced plans to build new gas power plants or to 
upgrade existing gas power plants to be H2-ready, i.e. able to co-fire a certain 
share of hydrogen. In most cases, concrete dates for starting co-firing have not 
been announced. The hydrogen share of this H2-ready announced capacity would 
correspond to 3 400 MW, although this number most likely represents a lower 
range, based on projects for which information on the hydrogen co-firing capability 
has been released. Other new planned gas-fired power plants are also likely to be 
able to co-fire a certain amount of hydrogen, but no information has been made 
available. Similarly, existing gas-fired power plants are also able to handle certain 
shares of hydrogen, varying from 10% to 100%, depending on the gas turbine 
design.25 Based on available information on the installed existing gas turbines and 
their maximum hydrogen blending shares from gas turbine manufacturers, the 
hydrogen-fired capacity from existing gas turbines could amount to more than 
70 GW globally26. Again, this represents a lower bound, since detailed information 
was only available for 465 GW of the existing gas-fired capacity.  

In addition to the growing number of announced projects, several demonstration 
projects have made progress since the GHR 2022, particularly in Asia: 

• In July 2023, in Korea, Hanwha Impact achieved a 60% hydrogen co-firing share 
in an 80 MW gas turbine, the largest share to date in mid-to-large gas turbines.  

• In Austria, first trials of co-firing hydrogen in an existing 395 MW gas-fired 
combined heat and power plant started in July 2023, with the goal to achieve a 
15% hydrogen co-firing share in continuous operation.  

• In the United States, a 38% hydrogen co-firing share was demonstrated in 2023 
at an existing 753 MW combined-cycle power plant.  

• For ICEs, earlier this year the manufacturer Wartsilä, together with WEC Energy, 
demonstrated a 25% hydrogen co-firing share in an unmodified ICE. New ICEs 
able to run on pure hydrogen are already offered by manufacturers. 

• The Japanese utility JERA moved forward plans by one year to start the 20% co-
firing of ammonia at its Hekinan coal power plant in the fiscal year 2023 (ending 
March 2024).  

• In April 2023 the utility Kyushu (Japan) started ammonia co-firing trials at a 
700 MW unit of its Reihoku coal power plant. 

• In China, the Anhui Province Energy Group has completed trials of 10-35% co-
firing of ammonia at a 300 MW unit of its Wanneng Tongling coal power plant over 
a 3-month period. The company plans further trials of 50% ammonia co-firing at a 
1 GW coal unit.  

 
 

25 Other factors, such as the capability of the gas supply pipes and valves to handle certain hydrogen blending shares are 
not considered here, but are, of course, critical to assessing specific plants. 
26 Derived by taking the maximum co-firing share multiplied by the total capacity for individual plants. 

https://www.hydrogeninsight.com/power/-world-record-south-korean-firm-blends-nearly-60-hydrogen-in-its-80mw-gas-turbine/2-1-1472878
https://www.pv-magazine.de/2023/07/14/wienenergie-und-partner-starten-testlauf-mit-wasserstoff-im-gaskraftwerk/
https://www.constellationenergy.com/newsroom/2023/Constellation-sets-industry-record-for-blending-hydrogen-with-natural-gas-to-further-reduce-emissions.html
https://fuelcellsworks.com/news/wartsila-and-wec-energy-group-successfully-conduct-hydrogen-blend-tests-on-unmodified-wartsila-engine/?mc_cid=6496c47104&mc_eid=da4624d261
https://www.innio.com/en/news-media/press-releases/innio-jenbacher-gas-engines-ready-for-hydrogen
https://lngprime.com/asia/jera-accelerates-ammonia-co-firing-plans-at-hekinan-coal-power-plant/53140/
https://lngprime.com/asia/jera-accelerates-ammonia-co-firing-plans-at-hekinan-coal-power-plant/53140/
https://www.kyuden.co.jp/press_h230407-1.html
https://www.kyuden.co.jp/press_h230407-1.html
http://www.wenergy.com.cn/xwzx/jtyw/content.jsp?id=80396
http://www.wenergy.com.cn/xwzx/jtyw/content.jsp?id=80396
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1141549/hydrogen_readiness_report.pdf
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• The State Power Investment Corporation (China) is working on a demonstration 
project to test pure hydrogen firing in a 1.7 MW gas turbine by the end of 2023. 

Policy developments for hydrogen in the power sector 
Since the release of the GHR 2022, several countries have announced or updated 
policies or targets for the use of hydrogen and ammonia in the power sector. In 
June 2023, Japan reconfirmed its commitment to the use of hydrogen and 
ammonia in the power sector in an amendment to its Basic Hydrogen Strategy 
from 2017. By 2030, Japan aims to demonstrate 30% co-firing of hydrogen in large 
gas turbines and 50% ammonia co-firing in coal power plants. In 2021, Japan set 
in its 6th Strategic Energy Plan the goal that hydrogen and ammonia should cover 
1% of the electricity generation in 2030. Japan also announced in 2023 plans to 
hold capacity auctions for low-emission power technologies, with first auctions to 
start by October 2023, and to include existing coal power plants to be retrofitted 
for co-firing ammonia and the blending of hydrogen in new or existing gas-fired 
power plants. 

In early 2023, Korea presented its 10th Basic Energy Plan for Electricity Supply 
and Demand, which provides revised targets27 for 2030 of 13 TWh of electricity 
generation from co-firing of hydrogen and ammonia at existing gas and coal power 
plants, and 16 TWh stationary fuel cells using natural gas or hydrogen. For 2036, 
the plan foresees electricity generation of 47 TWh from hydrogen and ammonia. 
Korea also announced auctions for electricity generated from hydrogen.28 A first 
tender for 650 GWh for electricity generated from hydrogen, without any 
constraints on the emission intensities, was launched in June 2023 for delivery in 
2025, with five power plants winning the tender and 715 GWh in total being 
awarded. A second tender over 650 GWh will open in October 2023. Tenders for 
“clean” hydrogen are planned for 2024 for delivery in 2027, at a volume of 3 000-
3 500 GWh. On the technology side, Korea aims to achieve 50% hydrogen co-
firing in gas turbines and 20% ammonia co-firing in coal power plants by 2025.29 
In the longer term, the goal is to develop technologies allowing for 100% hydrogen 
firing in gas turbines and 50% ammonia co-firing in coal power plants. 

Viet Nam set in its Power Development Master Plan VIII long-term goals for the 
use of hydrogen in the power sector, aiming to reach hydrogen-fired capacity of 
around 23-28 GW (4.5-5% of total capacity) by 2050, by converting gas-fired 
power plants from domestic natural gas or liquefied natural gas to hydrogen. 
Ammonia is also mentioned as an option to reach the phase-out of coal-fired 
power generation by 2050, but without any specific targets.  

 
 

27 Argus direct (2023), South Korea commits more funds to H2, slashes targets.  
28 Argus direct (2023), S Korea on track to open hydrogen power bidding market.  
29 Ibid. 

https://cn-heipa.com/newsinfo/4464573.html
https://www.meti.go.jp/shingikai/enecho/shoene_shinene/suiso_seisaku/pdf/20230606_5.pdf
https://www.meti.go.jp/shingikai/enecho/shoene_shinene/suiso_seisaku/pdf/20230606_5.pdf
https://www.enecho.meti.go.jp/en/category/others/basic_plan/pdf/6th_outline.pdf
https://www.meti.go.jp/shingikai/enecho/denryoku_gas/denryoku_gas/seido_kento/pdf/077_03_01.pdf
https://www.2050cnc.go.kr/download/BOARD_ATTACH?storageNo=1550
https://www.2050cnc.go.kr/download/BOARD_ATTACH?storageNo=1550
https://direct.argusmedia.com/newsandanalysis/article/2414836
https://direct.argusmedia.com/newsandanalysis/article/2432689
https://koreajoongangdaily.joins.com/2023/06/09/business/industry/Korea-hydrogen/20230609161913503.html
https://www.kpx.or.kr/board.es?mid=a11201000000&bid=0042&act=view&list_no=70241
https://www.hydrogeninsight.com/power/south-korea-tenders-for-650gwh-of-power-generation-from-polluting-grey-hydrogen/2-1-1509833
https://direct.argusmedia.com/newsandanalysis/article/2432689
https://direct.argusmedia.com/newsandanalysis/article/2432689
https://www.wfw.com/articles/vietnamese-government-approves-power-development-master-plan-viii/
https://www.wfw.com/articles/vietnamese-government-approves-power-development-master-plan-viii/
https://direct.argusmedia.com/newsandanalysis/article/2414836
https://www.argusmedia.com/en/news/2432689-s-korea-on-track-to-open-hydrogen-power-bidding-market
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In the United States, in 2023 the Environmental Protection Agency (EPA) 
proposed new standards for CO2 emissions from combustion turbines. The 
standards will evolve over time and offer several options for compliance. The use 
of 30% hydrogen blends in turbines with intermediate- to high-capacity factors is 
proposed as a compliance option for 2032. 

In Mexico, the energy ministry sets in its 2023-2037 national electricity system 
development program the goal to increase the share of hydrogen in the fuel input 
mix combined-cycle gas turbine (CCGT) plants to 30% by 2036, supported by 
converting 1 024 MW of CCGT capacity to being able to co-fire 30% of hydrogen 
by 2036.  

In the amendment to its Combined Heat and Power (CHP) Act, Germany links 
incentives to the requirement that new CHP plants with an electrical capacity 
above 10 MW have to be H2-ready, with conversion costs not exceeding 10% of 
the costs for building a similar new plant. A strategy for the power sector is being 
prepared by the German government, including the requirement that new gas 
power plants have to be H2-ready. In addition, the government plans three tenders 
for hydrogen power plants and convertible or H2-ready power plants. The first two 
tenders, each for a capacity of 4.4 GW, are for plants directly running on hydrogen, 
and will be supported through the German Renewable Energy Act, while the third 
tender of 15 GW is for new or existing power plants, which can initially run on 
natural gas, but must switch to hydrogen by 2035. One of the 4.4 GW tenders is 
for innovative concepts combining renewable electricity generation with hydrogen 
production and storage and reconversion into electricity.  

Creating demand for low-emission hydrogen 
In the quest to scale up the production of low-emission hydrogen, uncertainty 
surrounding its future demand has been identified by market players as a major 
obstacle. This is compounded by the higher production cost for low-emission 
hydrogen compared with hydrogen from unabated fossil fuels, the lack of 
infrastructure to deliver hydrogen to end-users, and the lack of clarity around 
regulation and certification. All these barriers are interconnected and cannot be 
addressed in isolation or sequentially, but rather must be tackled in a co-ordinated 
manner. For example, a programme to support project developers to reduce the 
cost gap between the production of low-emission hydrogen and the cost of 
incumbent unabated fossil fuel-based hydrogen may not be successful in bringing 
projects to market if the regulatory framework is unclear and developers struggle 
to demonstrate regulatory compliance, or if there is no demand from end-users 
and the developers struggle to find off-takers. 

Significant efforts have been undertaken to develop programmes to support low-
emission hydrogen production (such as the Important Projects of Common 

https://www.epa.gov/system/files/documents/2023-05/111%20Power%20Plants%20Stakeholder%20Presentation2_4.pdf
http://base.energia.gob.mx/PRODESEN2023/Capitulo4.pdf
http://base.energia.gob.mx/PRODESEN2023/Capitulo4.pdf
https://www.gesetze-im-internet.de/kwkg_2016/
https://www.bmwk.de/Redaktion/DE/Pressemitteilungen/2023/08/20230801-rahmen-fuer-die-kraftwerksstrategie-steht.html
https://www.bmwk.de/Redaktion/DE/Pressemitteilungen/2023/08/20230801-rahmen-fuer-die-kraftwerksstrategie-steht.html
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European Interest [IPCEI] in the European Union, the Low Carbon Hydrogen 
Business Model in the United Kingdom or the Clean Hydrogen Production Tax 
Credit in the United States) and regulations.  

Infrastructure development has only come into the policy debate very recently, 
with most efforts taking place in Europe, where European transmission system 
operators have started to plan the development of hydrogen infrastructure through 
the European Hydrogen Backbone initiative. Activity intensified after Russia’s 
invasion of Ukraine, when European countries started developing new gas 
infrastructure to diversify supply away from Russian gas. This drew attention to 
the need to carefully consider how any new gas-related infrastructure could 
potentially support the future development of hydrogen in the context of climate 
ambitions. 

On the demand side, measures to stimulate hydrogen demand have also only 
recently started to attract policy attention. Without robust demand, there is no 
market, and the viability of the entire low-emission hydrogen industry is 
jeopardised. For project developers, securing off-takers for their product is 
imperative, as it directly impacts their ability to attract investors and maintain 
favourable return rates. Realising the massive pipeline of announced projects 
dedicated to low-emission hydrogen production will depend on meeting the 
challenge of stimulating demand to scale up production and decrease costs. 

In this section we explore the current outlook for low-emission hydrogen demand, 
starting with options for creating demand in both existing and new applications. 
Then we assess the demand that can be created through the plans and efforts 
being made by governments and the private sector. Finally, we present some 
options to stimulate low-emission hydrogen demand and close the gap between 
existing efforts and what is needed to get on track with the NZE Scenario. 

A two-pronged approach to creating demand for low-
emission hydrogen 

Switching to low-emission hydrogen in existing applications 
The first priority is to switch the existing demand for hydrogen in industry and 
refining from using unabated fossil-based hydrogen to low-emission hydrogen. 
Replacing existing dedicated hydrogen production using unabated fossil fuels 
(80 Mt)30 with production using water electrolysis would require deploying about 
730-940 GW of electrolysis capacity, while retrofitting all existing production 

 
 

30 Dedicated hydrogen production accounted for 80 Mt in 2022, with the remaining 15 Mt being produced as a by-product. 
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assets with CCUS would require a CO2 capture capacity of 710- 880 Mt per year31. 
This underscores the tremendous opportunity to scale up low-emission hydrogen 
production by replacing existing hydrogen demand.  

This substitution involves a like-for-like replacement, so has limited technical 
challenges. However, it is hindered by the higher cost of low-emission hydrogen, 
especially given that most of the supply from unabated fossil fuels is from existing 
plants operating on a marginal cost basis. Closing the cost gap to facilitate the 
creation of demand for low-emission hydrogen in these applications – including 
equipping existing hydrogen units with high levels of CCUS – requires one of two 
options, or a combination of both: 

• One option would be to apply a sustained, elevated carbon price that raises costs 
for all hydrogen users, but by a lower amount for users of low-emission hydrogen. 
If all users face higher costs, it would be easier to pass them on to consumers 
and, in many cases, hydrogen costs are not a large component of total production 
costs. However, only about 23% of global GHG emissions are covered by a carbon 
price today. Moreover, the average level of carbon pricing applied is still low, with 
less than 5% of GHG emissions covered by a carbon price above USD 50/t CO2. 
Furthermore, carbon price volatility in some regions makes it difficult to persuade 
hydrogen users to switch to a new supply. Even if they are included in a carbon 
pricing system, in many cases hydrogen consumers are partially or totally exempt 
from the real carbon price: for instance, in the UK and EU Emissions Trading 
Systems (ETS), industrial facilities currently receive free allowances (although in 
the EU ETS these will be gradually phased out for fertiliser producers from 2026). 
To reach cost parity with a facility that produces hydrogen from unabated natural 
gas, a carbon price of USD 50-60/t CO2 would be currently needed for the same 
facility equipped with CCUS, and USD 230-550/t CO2 for hydrogen produced with 
renewable electricity.32 The EU ETS price has fluctuated in the range of EUR 20-
100/t CO2 (USD 23-105/t CO2) over the past five years, and – while it peaked at 
over EUR 100/t CO2 (USD 105/t CO2) in 2023 – it has not yet offered enough 
stability or predictability to be bankable for long-duration hydrogen projects and 
contracts. In Canada, the minimum federal price started at CAD 20 (Canadian 
dollars)/t CO2 (~USD 15/t CO2) in 2019 and increased to CAD 50/t CO2 
(~USD 38/t CO2) in 2022. Other complementary carbon policy instruments, such 
as voluntary carbon credit markets may also act as a catalyst to bring down the 
costs of low-emission hydrogen (see Box 2.2). 

• Another option is to offer payments to producers of low-emission hydrogen so that 
they can compete on price with other hydrogen supplies, or payments to 
consumers to encourage them to use low-emission hydrogen by partially or totally 

 
 

31 Assuming 65-70% efficiency and 50-60% load factor electrolysers; and 90-98% capture rate and 85-95% load factor for 
carbon capture facilities. 
32 Assuming marginal production cost for existing facilities, the CAPEX of CCUS equipment and OPEX for retrofitted facilities 
and the full CAPEX and OPEX costs for renewable-based facilities. Assuming a natural gas price of USD 5/MBtu and 
USD 25-40/MWh and 25-55% load factor for renewable electricity. 

https://openknowledge.worldbank.org/entities/publication/58f2a409-9bb7-4ee6-899d-be47835c838f
https://www.reuters.com/markets/carbon/europes-carbon-price-hits-record-high-100-euros-2023-02-21/
https://www.reuters.com/markets/carbon/europes-carbon-price-hits-record-high-100-euros-2023-02-21/
https://www.canada.ca/en/environment-climate-change/services/climate-change/pricing-pollution-how-it-will-work/carbon-pollution-pricing-federal-benchmark-information.html
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compensating for the additional cost. The H2Global mechanism uses a 
combination of these two approaches, by covering the cost gap between a selling 
price and a buying price, which are established through a double-auction model. 
Under these options, some costs are borne by taxpayers rather than consumers, 
but for users this can offer a faster path to scale up and reach cost parity. Such 
support schemes are still in their infancy in most regions, and the availability of 
some of the most promising schemes has been delayed. Delays can have a major 
impact on projects in today’s dynamic cost environment, in which inflation has 
already eaten into the attractiveness of subsidies that were announced a year or 
two ago. Electrolyser projects, in particular, are having to renegotiate quoted 
prices from suppliers to try to achieve financial viability (see Chapter 5 Investment, 
finance and innovation). 

 

Box 2.2 The role of voluntary carbon credit markets in scaling up low-
emission hydrogen 

In addition to support from public policies, it is essential to mobilise funding in order 
to facilitate the financing of low-emission hydrogen projects. One option is the 
utilisation of carbon credit markets. Carbon credits can complement other funding 
sources for low-emission hydrogen initiatives, in a similar way to what is happening 
with direct air capture and storage projects. However, as of August 2023, there are 
no carbon credits issued by low-emissions hydrogen because of the lack of a 
globally adopted standard methodology for assessing GHG emissions from 
hydrogen production, transport and use that can be used as a reference to develop 
a standard crediting methodology. Nevertheless, the Hydrogen for Net Zero 
(H2NZ) Initiative is trying to fill this gap and actively formulating novel 
methodologies for crediting within voluntary carbon markets, with the aim of 
unlocking financial support for low-emission hydrogen ventures. Furthermore, 
there is potential to leverage carbon credits to help bridge the price premium gap 
for hydrogen-based fuels as SAFs. SAF prices are currently significantly higher 
than those of conventional jet fuel, and consequently demand is low, and SAF 
producers today have to rely primarily on off-take agreements. 

 

In order to close the cost gap, governments can also facilitate the creation of 
demand for low-emission hydrogen by adopting regulatory measures such as 
quotas or mandates that enforce the use of low-emission hydrogen in existing 
applications. Similarly to the adoption of high carbon prices, this would result in 
higher supply costs that will be passed on to consumers, but the impact on the 
final products is expected to be rather limited: for example, the cost of a car would 
increase only marginally when produced with steel produced using low-emission 
hydrogen. 

https://www.iea.org/commentaries/unlocking-the-potential-of-direct-air-capture-is-scaling-up-through-carbon-markets-possible
https://iea.blob.core.windows.net/assets/7f8aed40-89af-4348-be19-c8a67df0b9ea/Energy_Technology_Perspectives_2020_PDF.pdf
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Creating demand in new applications 
The second approach to demand creation involves expanding the demand for low-
emission hydrogen (and hydrogen-based fuels) in new applications, where other 
low-emission alternatives are limited and where hydrogen can therefore play a 
pivotal role in decarbonisation. However, this expansion presents a greater 
challenge as it necessitates the adoption of technologies that are, in most cases, 
still under development, as well as infrastructure adaptation and expansion, and 
the establishment of fit-for-purpose standards and regulations. The adoption of 
standards and regulations is particularly important to avoid the risk of unabated 
fossil-based hydrogen filling demand in new applications, which in most cases 
would result in higher life-cycle CO2 emissions than the use of incumbent fossil 
fuels. To prevent this risk, robust and smart regulations are imperative to ensure 
only low-emission hydrogen is used in these applications.33 

Policies to stimulate demand creation 
Governments have so far set targets for the deployment of hydrogen technologies 
in existing applications – particularly in industry – and in new applications, 
predominantly in transport. For example, Japan aims to have 800 000 FCEVs on 
the road by 2030, while the European Union targets meeting 42% of industrial 
hydrogen demand with renewable fuels of non-biological origin (RFNBOs)34 by the 
same year. While these targets can signal intent to producers and consumers, in 
the absence of other measures, they are insufficient to encourage market players 
to fully commit to scaling up the use of low-emission hydrogen, given the 
associated higher costs. Robust policies and regulations – and not just targets – 
are required to create the right investment environment, combining both support 
to incentivise project developers and penalties for non-compliance. 

There are numerous potential support measures to stimulate low-emission 
hydrogen demand in both traditional and new applications, ranging from measures 
that prioritise hydrogen and hydrogen-based fuels (such as mandates for low-
emission hydrogen in existing applications) to more technology-neutral sectoral 
measures that prioritise decarbonisation (see Table 2.1). The latter includes 
instruments such as Carbon Contracts for Difference (CCfD), by which the 
government covers the difference between the CO2 abatement costs of a project 
and a CO2 reference price, but the selection of the technology to reduce the 
emissions is made by the project developer. Other technology-neutral measures 
include mandates for zero-emission vehicles (ZEVs), in which a minimum share 

 
 

33 This aspect is beyond the scope of the analysis presented in this chapter since it has been addressed in detail in our recent 
report Towards hydrogen definitions based on their emissions intensity. 
34 The RFNBOs include hydrogen and hydrogen-based fuels produced from renewable energy sources other than biomass.  

https://www.iea.org/data-and-statistics/data-tools/etp-clean-energy-technology-guide
https://www.iea.org/reports/global-hydrogen-review-2021
https://www.iea.org/reports/global-hydrogen-review-2021
https://www.consilium.europa.eu/en/press/press-releases/2023/03/30/council-and-parliament-reach-provisional-deal-on-renewable-energy-directive/
https://www.consilium.europa.eu/en/press/press-releases/2023/03/30/council-and-parliament-reach-provisional-deal-on-renewable-energy-directive/
https://www.iea.org/reports/towards-hydrogen-definitions-based-on-their-emissions-intensity
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of sales has to be met with ZEVs, but the automaker decides whether that is met 
with battery electric vehicles (BEVs), FCEVs, or a combination of both. 

To a large extent, such policies have so far been announced, but not yet 
implemented. As a result, current projections in the STEPS suggest that low-
emission hydrogen demand may reach around 7 Mt by 2030, a significant increase 
from current use of less than 1 Mt per year. However, this falls short of meeting 
global hydrogen demand targets set by governments, which are estimated to 
reach nearly 14 Mt by 2030, with substantial contributions from traditional 
applications in industry and refining sectors, but also from the transport sector 
(Figure 2.12). 

Even if policy action was implemented to meet targets for hydrogen demand, the 
ambition of these targets is significantly lower than the objectives set by 
governments for low-emission hydrogen production. Globally, government targets 
for low-emission hydrogen production account for 27-35 Mt by 2030 (see Chapter 
6 Policies), far exceeding the demand envisaged by demand targets.  

The current pipeline of announced projects for the production of low-emission 
hydrogen accounts for up to 38 Mt by 2030 (see Chapter 3 Hydrogen production), 
which is relatively well-aligned with the global production targets announced by 
governments. However, the imbalance between demand and supply ambitions for 
low-emission hydrogen poses a risk for the announced hydrogen production 
projects to reach FID (only 4% have already done so) and, therefore, to achieve 
government targets for low-emission hydrogen production. This discrepancy could 
also impede the development of low-emission hydrogen supply chains.  

At the individual country level, an imbalance in favour of hydrogen production 
targets may be acceptable to countries that could become hydrogen exporters, 
such as Australia, Chile or Middle East countries. For example, in the STEPS, low-
emission hydrogen demand in Chile reaches slightly more than 100 kt by 2030, 
whereas the production target is for 25 GW of electrolysis (able to produce 2.1-
2.8 Mt H2

35) by 2030. Achieving production targets would require the creation of 
demand for low-emission hydrogen at a level above the production targets in 
regions that could become hydrogen importers, such as Europe, Japan and Korea. 
However, the combined demand for low-emission hydrogen in these three regions 
accounts for 1.7 Mt in the STEPS, whereas their production targets account for 
6.6-12.3 Mt by 203036, i.e. even above their own targets for low-emission 
hydrogen demand. 

 
 

35 Assuming 65-70% efficiency and 50-60% load factor. 
36 The difference between the lower and the upper range mostly results from consideration of the EU Fit for 55 package for 
the lower range and the RePowerEU plan for the upper range. 

https://energia.gob.cl/sites/default/files/national_green_hydrogen_strategy_-_chile.pdf
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To rectify this situation, governments must clarify their ambitions with regards to 
demand. This should include synchronising targets for low-emission production 
and consumption, as well as expediting the implementation of concrete supportive 
policies that can reduce risk in order to foster adoption among first movers. 

 Potential demand for low-emission hydrogen created by implemented 
policies and government targets, and production targeted by 
governments, 2030 

 
IEA. CC BY 4.0. 

Notes: In Production targets, the dashed area represents policy targets’ ranges. For countries that do not have a production 
target, the low-emission hydrogen production is estimated from the capacity targets assuming a capacity factor of 57% and 
an energy efficiency of 69% for electrolysers and 90% for fossil-based technologies.  

Meeting government targets could generate up to 14 Mt of low-emission hydrogen demand, 
far less than the 27-35 Mt envisaged by low-emission hydrogen production targets. 
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https://www.iea.org/reports/the-future-of-hydrogen
https://www.iea.org/reports/the-future-of-hydrogen
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 Examples of policies to stimulate demand for low-emission hydrogen 

Policy  Description Examples 
Measures focused on promoting hydrogen and hydrogen-based fuels 

Quotas and 
mandates 

Governments can establish a minimum share 
of low-emission hydrogen or hydrogen-based 

fuel consumption in a specific sector. 

Industry 
Implemented: Romania passed a law that mandates industrial hydrogen users to meet 50% of their 

demand with low-emission hydrogen by 2030. 
Announced: the Netherlands announced that it will set renewable hydrogen mandates for industry from 
2026; India announced plans to introduce a mandatory low-emission hydrogen purchase obligation for 

the fertiliser and refining sector. 
Transport 

Implemented: Romania passed a law mandating transport fuel suppliers to meet 5% of their fuel sales 
with renewable hydrogen-based fuels by 2030. 

Announced: In April 2023, the European Council and Parliament reached a political agreement on the 
ReFuelEU aviation initiative, which includes a minimum share of 1.2% of synthetic fuels in aviation to be 

implemented from 2030, and the FuelEU Maritime initiative, which includes a subtarget of 2% of 
RFNBO in maritime fuel from 2034, if these fuels have not reached 1% by 2031. 

End-use 
subsidies 

Governments can offer financial benefits to 
end-users that purchase low-emission 
hydrogen and hydrogen-based fuels. 

Cross-sectoral 
Implemented: In the United States, Colorado and Illinois passed bills creating a USD 1/kg H2 tax credit 

for the use of “clean” hydrogen in sectors where emissions are hard to abate.  
Announced: in August 2023, New Zealand launched a consultation on a consumption rebate scheme 

to be implemented from 2025. The Netherlands and the United States (USD 1 billion budget) have each 
announced they are exploring end-use subsidies for the use of low-emission hydrogen. 

CAPEX and 
OPEX 

subsidies 

Governments can offer subsidies to cover the 
capital expenditures of industrial projects 

towards the purchase of fuel cell vehicles or 
hydrogen-powered equipment and to cover 
operating expenses (similar to tax credits for 
fuel electricity or fuel subsidies for hydrogen 

use in transport). 

Industry and refining 
Implemented: the European Commission provides grants through the Innovation Fund and approved 

EUR 5.2 billion (USD 5.5 billion) for the Hy2Use (IPCEI) to fund projects aiming to use renewable 
hydrogen in industrial applications. Governments including Canada, Italy, Poland and Spain have also 

provided subsidies for projects aiming to use low-emission hydrogen in industry and refining. 
Transport 

Implemented: several countries, such as Korea, Japan and the United States have subsidies for 
FCEVs. 

Announced: New Zealand allocated NZD 30 million (New Zealand dollars) (USD 19 million) in its 
Budget 2023 to create a Clean Heavy Vehicle Grant for heavy-duty ZEVs, including fuel cell heavy 

vehicles 
Technology-neutral sectoral measures 

Carbon 
Contracts for 

Difference 
(CCfD) 

Government can pay project developers the 
difference between their cost per tonne of CO2 

avoided (fixed in an auction) and a CO2 
reference price. 

Industry 
Announced: the German government announced a CCfD programme to accelerate the phasing-out of 

fossil fuels in energy-intensive industries, replacing them with low-emission technologies (including 
hydrogen), with the first auction expected at the end of 2023. 

https://www.lexology.com/library/detail.aspx?g=c5e484da-e88a-4cc8-a4c4-99b82ff92da4
https://www.argusmedia.com/en/news/2463053-netherlands-to-mandate-renewable-h2-use-by-202526
https://www.hydrogeninsight.com/industrial/india-puts-plans-for-industrial-green-hydrogen-mandates-back-on-the-table-as-it-eyes-70-exports/2-1-1483337
https://www.lexology.com/library/detail.aspx?g=c5e484da-e88a-4cc8-a4c4-99b82ff92da4
https://www.consilium.europa.eu/en/press/press-releases/2023/04/25/council-and-parliament-agree-to-decarbonise-the-aviation-sector/
https://data.consilium.europa.eu/doc/document/PE-26-2023-INIT/en/pdf
https://www.utilitydive.com/news/colorado-clean-hydrogen-tax-credit-incentives/651199/#:%7E:text=The%20use%20tax%20credit%20is,heavy%2Dduty%20trucking%20and%20aviation.
https://www.hydrogeninsight.com/policy/illinois-introduces-tax-credit-for-zero-carbon-hydrogen-users-in-hard-to-abate-sectors-for-two-years-only/2-1-1491693
https://www.mbie.govt.nz/business-and-employment/economic-development/just-transition/regional-hydrogen-transition/
https://www.argusmedia.com/en/news/2463053-netherlands-to-mandate-renewable-h2-use-by-202526
https://www.energy.gov/articles/biden-harris-administration-jumpstart-clean-hydrogen-economy-new-initiative-provide-market
https://single-market-economy.ec.europa.eu/industry/strategy/hydrogen/funding-guide/eu-programmes-funds/innovation-fund_en
https://ec.europa.eu/commission/presscorner/detail/en/ip_22_5676
https://fuelcellsworks.com/news/air-products-to-receive-approximately-475-million-cad-in-funding-for-alberta-canada-net-zero-hydrogen-energy-complex-from-government-energy-transition-programs/?mc_cid=47fbff2b40&mc_eid=da4624d261
https://www.mase.gov.it/pagina/investimento-3-2-utilizzo-idrogeno-settori-hard-abate
https://ec.europa.eu/commission/presscorner/detail/en/ip_23_2143
https://www.mincotur.gob.es/es-es/GabinetePrensa/NotasPrensa/2023/Paginas/El-Gobierno-aprueba-450-millones-de-euros-para-el-proyecto-de-hidrogeno-circular-de-Arcelor-en-Asturias.aspx
https://www.electrive.com/2020/07/19/korea-to-extend-subsidies-for-electric-cars-to-2025/#:%7E:text=According%20to%20the%20subsidy%20rates,Won%20(around%2016%2C000%20euros).
https://www.trade.gov/market-intelligence/japan-transition-electric-vehicles#:%7E:text=The%20GOJ%20is%20offering%20to,is%20about%207%2C200%20US%20Dollars.
https://www.energy.gov/eere/fuelcells/financial-incentives-hydrogen-and-fuel-cell-projects
https://www.mbie.govt.nz/dmsdocument/26911-interim-hydrogen-roadmap-pdf
https://www.bmwk.de/Redaktion/DE/Downloads/klimaschutz/introduction-ccfd_en.pdf?__blob=publicationFile&v=4
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Policy  Description Examples 

Public 
procurement 

Governments can use their purchasing power 
to encourage contractors to prioritise the 

procurement of near-zero emission materials 
and ZEVs. 

Industry 
Implemented: in December 2021 the US government launched the Federal Buy Clean Initiative to 

prioritise procurement of low-carbon construction materials, in particular steel and concrete. 
Announced: in March 2023 the United Kingdom launched a consultation on measures to prevent 
carbon leakage risk, including public procurement of industrial products such as steel and cement. 

Transport 
Implemented: in November 2020, Norway set rules for the tender of the largest ferry connection in the 

country to use hydrogen; in July 2021, Ireland transcribed into law the EU Clean Vehicles Directive, 
which defines procurement targets for clean light- and heavy-duty vehicles for government fleets. 

Announced: in July 2023 UK National Highways announced the purchase of “low-carbon” hydrogen to 
be used in construction machinery. 

Fuel 
economy/ 

CO2 
emissions 
standards 

Governments can establish standards on 
vehicle fuel economy or CO2 emissions, which 
can incentivise the adoption of ZEVs, including 

hydrogen vehicles. 

Transport 
Implemented: in April 2023, the EU Parliament and Council adopted an amended regulation to 

strengthen CO2 emission standards for new passenger cars and light commercial vehicles; China is 
currently in Phase V of its fuel consumption standards, which requires carmakers meet fleet-wide 

average targets of 4.0 l/100 km by 2025 and 3.2 l/100 km by 2030. 
Announced: in April 2023, the US EPA proposed GHG standards for heavy-duty vehicles (HDVs).  

ZEV 
mandates 

Governments can mandate a minimum share 
of ZEVs, which can encourage FCEV 

adoption. Credits related to meeting ZEV 
mandates are often combined with fuel 

economy/CO2 standards. 

Transport 
Implemented: California (United States) has a ZEV mandate since 1990. The current policy requires 

that ZEVs (and plug-in hybrid electric vehicles) represent 100% of new car sales by 2035. 
Announced: as an outcome of consultation, the United Kingdom has proposed a zero-emission car and 

van mandate that would require 100% ZEV sales from 2035.  

Carbon 
taxes 

Governments can apply a tax to CO2 or other 
GHG emissions in specific sectors or across 
the whole energy system to penalise emitters 

Industry 
Implemented: Since 2017, Chile has been applying a carbon tax on the power and industry sectors, 
notably on installations with an installed thermal power exceeding a specified threshold capacity. The 

carbon tax in Portugal also covers industry sector emissions.  
Transport 

Implemented: Denmark, Ireland and Portugal have a carbon tax in place covering emissions that are 
outside the scope of the EU ETS, in particular emissions from the transport sector. 

Emissions 
Trading 
Systems 

(ETS) 

Governments may set a limit on CO2 
emissions in specific sectors, or across the 

whole economy. Governments allocate 
emissions allowances among entities 

operating in those sectors. If companies 
reduce their emissions under their allocated 
allowance, they can trade the difference with 

companies that emit over their allocated 
thresholds and need to purchase allowances 

to comply with their ETS obligations. 

Cross-sectoral 
Implemented: over 30 ETS are already in operation at national (e.g. China, the European Union and 

the United Kingdom) and sub-national (e.g. California and Québec) level. Some, such as the European 
Union, the United Kingdom and Québec, also cover hydrogen production. 

Note: See Explanatory notes annex for the use of the term “low-carbon” and “clean” hydrogen in this report. 

https://www.sustainability.gov/buyclean/
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1149568/UPDATED_FINAL_CONDOC_-_HMG_TEMPLATE_-_ADDRESSING_CARBON_LEAKAGE_RISK_TO_SUPPORT_DECARBONISATION.pdf
https://www.regjeringen.no/no/dokumentarkiv/regjeringen-solberg/aktuelt-regjeringen-solberg/sd/pressemeldinger/2020/regjeringen-innforer-stiller-krav-til-hydrogenferjer-pa-strekningen-bodo-moskenes/id2782423/
https://www.irishstatutebook.ie/eli/2021/si/381/made/en/
https://eur-lex.europa.eu/eli/dir/2019/1161/oj?eliuri=eli:dir:2019:1161:oj
https://nationalhighways.co.uk/article/national-highways-to-use-hydrogen-powered-construction-machinery/
https://climate.ec.europa.eu/eu-action/transport/road-transport-reducing-co2-emissions-vehicles/co2-emission-performance-standards-cars-and-vans_en
https://www.iea.org/articles/fuel-economy-in-china#:%7E:text=Currently%20China%20has%20Phase%20V%20standards%20in%20place%2C%20with%20fleet%20average%20targets%20set%20at%204.0%20L/%20100%20km%20(NEDC)%20by%202025%20and%203.2%20L/100%20km%20by%202030.
https://www.epa.gov/regulations-emissions-vehicles-and-engines/proposed-rule-greenhouse-gas-emissions-standards-heavy
https://ww2.arb.ca.gov/our-work/programs/zero-emission-vehicle-program/about
https://govt.westlaw.com/calregs/Document/IB66C9D507AEE11ED90EF9C5CC5AED63A?viewType=FullText&originationContext=documenttoc&transitionType=CategoryPageItem&contextData=(sc.Default)
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1154610/zev-mandate-co2-emissions-regulation-consultation-document.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1154610/zev-mandate-co2-emissions-regulation-consultation-document.pdf
https://transparency-partnership.net/gpd/chiles-carbon-tax-ambitious-step-towards-environmentally-friendly-policies-and-significant
https://www.worldbank.org/content/dam/Worldbank/document/Climate/background-note_carbon-tax.pdf
https://www.unesco.org/en/articles/publications-policy-china-launches-worlds-largest-carbon-market
https://climate.ec.europa.eu/eu-action/eu-emissions-trading-system-eu-ets_en
https://www.gov.uk/government/publications/uk-emissions-trading-scheme-markets/uk-emissions-trading-scheme-markets
https://ww2.arb.ca.gov/our-work/programs/cap-and-trade-program
https://www.environnement.gouv.qc.ca/changementsclimatiques/marche-carbone_en.asp
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First steps from industrial stakeholders 
The private sector has made first moves in adopting low-emission hydrogen, 
driven by various factors including compliance with decarbonisation policies, 
government signals favouring hydrogen adoption, public reputation 
considerations, and strategic decisions to lead in technology development and 
new markets. As a result, many companies have initiated off-take agreements for 
low-emission hydrogen and hydrogen-based fuels.  

Most of these agreements are still preliminary, often in the form of MoUs or Heads 
of Agreement, but they can lay the groundwork for potential transactions. An 
estimate of more than 2 Mt of low-emission hydrogen demand can be unlocked 
by 2030 from the off-take agreements that have been publicly announced by 
companies, but only around half of that demand comes from firm deals (Figure 
2.13). 

  Potential demand for low-emission hydrogen that can be achieved with 
announced private off-take agreements by 2030 

 
IEA. CC BY 4.0. 

Notes: “Unknown” includes off-take agreements for which the end use of hydrogen and hydrogen-based fuels has not been 
disclosed. Only off-take agreements disclosing the amount of low-emission hydrogen and hydrogen-based fuels agreed 
and stating that they will take place before 2030 have been included.  
Source: IEA analysis based on announcements of off-take agreements for hydrogen and hydrogen-based fuels. 

The private sector has signed off-take agreements accounting for more than 2 Mt of low-
emission hydrogen demand. 

The industrial sector has been at the forefront of this movement, with off-take 
agreements for almost 1.3 Mt of demand for low-emission hydrogen. Around half 
of this demand comes from firm agreements, reflecting a strong commitment to 
transitioning to cleaner energy sources. Within the industrial sector, the chemical 

0.00

0.25

0.50

0.75

1.00

1.25

1.50

By type of
agreement

By sector By type of
agreement

By sector By type of
agreement

By sector

Industry Transport Other

M
t h

yd
ro

ge
n

Firm off-takes

Preliminary off-take

Industry

Chemicals

Iron & steel

Other industry

Transport

Road

Shipping

Aviation

Other transport

Other/Unknwon

Refining

Power

Not specified

By type of agreement

By sector



Global Hydrogen Review 2023       Chapter 2. Hydrogen use 

PAGE | 55 

 
 

 
 

 

 
 

 
 

 

subsector accounts for a significant 85% of the volumes agreed, showing that 
traditional applications for hydrogen are more prepared to take up low-emission 
hydrogen in the short term. 

Several notable agreements have been forged for low-emission ammonia supply. 
For instance, Linde has committed to supply low-emission hydrogen to OCI for the 
production of 1.1 Mt of ammonia in a new plant in the United States. Additionally, 
Iberdrola and Teal have secured agreements to provide 0.9 Mt of low-emission 
ammonia to Trammo. 

In the steel sector, H2 Green Steel has been proactive in signing customer 
contracts for over 1.5 Mt of DRI per year (constituting around 60% of their planned 
initial production capacity), which would require around 100 kt of hydrogen 
produced from electrolysis and renewable electricity. 

Although the transport sector has shown slower progress compared to the 
industrial sector, some significant agreements have been made. The shipping 
sector, in particular, has seen substantial activity, with prominent logistics 
companies signing agreements for synthetic methanol and synthetic marine diesel 
to decarbonise their operations. In the aviation sector, although the focus has been 
on lower-cost biojet fuels, hydrogen-based fuels are expected to gain ground in 
the future due to their greater resource potential and life-cycle emissions 
reductions. Presently, the majority of deals in the aviation sector originate from US 
companies. 

The refining and electricity generation sectors have also seen a limited number of 
off-take agreements, but they represent considerable volumes. For example, Yara 
and CF Industries secured a tender to supply 90 kt of hydrogen in the form of 
ammonia to JERA for co-firing in coal power plants. VERTEX and Essar Oil UK 
have agreed to supply hydrogen produced with natural gas and CCUS to the 
Stanlow refinery in the United Kingdom. There have been also some off-take 
agreements linked to development of international hydrogen trade for which the 
end use of hydrogen and hydrogen-based fuels has not been disclosed or is 
expected to cover numerous applications in the destination region, such as the 
one between DAI Infrastructure and Freepan Holdings (for 800 kt NH3/yr) or the 
one between RWE and Hyphen (300 kt NH3/yr). 

Although the current demand for low-emission hydrogen that can be generated 
from these deals stands more than to 2 Mt, this should be considered a 
conservative estimate of the private sector's preparedness to adopt low-emission 
hydrogen and hydrogen-based fuels. Many agreements have not been made 
public, or – if they have – the details of the deal are undisclosed due to the 
competitive nature of the market and companies' desire to protect their strategies. 
Moreover, within refining and the industrial sector, some companies are already 
developing projects to produce their own low-emission hydrogen to meet part of 

https://www.linde.com/news-media/press-releases/2023/linde-to-invest-1-8-billion-to-supply-clean-hydrogen-to-oci-s-world-scale-blue-ammonia-project-in-the-u-s-gulf-coast
https://www.iberdrola.com/press-room/news/detail/iberdrola-trammo-sign-EU-s-largest-agreement-for-the-export-green-ammonia
https://www.trammo.com/post/trammo-signs-an-exclusive-supply-and-offtake-agreement-for-green-ammonia-with-teal-corp
https://www.h2greensteel.com/latestnews/h2-green-steel-has-pre-sold-over-15-million-tonnes-of-green-steel-to-customers
https://www.spglobal.com/commodityinsights/en/market-insights/latest-news/energy-transition/011723-japans-jera-awards-yara-cf-industries-in-tenders-for-up-to-500000-mtyear-ammonia-supply
http://www.essaroil.co.uk/news/essar-oil-uk-signs-offtake-agreement-with-vertex-hydrogen/
https://www.offshore-energy.biz/dai-and-freepan-pen-10-year-green-ammonia-purchase-deal/?utm_source=worldmaritimenews&utm_medium=email&utm_campaign=newsletter_2023-05-18%E2%80%9D
https://hydrogen-central.com/rwe-hyphen-explore-offtake-green-ammonia-namibia/
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their total hydrogen demand, without the need to sign an off-take agreement with 
an external supplier. This mirrors the way in which those companies produce and 
use their own hydrogen from unabated fossil fuels today. Some advanced 
examples include projects developed by Shell and Sinopec for the use of low-
emission hydrogen in refining, or by Yara for the use of low-emission hydrogen in 
fertiliser production. Looking ahead, the pipeline of announced projects indicates 
potential self-produced low-emission hydrogen volumes of more than 2 Mt in the 
industrial sector and over 1 Mt in refining. However, firm commitments for self-
production of low-emission hydrogen presently represent less than 1 Mt in industry 
and around 0.3 Mt in refining. 

International co-operation to aggregate demand 
Both governments and the private sector acknowledge the formidable challenge 
of scaling up the production and use of low-emission hydrogen at the required 
pace through individual action alone. Recognising the importance of collaboration 
on a global scale, international co-operation has emerged as a key pillar in the 
pursuit of this objective. 

In recent years, governments and companies have launched a series of initiatives 
to foster collaboration in the deployment of low-emission technologies, including 
those related to hydrogen (Table 2.2). These ambitious endeavours aim to bring 
together diverse stakeholders, comprising numerous governments and private 
sector players, united in their pursuit of common goals for the widespread adoption 
of low-emission technologies and fuels, along with ambitious emission reduction 
targets. 

While various initiatives have been set in motion, it is noteworthy that, with the 
exception of the Green Hydrogen Catapult, most lack a specific focus on 
hydrogen. Instead, their primary emphasis lies on the broader adoption of low-
emission technologies and the reduction of emissions across various sectors. The 
transport sector garners significant attention, with a secondary focus on the 
industrial sector. Certain initiatives, such as the First Movers Coalition and the 
Mission Possible Partnership, encompass commitments spanning multiple sub-
sectors crucial for hydrogen, including industry (aluminium, cement, chemicals 
and steel) and transport (aviation, shipping, and trucking). 

  

https://www.shell.com/media/news-and-media-releases/2022/shell-to-start-building-europes-largest-renewable-hydrogen-plant.html
http://www.sinopecgroup.com/group/en/Sinopecnews/20230704/news_20230704_299217593563.shtml
https://eng.heroya-industripark.no/en/news/the-worlds-largest-and-first-green-hydrogen-plant-starts-production-at-heroeya-in-2023/
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 Selected international initiatives for the deployment of low-emission 
technologies 

Initiative Description and pledges 

First Movers Coalition 

Coalition of companies using their purchasing power to create early markets 
for innovative clean technologies across sectors in which emissions are hard 
to abate, including commitments on aluminium, aviation, carbon dioxide 
removal, cement and concrete, shipping, steel and trucking. 

Mission Possible 
Partnership 

Private-led coalition driving industrial decarbonisation across the entire value 
chain of the highest-emitting heavy industry and transport sectors, with 
strategies for aluminium, aviation, cement and concrete, chemicals, shipping, 
steel and trucking. 

Green Hydrogen Catapult 
Global private-led initiative whose goal is to drive a massive low-emission 
hydrogen scale-up (80 GW) to be used in trucking, aviation, shipping, 
fertilisers, steel and methanol. 

Clean Energy Ministerial 
Industrial Deep 
Decarbonisation Initiative 

Government initiative aiming to stimulate global demand for low-carbon 
industrial materials by encouraging governments and the private sector to buy 
low-carbon steel and cement, including through a Green Public Procurement 
Pledge. 

SteelZero Coalition of companies currently pledging to procure 50% low-emission or 
responsible steel by 2030 and 100% near-zero steel by 2050.  

C40 cities 
Global network of mayors of the world’s leading cities with common emission 
reduction goal, including a target to reduce embodied emissions of new 
constructions by 50% by 2030. 

Clean Energy Ministerial 
Global Commercial Drive 
to Zero Campaign 

Coalition of leading countries committed to working together to enable 100% 
zero-emission new truck and bus sales by 2040 with an interim goal of 30% 
ZEV sales by 2030. 

Accelerating to Zero 

Coalition of governments from leading and emerging markets, regional 
governments, automotive manufacturers, fleet operators, and more, 
committed to all sales of cars and vans being zero-emission by 2040, and no 
later than 2035 in leading markets. 

EV100+ A private industry pledge where signatories commit to transition their medium 
and heavy-duty vehicles to zero-emission by 2040 in leading markets. 

Federal Buy Clean 
Initiative  

The US government pledges to prioritise the procurement of low-carbon 
materials made in the United States, such as steel and cement, using their 
important purchasing power to help national industries.  

Mission Innovation Zero 
Emissions Shipping 
Mission 

Coalition of governments and maritime companies with pledges to deploy at 
least 200 ships using zero-emission fuels, use at least 5% of zero-emission 
fuels in shipping and deploy fuelling infrastructure in at least 10 large ports by 
2030. 

Clydebank Declaration Coalition of governments aiming to establish at least six zero-emission 
maritime routes before 2030. 

  
Based on the commitments made by these initiatives, we have estimated a 
potential to create demand for low-emission hydrogen in the range of 0.8 to 3 Mt 
by the year 2030 (Figure 2.14). All four sectors covered by these initiatives 
(industry, road transport, aviation and shipping) can achieve similar levels of 
hydrogen demand, with central estimates ranging between 0.4 and 0.6 Mt in each 
sector by 2030. 

However, despite the positive intent of these initiatives, the implementation of their 
pledges and their real impact remains to be seen. In addition, to ensure that the 
initiatives can most effectively contribute to the adoption of low-emission 
hydrogen, there are some issues that need to be addressed. Many sectoral 
initiatives, particularly in the transport subsector, share a very similar membership, 

https://www.weforum.org/first-movers-coalition
https://www3.weforum.org/docs/WEF_First_Movers_Coalition_Aluminium_Commitment_2022.pdf
https://www3.weforum.org/docs/WEF_FMC_Aviation_2022.pdf
https://www3.weforum.org/docs/WEF_First_Movers_Coalition_CO2_Removal_Commitment_2022.pdf
https://www3.weforum.org/docs/WEF_First_Movers_Coalition_CO2_Removal_Commitment_2022.pdf
https://www3.weforum.org/docs/WEF_FMC_Cement_Concrete_Commitment.pdf
https://www3.weforum.org/docs/WEF_First_Movers_Coalition_Shipping_Commitment_2022.pdf
https://www3.weforum.org/docs/WEF_FMC_Steel_2022.pdf
https://www3.weforum.org/docs/WEF_FMC_Trucking_2022.pdf
https://missionpossiblepartnership.org/
https://missionpossiblepartnership.org/
https://missionpossiblepartnership.org/action-sectors/aluminium/
https://missionpossiblepartnership.org/action-sectors/aviation/
https://missionpossiblepartnership.org/action-sectors/concrete-cement/
https://missionpossiblepartnership.org/action-sectors/chemicals/
https://missionpossiblepartnership.org/action-sectors/shipping/
https://missionpossiblepartnership.org/action-sectors/steel/
https://missionpossiblepartnership.org/action-sectors/trucking/
https://greenh2catapult.com/
https://www.cleanenergyministerial.org/initiatives-campaigns/industrial-deep-decarbonisation-initiative/
https://www.cleanenergyministerial.org/initiatives-campaigns/industrial-deep-decarbonisation-initiative/
https://www.cleanenergyministerial.org/initiatives-campaigns/industrial-deep-decarbonisation-initiative/
https://www.theclimategroup.org/steelzero
https://www.c40.org/
https://globaldrivetozero.org/
https://globaldrivetozero.org/
https://globaldrivetozero.org/
https://acceleratingtozero.org/the-declaration/
https://www.theclimategroup.org/creating-market-medium-and-heavy-duty-zero-emission-vehicles
https://www.sustainability.gov/buyclean/
https://www.sustainability.gov/buyclean/
https://explore.mission-innovation.net/mission/zero-emissions-shipping/
https://explore.mission-innovation.net/mission/zero-emissions-shipping/
https://explore.mission-innovation.net/mission/zero-emissions-shipping/
https://webarchive.nationalarchives.gov.uk/ukgwa/20230313124737/https:/ukcop26.org/cop-26-clydebank-declaration-for-green-shipping-corridors/
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with commitments often overlapping, resulting in duplication of efforts instead of a 
meaningful cumulative impact. 

 Potential demand for low-emission hydrogen that can be achieved with 
the commitments of international initiatives, 2030 

 
IEA. CC BY 4.0. 

Notes: Aviation includes hydrogen demand to produce synthetic kerosene and for the hydrogenation of biofuels. Dashed 
areas denote the variability between the most conservative and boldest estimates. For industry, in the First Mover 
Coalition, the steel demand of members was estimated based on their industrial activity. For the Industrial Deep 
Decarbonation Initiative, it is assumed that all 9 currently member countries make a pledge to use 10% low-emission steel 
in their public procurement. For road transport, cumulative sales of fuel cell electric vehicles (FCEVs) in line with the Drive 
to Zero and Accelerating to Zero campaigns in countries that signed the declarations were assumed to result in 0.4-1.4% 
and 0.05-0.15% of 2030 fuel consumption in the heavy-duty and light-duty fleets, respectively, being hydrogen. For 
shipping, in line with the Zero Emissions Shipping Mission and Clydebank Declaration, 5% and 10% of energy was 
assumed to come from low-carbon fuels respectively, with campaigns assumed to cover 5-10% and 0.1–0.3% of global 
demand respectively; the lower and upper limits were found by assuming 50% of demand being served by synthetic 
methanol and up to 100% served by low-emission ammonia. For aviation, the First Movers Coalition and Clean Skies for 
Tomorrow Coalition provide sustainable aviation fuel targets of 5% and 10% respectively: these are translated into 
hydrogen demand with the lower limit using hydrogen only in biofuel upgrading, and the upper limit also including synthetic 
fuel production. Initiatives which did not have a target that could be translated into a hydrogen volume were not included. 

Pledges from international initiatives could create up to 3 Mt of demand for low-emission 
hydrogen, but estimates are uncertain since pledges are mostly technology-neutral. 

While these initiatives serve to signal potential hydrogen demand, their 
technology-agnostic nature introduces uncertainty on how much demand they can 
effectively create, as shown by the wide variability of the projections presented in 
our analysis. This is hindering potential hydrogen suppliers from accurately 
gauging the extent of the demand they can anticipate. In an effort to address this 
challenge and provide greater clarity, during the 27th Conference of the Parties 
(COP 27) (under the framework of the Breakthrough Agenda dialogues) the First 
Movers Coalition pledged to present a comprehensive estimate of hydrogen 
demand arising from their members' commitments at COP 28. An initial estimate 
made by the First Movers Coalition suggests that the commitments of its members 
can generate between 0.5 and 0.9 Mt of hydrogen demand by 2030. The Coalition 
is expected to release further details of this estimate, including the sectoral 
breakdown, later this year. If other initiatives were to follow suit and transparently 
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https://www.cleanenergyministerial.org/initiatives-campaigns/global-commercial-vehicle-drive-to-zero-campaign/
https://www.cleanenergyministerial.org/initiatives-campaigns/global-commercial-vehicle-drive-to-zero-campaign/
https://acceleratingtozero.org/the-declaration/
https://www3.weforum.org/docs/WEF_A%20Strategy_for_the_Transition_to_Zero_Emission_Shipping_2021.pdf
https://www.gov.uk/government/publications/cop-26-clydebank-declaration-for-green-shipping-corridors/cop-26-clydebank-declaration-for-green-shipping-corridors
https://www3.weforum.org/docs/WEF_FMC_Aviation_2022.pdf
https://www3.weforum.org/docs/WEF_EMBARGOED_CST_Ambition_Statement_for_Signatories.pdf
https://www3.weforum.org/docs/WEF_EMBARGOED_CST_Ambition_Statement_for_Signatories.pdf
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communicate potential estimates for hydrogen demand resulting from their 
activities, it would significantly bolster the signal sent to low-emission hydrogen 
producers, thereby catalysing further progress. 

An important observation is that these initiatives predominantly target new 
applications of hydrogen, but there is an obvious absence of a dedicated coalition 
bringing together companies from the sectors that already use hydrogen today: 
the chemical and refining sectors. Only the Mission Possible Partnership has 
activities within the chemical sector and, more concretely, on ammonia production, 
but does not have any specific commitment. An initiative of this nature, with a 
shared objective of adopting low-emission hydrogen in existing applications, 
presents a ripe opportunity to expedite the rapid scaling up of low-emission 
hydrogen production and use in the short term. 

Closing the ambition and implementation gap with the 
Net Zero Emissions by 2050 Scenario 

While governments and the private sector have taken first steps to promote the 
adoption of low-emission hydrogen, these actions are insufficient to align with 
governments' climate objectives and to scale up low-emission hydrogen 
production accordingly, which is crucial to drive down costs. 

The gap between current actions and the demand for low-emission hydrogen 
required to put the world on a pathway compatible with achieving net zero 
emissions by 2050 is even more significant when considering the speed of 
deployment needed in the short term. In the NZE Scenario, demand for low-
emission hydrogen reaches 70 Mt by 2030, compared to the 3-14 Mt that could be 
achieved through current government and private sector activities. The disparity 
is even more pronounced when compared to off-take deals already signed by the 
private sector (Figure 2.15). In this context, there is clearly an urgent need for 
bolder action to stimulate demand for low-emission hydrogen. 

Governments must take the lead and implement policies that encourage action in 
the private sector, combining support measures with regulatory frameworks to 
enforce the adoption of low-emission hydrogen in sectors where it is the only 
decarbonisation alternative: refining, ammonia production and methanol 
production. In other priority sectors such as steel, shipping, aviation and long-
distance road transport, where alternative mitigation options exist (e.g. iron ore 
electrolysis in ironmaking; battery electric trucks), regulatory structures should 
also be designed to provide technology-neutral incentives for equivalent options. 
International regulatory bodies, such as the International Maritime Organization 
and the International Civil Aviation Organization, should also take action to 
accelerate the adoption of fuel standards and mandates of sustainable fuels in 
international transport, ensuring that all players are subject to the same rules, 
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which can unlock large demands for hydrogen-based fuels in shipping and 
aviation. Policies addressing the fuel supply side (such as phasing out fossil fuel 
subsidies, which the IEA has long been recommending) can also help bridge the 
cost gap between low-emission hydrogen and fossil-based alternatives. 

 Potential demand for low-emission hydrogen from announced policies 
and targets, private off-take agreements, commitments of international co-
operation initiatives and the Net Zero Emissions by 2050 Scenario, 2030 

 
IEA. CC BY 4.0. 

Notes: NZE = Net Zero Emissions by 2050 Scenario. In “Initiatives”, the dashed area corresponds to the range between the 
most conservative (low) and boldest (high) estimates of the demand that can be generated by international initiatives. 

Actions from governments, international co-operation initiatives and the private sector fall 
very short of the effort needed to get on track with the NZE Scenario. 

Public procurement is another potentially powerful policy tool that governments 
can leverage to create demand for low-emission hydrogen. Public procurement 
represents on average 13-20% of GDP today, and governments can make use of 
this purchasing power to create demand for low-emission and near-zero emission 
materials and products in infrastructure projects (such as steel or cement) that can 
be produced using low-emission hydrogen, for example. It can also be used to 
create demand for alternative fuels (which can include hydrogen and hydrogen-
based fuels) for public transport and public service (e.g. refuse collection) and 
other government vehicles (potentially even including applications in shipping and 
aviation).  

A one-size-fits-all approach will not work for stimulating demand in all sectors. In 
some areas, where hydrogen end-use technologies are not yet commercially 
available, incentives combined with innovation and demonstration efforts may be 
more appropriate. In other sectors where technologies are readily available, more 
coercive measures like mandates and ambitious emissions standards can drive 
faster adoption. 
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https://www.iea.org/reports/fossil-fuels-consumption-subsidies-2022
https://www.iea.org/reports/fossil-fuels-consumption-subsidies-2022
https://www.worldbank.org/en/news/feature/2020/03/23/global-public-procurement-database-share-compare-improve
https://www.worldbank.org/en/news/feature/2020/03/23/global-public-procurement-database-share-compare-improve
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However, imposing regulations for the adoption of low-emission hydrogen in 
industries with globally traded products, such as steel and fertilisers, requires 
caution. The individual adoption of stringent regulations at the national level, 
without co-ordination across countries to ensure a level playing field, can impact 
the competitiveness of these industries (Figure 2.16), which could struggle to find 
consumers outside of certain niche markets where consumers are willing to pay a 
premium for low-emission or near-zero emission products. This may result in 
industry relocation to other areas where these measures are not adopted and 
where regulations to address GHG emissions are laxer, leading to an increase in 
global emissions and, ultimately, slowing down the adoption of low-emission 
hydrogen. The adoption of carbon accounting mechanisms for imported products 
can help to prevent this risk, but such regulations should comply with World Trade 
Organization principles to make sure that they do not constitute a barrier to global 
trade. 

 Domestic production cost of ammonia in Europe considering different 
shares of renewable hydrogen compared with the cost of delivered 
ammonia from the Middle East 

 
IEA. CC BY 4.0. 

Notes: VRE= variable renewable energy sources; Unabated NG = natural gas-based production without carbon capture, 
utilisation and storage. Cost of domestic production in Europe computed with a natural gas price of USD 1.5-6/MBtu, CO2 
price of USD 100-150/t CO2 and renewable electricity price of USD 25-40/MWh. To ensure a minimum load of 85% for the 
synthesis process when fed by renewable hydrogen, the cost of compressed hydrogen storage is included. Cost of 
ammonia imported from the Middle East computed with a natural gas price of USD 1.5-3/MBtu and a transport cost of 
USD 20/t NH3. 
Sources: Based on data from McKinsey & Company and the Hydrogen Council; NREL (2022); IEA GHG (2017). 

Unilateral adoption of domestic quotas for low-emission hydrogen in supply chains 
exposed to global trade without additional measures to reduce the low-emission premium 
can affect the competitiveness of local industries. 
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Reaching the scale-up needed to achieve climate goals requires more than just 
individual action. Governments will need to work together and co-ordinate action 
to unlock the necessary level of demand. Agreeing on minimum quotas for low-
emission hydrogen use in sectors with commercially available end-use 
technologies, or those expected to become commercial by 2030, can provide the 
confidence needed in markets to significantly boost demand while helping to tackle 
the risks of industry relocation and carbon leakage. The NZE Scenario can provide 
guidance for establishing such quotas. The adoption of quotas for the use of low-
emission hydrogen in refining, ammonia production and methanol production in 
line with the NZE Scenario can unlock a level of demand equivalent to 40-50% of 
current government production targets and 35-65% of the potential production 
from announced projects for low-emission hydrogen production by 2030 (Table 
2.3). This would allow for a significant scale-up of low-emission hydrogen 
production and drive down its production cost to enable wider uptake in other 
sectors, thereby reducing the economic burden on governments when helping to 
bridge premium costs.  

 Low-emission hydrogen demand and share of sectoral hydrogen demand in 
refining, ammonia production and methanol production in the Net Zero 
Emissions by 2050 Scenario, 2030 

Application 
Low-emission hydrogen 

demand 
(Mt) 

Share of low-emission 
hydrogen in total sectoral 

demand 
Production of ammonia 3.5 15% 

Production of methanol 3.5 20% 

Refining 7.0 20% 
Note: The share of low-emission hydrogen demand for ammonia is calculated excluding production equipped with CCU for 
urea synthesis. 
 

These quotas could be complemented with quotas for low-emission fuels in 
shipping and aviation. The European Union has taken the first step in this direction 
by mandating the use of SAF (including RFNBO) as part of RefuelEU Aviation 
Initiative. In the NZE Scenario, almost 15% of shipping and aviation demand is 
met by low-emission fuels by 2030. These quotas will not send a direct demand 
signal for low-emission hydrogen and hydrogen-based fuels, but it can be 
expected that they would lead to important demands for low-emission hydrogen, 
nevertheless. For example, meeting just 0.5% of aviation demand with synthetic 
kerosene by 2030 could lead to close to 1 Mt of hydrogen demand. 

International co-operation is vital in this endeavour. Countries should leverage 
existing platforms and forums, such as the Hydrogen Energy Ministerial, the Clean 
Energy Ministerial Hydrogen Initiative, the G7 and the G20, to foster dialogue, 
co-ordinate policies, and reach a global agreement on promoting low-emission 
hydrogen adoption. 
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In summary, achieving the necessary demand for low-emission hydrogen as 
quickly as possible requires a comprehensive approach that combines incentives, 
regulations, and international co-operation. Bold actions from governments and 
the private sector are crucial to drive up demand to a level consistent with a net 
zero emissions future. 
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Chapter 3. Hydrogen production 

Overview and outlook  

Current status 
Global hydrogen production reached almost 95 Mt in 2022, an increase of 3% 
compared to 2021 (Figure 3.1).37 As in 2021, production was dominated by the 
unabated use of fossil fuels. Natural gas without carbon capture, utilisation and 
storage (CCUS) accounted for 62% of global production, while unabated coal, 
mainly located in China, was responsible for 21% of global production. By-product 
hydrogen, which is produced at refineries and in the petrochemical industry during 
naphtha reforming, and often used for other refinery and conversion processes 
(e.g. hydrocracking, desulphurisation), accounted for 16% of global production. 

 Hydrogen production by technology, 2020-2022  

 
IEA. CC BY 4.0. 

Note: CCUS= carbon capture, utilisation and storage. 

Global hydrogen production grew by 3% in 2022 to reach 95 Mt, but low-emission hydrogen 
production accounted for less than 1% of all production. 

Low-emission hydrogen production in 2022 was less than 1 Mt (0.7% of global 
production), very similar to in 2021 and almost entirely from fossil fuels with 

 
 

37 This includes 75 Mt of pure hydrogen production and around 20 Mt H2 mixed with carbon-containing gases in methanol 
production and steel manufacturing. It excludes around 30 Mt H2 present in residual gases from industrial processes used 
for heat and electricity generation: as this use is linked to the inherent presence of hydrogen in these residual streams, 
rather than to any hydrogen requirement, these gases are not considered here in the demand and supply of hydrogen. By-
product hydrogen from the chlor-alkali industry is not included here. 
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CCUS.38 Production from water electrolysis continued to be relatively small, still 
below 100 kt H2 in 2022, which  represents 35% growth compared to the previous 
year.  

On a regional level, China accounted for almost 30% of global production, 
reflecting large domestic demands for refineries and the chemical industry. More 
than 70% of global production was in China, the United States, the Middle East, 
India and Russia in 2022 (in descending order by share of production). 

Outlook up to 2030 
A large number of low-emission hydrogen production projects are under 
development according to our tracking of announced projects. Annual production 
of low-emission hydrogen could reach more than 20 Mt in 2030, if all the 
announced projects for hydrogen produced from water electrolysis and fossil fuels 
with CCUS are realised39 (Figure 3.2). The corresponding number in the Global 
Hydrogen Review 2022 (GHR 2022) was 16 Mt H2 by 203040, implying a more 
than 30% increase in the announced projects of low-emission hydrogen 
production within one year.  

Half of the produced hydrogen from the announced projects by 2030 comes from 
projects that are today undergoing feasibility studies, followed by projects that are 
at very early stages (more than 45% in terms of production level). Projects that 
are currently under construction or have taken a final investment decision (FID) 
account for only 4% of the announced projects in terms of production. Of these 
projects, almost half are linked to existing hydrogen uses in refineries and the 
chemical industry (Figure 3.3). Electrolyser projects dominate among the 
announced hydrogen production projects: more than 70% of low-emission 
hydrogen production in 2030 could come from electrolysis. However, 55% of the 
announced electrolyser projects are at early stages of development. Given that 
further developing these projects takes time, efforts over the coming years will be 
critical to ensuring that these projects can become operational by 2030.  

Based on the announced projects41 so far, in terms of production Europe and 
Australia account for almost 30% and 20%, respectively, of all announced 
electrolytic hydrogen projects in 2030 (Figure 3.2 and Figure 3.4). 

 
 

38 See Explanatory notes annex for low-emission hydrogen definition in this report. 
39 This could increase to 38 Mt H2, if projects at a very early stage of development (e.g. only a co-operation agreement among 
stakeholders has been announced) are included. 
40 The annual production of low-emission hydrogen in the GHR 2022, including projects at the very early stage of 
development, was 24 Mt by 2030. 
41 The regional discussion of announced projects includes early-stage projects. 

https://www.iea.org/reports/global-hydrogen-review-2022
https://www.iea.org/reports/global-hydrogen-review-2022
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 Low-emission hydrogen production by technology route, maturity and 
region based on announced projects and in the Net Zero Emissions by 2050 
Scenario, 2030 

 

IEA. CC BY 4.0. 

Notes: FID = Final investment decision; CCUS = carbon capture, utilisation and storage; NZE = Net Zero Emissions by 
2050 Scenario; RoW = rest of world. In the left-hand side figure, the ‘2022’ label refers to operational projects, and the label 
FID 2030 includes projects that are under construction and projects that have reached FID. “FID” includes projects that 
have reached at least the FID, therefore under-construction projects are also included; “Feasibility” includes projects 
undergoing a feasibility study; “Early stage” includes projects at very early stages, such as those in which only a co-
operation agreement among stakeholders has been announced. The right-hand side figure includes operational projects 
and projects that have taken FID, at advanced planning and at early stages. 
Source: IEA Hydrogen Projects, (Database, October 2023 release). 

Announced projects correspond to low-emission hydrogen production of 20 Mt, and 38 Mt 
when early-stage projects are included, but only 4% have reached final investment decision 
or are under construction. 

The front runners in Europe are Spain, Denmark, Germany and Netherlands, with 
the four countries accounting for almost 55% of Europe’s electrolytic hydrogen 
production. In 2022, in the second round of funding approvals for hydrogen-related 
Important Projects of Common European Interest (IPCEI), the European 
Commission focused on projects boosting the supply of low-carbon and renewable 
hydrogen and announced the first auctions of the European Hydrogen Bank for 
the end of 2023. Taking advantage of its good renewable sources for solar PV and 
wind, Australia’s low-emission hydrogen production via water electrolysis could 
reach close to 6 Mt by 2030, with many of the projects aiming to reach export 
markets. Hydrogen production from electrolysis in Latin America could reach 
almost 6 Mt by 2030 based on announced projects, in particular in Chile 
(representing 45% of the electrolytic hydrogen production of the announced 
projects in Latin America), Brazil and Argentina (representing a 30% of the 
electrolytic hydrogen production). In the United States, 9 GW of electrolyser 
projects were announced in the past 12 months following the announcement of 
the Clean Hydrogen Production Tax Credit. In addition, significant development of 
electrolysers was realised in China. According to the latest announcements, many 

https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database
https://ec.europa.eu/commission/presscorner/detail/en/ip_22_5676
https://ec.europa.eu/commission/presscorner/detail/en/ip_22_5676
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projects in China are currently under construction (almost 40% in terms of 
production level) and further project developments are expected for the future (Box 
3.1). In Africa, hydrogen production from announced electrolyser projects could 
reach 2 Mt by 2030. More than 20 projects with an electrolyser capacity at or 
above 100 MW have been announced in Kenya, Mauritania, Morocco, Namibia 
and South Africa, with 9 projects having a planned electrolyser capacity in the 
order of 1 000 MW or more.  

 Low-emission hydrogen production by status and by sector based on 
announced projects, 2030 

 
IEA. CC BY 4.0. 

Notes: FID = Final investment decision. “Operating & FID” includes projects that are operating and that have reached at 
least FID, therefore projects under construction are also included; “Feasibility” includes projects undergoing a feasibility 
study; “Early stage” includes projects at very early stages, such as those in which only a co-operation agreement among 
stakeholders has been announced. “Other/undefined” includes projects for which the use has not been specified, and other 
hydrogen uses. 

Low-emission hydrogen production projects under construction or having reached final 
investment decision are often linked to existing hydrogen uses.  

For hydrogen production from fossil fuels with CCUS, the United States could 
account for 4 Mt by 2030, based on announced projects. Europe could reach more 
than 3 Mt H2 in 2030, with projects produced primarily located in the 
United Kingdom, the Netherlands and Norway.  

Production from the announced projects corresponds to more than half of the low-
emission hydrogen production of almost 70 Mt H2 by 2030 envisaged in the Net 
Zero Emissions by 2050 Scenario (NZE Scenario). The remaining gap of 30 Mt H2 
between all the announced projects and the NZE Scenario is composed of 
25 Mt H2 for production via electrolysis, and 8 Mt H2 for production from fossil fuels 
with CCUS.  
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 Map of announced low-emission hydrogen production projects 

 
Note: Map also includes announced projects starting after 2030.  
Source: IEA Hydrogen Projects, (Database, October 2023 release). 

Announced projects are so far concentrated in Europe and Australia, but a growing number 
are planned in Africa, China, India, Latin America and the United States. 

Electrolysis  

Current status 
Water electrolysis (hereafter simply referred to as electrolysis) accounts for just 
0.1% of today’s global hydrogen production, but installed capacity and the number 
of announced projects have been growing rapidly in recent years. About 
600 projects with a combined capacity of more than 160 GW have been 
announced since the GHR 2022. By the end of 2022, the global installed water 
electrolyser capacity for hydrogen production reached almost 700 MW, a 20% 
increase compared to the previous year (Figure 3.5).  

  

https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database
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 Global electrolyser capacity by technology, 2019 – 2023, and by region, size 
and status based on announced projects by 2030  

 
IEA. CC BY 4.0. 

Notes: ALK = alkaline electrolysers; FID = final investment decision and under construction; PEM = proton exchange 
membrane electrolysers; RoW = rest of world; Aus & NZl = Australia and New Zealand; 2023e = estimate for 2023 
capacity, based on projects planned to start operations in 2023 and that have at least reached FID. “Other” technology 
refers to solid oxide electrolysis, anion exchange membrane electrolysis or a combination of different technologies. The unit 
is GW of electrical input. Only projects with a disclosed start year are included. 
Source: IEA Hydrogen Projects, (Database, October 2023 release). 

Global installed electrolyser capacity could reach more than 2 000 MW by the end of 2023. 
Based on announced projects, 175 GW could be reached by the end of the decade, and 
even 420 GW including early-stage projects. 

Plants with a combined capacity of 120 MW started operations in 2022. This is 
only roughly half of the new capacity additions seen in 2021; however, 2021 was 
an exceptional year that included commissioning of a single project in China with 
a capacity of 150 MW. China is likely to again lead the list of the largest 
electrolysers being commissioned in 2023, with a 260 MW plant by Sinopec 
having started operations in July 2023, and more than 550 MW of projects under 
construction. Based on projects that have at least reached FID or are under 
construction, installed global capacity could more than triple to 2 GW by the end 
of 2023 (equivalent to about 0.2 Mt hydrogen production), assuming all projects 
are realised as planned, though several projects are suffering from delays.  

Alkaline electrolysers accounted for 60% of the installed capacity by the end of 
2022, followed by proton exchange membrane (PEM) electrolysers with around 
30%. Based on announcements, this is expected to change in the coming years, 
with PEM gaining market share over alkaline electrolysers, although many future 
projects have not yet decided or disclosed which electrolyser technology will be 
deployed. Solid oxide electrolysers (SOEC) represent less than 1% of installed 
capacity today. In terms of geographical distribution, China and Europe each 

https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database
https://www.upstreamonline.com/hydrogen/baofeng-energy-brings-worlds-largest-green-hydrogen-project-on-line-in-china/2-1-1161221
https://www.upstreamonline.com/hydrogen/baofeng-energy-brings-worlds-largest-green-hydrogen-project-on-line-in-china/2-1-1161221
https://www.hydrogeninsight.com/production/world-s-largest-green-hydrogen-project-chinas-260mw-kuqa-facility-to-be-commissioned-at-the-end-of-may/2-1-1457242
https://www.reuters.com/business/energy/sinopecs-first-green-hydrogen-plant-xinjiang-starts-production-xinhua-2023-06-30/
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accounted for one-third of the installed capacity at the end of 2022, while for the 
United States and Canada the combined share was 10%. 

Rapidly growing number of announced projects 
Based on announced projects, global installed electrolyser capacity could reach 
175 GW by 2030, an increase of 30% compared to the announcements in the 
GHR 2022. The capacity in 2030 increases to 420 GW when projects at early 
stages of development42 are also taken into consideration (Figure 3.6).  

 Electrolyser capacity in 2030 based on current announcements by status, 
and progress since the Global Hydrogen Review 2022 

 
IEA. CC BY 4.0. 

Notes: GHR = Global Hydrogen Review; FID=final investment decision; RoW = rest of the world. “FID” includes projects 
that are under construction and projects that have reached FID; “Early stages” includes projects at concept status, such as 
those in which only a co-operation agreement among stakeholders has been announced. The lower number in the capacity 
range excludes the “Early stage” projects. The percentage shares include “Early stage” projects. Only projects with a 
disclosed start year are included. 
Source: IEA Hydrogen Projects, (Database, October 2023 release). 

Based on all announced projects, electrolyser capacity could reach 420 GW by 2030, but 
more than half of the projects are at early development stages. 

Europe could be home to one-third of this capacity, followed by Latin America and 
Australia with 20% each one. However, recent progress in China (Box 3.1) and 
the impact of the Inflation Reduction Act (IRA) in the United States are likely to 
change this picture, with these two countries expected to take a larger share of 
total installed capacity than can be seen in the announced projects today. 

The realisation of all announced projects is still highly uncertain, as less than 4% 
of the capacity of all announced projects has reached FID or is under construction. 
Almost 40% of the capacity is undergoing or has completed a feasibility study. 

 
 

42 e.g. projects for which only a co-operation agreement among stakeholders has been announced. 

https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database
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Since the publication of the last edition of the Global Hydrogen Review in 
September 2022, more than 3.8 GW of electrolyser projects have reached FID or 
started construction. This is mainly due to construction starting on the NEOM 
Green Hydrogen Project in Saudi Arabia, which is planned to go online in 2026, 
and is the biggest project in the world to have started construction. Recently, 
financial closure has been achieved for the Green Hydrogen Project in Oman, 
expected to produce 100 kt of ammonia per year, and planned to have a capacity 
of 3.5 GW once at full scale.  

The scale-up in installed electrolyser capacity is also accompanied by a trend 
towards larger projects being announced. While the average size of electrolyser 
plants is about 12 MW today, it could grow to several hundreds of MW in few years 
and to 1 GW by 2030, with GW-scale projects representing more than 75% of 
announced capacity for 2030. 

Electrolyser supply chains 
By the end of 2022, the available manufacturing capacity publicised by electrolyser 
manufacturers reached as high as 14 GW/yr, half of which was in China, to serve 
a rapidly growing domestic market, and a further one-fifth in Europe (Figure 3.7). 
However, output to date has been much lower than this: we estimate it at just 
above 1 GW/yr in 2022 based on water-splitting projects entering operation and 
the historical market for chlor-alkali electrolysers, which continue to dominate 
factory output. Nonetheless, there appears to be sufficient capacity to realise the 
1.1 GW of projects under construction for delivery in 2023 and 5 GW for 2024. 
Given the large gap between current output and stated manufacturing capacities 
by manufacturers, it also seems feasible that manufacturers could ramp up output 
by several gigawatts in two to three years if they receive orders from projects 
seeking to take advantage of financial incentives in North America and Europe. 

Based on companies’ announcements, global electrolyser manufacturing capacity 
could reach 155 GW/yr by 2030, with one-quarter of the manufacturing capacity 
located in China, one-fifth each in the United States and Europe, and 6% in India. 
However, 20% of the expansion plans by 2030 have been announced without a 
disclosed location, which means that the geographical distribution could change, 
for example if influenced by policy support to stimulate local demand and local 
manufacturing (such as the IRA in the United States, the Net Zero Industry Act in 
the European Union or the incentive schemes for electrolyser manufacturing in 
India).  

 

https://www.energyintel.com/00000186-b241-dc3c-a9b6-fb5361720000
https://www.energyintel.com/00000186-b241-dc3c-a9b6-fb5361720000
https://www.saudigulfprojects.com/2023/07/acme-group-achieved-financial-closure-of-488m-for-the-first-phase-of-green-hydrogen-project-in-oman/
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 Electrolyser manufacturing capacity by region and technology according to 
announced projects and in the Net Zero Emissions by 2050 Scenario, 2021-
2030 

 
IEA. CC BY 4.0. 

Notes: ALK = alkaline electrolyser; NZE = Net Zero Emissions by 2050 Scenario; PEM = proton exchange membrane 
electrolyser; RoW = rest of the world; SOEC = solid oxide electrolyser. The manufacturing capacity for 2023 is an estimate 
including facilities under construction that are planned to be operational by the end of 2023.  
Source: IEA analysis based on announcements by manufacturers and personal communications. 

Electrolyser manufacturing capacity almost doubled between 2021 and 2023. Announced 
plants could cover 90% of the needs in the Net Zero Emissions by 2050 Scenario. 

Three-quarters of manufacturing capacity today is for alkaline electrolysers – of 
which 70% is in China – while PEM and SOEC account for 2 GW/yr and 
1.5 GW/yr, respectively. Part of the manufacturing capacity for these two 
technologies, however, is used to produce fuel cells in the same factories, given 
the technology similarities, which means that the capacity used for electrolysers 
may be lower. By 2030, PEM manufacturing capacity could grow to reach almost 
one-quarter of the global capacity, with the share of alkaline electrolysers declining 
though still dominant at 54%. 

Only 8% of the announced manufacturing capacity has reached FID or is under 
construction. About 30% of the overall announced manufacturing capacity is an 
expansion of plants that already exist, or a later expansion of new manufacturing 
plants to be built, announced without a specific target year. Since planned 
expansions of existing plants often have shorter lead times compared to building 
a greenfield plant, companies may take more time to decide whether to move 
forward with these plans based on future demand developments. This adds further 
uncertainty on whether announced expansions will eventually be realised.  

Overall, the announced manufacturing capacities of 155 GW/yr by 2030 represent 
90% of the 170 GW of manufacturing capacity envisaged in 2030 in the NZE 
Scenario.  
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 Global electrolyser capacity from announced projects, and cumulative 
output from announced manufacturing capacity compared to the Net Zero 
Emissions by 2050 Scenario, 2025-2030 

 
IEA. CC BY 4.0. 

Notes: FID = final investment decision; NZE = Net Zero Emissions by 2050 Scenario. The manufacturing output has been 
computed assuming an 85% utilisation rate of the cumulative announced manufacturing capacity, and one year between 
the full-scale operation of the manufacturing facility and the installation of the manufactured electrolyser. Manufacturing 
capacity announced without a disclosed target year has been allocated to 2030. 
Source: IEA analysis based on announcements by manufacturers and personal communications, and on IEA Hydrogen 
Projects, (Database, October 2023 release). 

Announced manufacturing capacity could be sufficient to support the deployment of 
announced electrolyser projects by 2030. 

If all the announcements from manufacturers are realised on time and at scale, 
the potential output of the electrolyser manufacturing facilities would be sufficient 
to support the deployment of all the announced production projects by 2030 
(Figure 3.8). If only the announced capacity that has reached financial closure 
(FID) or is under construction (i.e. is committed) is considered, the potential output 
would be not only sufficient to satisfy the production projects that have reached 
FID, but is such that by 2030 it could also cover the demand of electrolysers from 
production projects currently undergoing feasibility studies. The imbalance 
between committed production projects and manufacturing capacity could, 
however, mean that if production projects for 2030 that are currently at feasibility 
study stage progress more slowly than planned, this would result in 2030 in a low 
utilisation rate of the committed manufacturing plants.  

The cost of electrolytic hydrogen 
The installed cost of electrolysers has increased significantly in the past few years 
due to increases in materials and labour costs. The capital cost for an installed 
electrolyser (including the equipment, gas treatment, plant balancing, and 

https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database
https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database
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engineering, procurement and construction cost) ranges between USD 1 700/kW 
and USD 2 000/kW (for alkaline and PEM respectively, based on data from 
industry and project developers), a year-on-year increase of about 9% compared 
to the capital cost range observed in 2021. However, in Europe, some project 
developers have observed even higher inflation values, up to 40% in certain 
cases. Alkaline electrolysers manufactured in China are, in terms of CAPEX, much 
cheaper than those manufactured in Europe or North America, at around USD 
750-1 300/kW for an installed electrolyser, but could be as low as USD 350/kW 
according to some sources. The cost figure reflects technical standards and 
conditions in China. For exports, adjustments to be made to Chinese electrolysers 
to comply with standards in other countries may lead to higher costs. The inflation 
on the CAPEX of the electrolysers could translate into a 20% cost increase in the 
levelised cost of hydrogen production (assuming all other parameters remain 
constant), as the CAPEX today represents the main cost component. 

Recent inflation and increases in labour cost have had a considerable impact on 
projects under development, whose first cost estimates have been revised 
upwards in several cases (see Chapter 5 Investment, finance and innovation). The 
cost of Saudi Arabia’s NEOM Green Hydrogen project has risen from USD 5 billion 
to USD 8.5 billion, according to a statement from the beginning of 2023, due to 
inflation, supply chain-related cost increases, and an enlargement of the project 
scope to include, for example, transmission lines and some other infrastructure 
equipment. Similarly, the German Bad Lauchstädt Energy Park project has seen 
costs rise by 50% from the first estimate. 

Based on the deployment of electrolysers in the next decade envisaged in current 
announcements, the capital cost could decrease due to economies of scale and 
mass production.43 Based on capacity deployment of the announced projects, the 
cost of an installed electrolyser could go down compared to 2023 by 50% by 2025 
and by 60% by 2030, reaching about USD 720-810/kW (Figure 3.9). Based on the 
electrolyser installations required to meet needs in the NZE Scenario, the cost 
reduction could reach 65-70% by 2030, leading to below USD 600/kW installed 
cost. Such a cost reduction alone could halve the share of CAPEX in the levelised 
cost of hydrogen (assuming all the other parameters remain constant) to around 
25%. 

 

 

 
 

43 To assess the cost reduction, a learning rate of 18% has been used for the electrolyser stack, representing about half of 
the system cost, and between 5-12% for the other components and the balance of plant. 

https://www.weforum.org/whitepapers/green-hydrogen-in-china-a-roadmap-for-progress/
https://www.oilandgasmiddleeast.com/news/saudi-arabias-neom-hydrogen-mega-project-cost-soars-to-8-5-billion
https://www.uniper.energy/news/bad-lauchstaedt-energy-park-now-in-implementation-phase#:%7E:text=At%20the%20start%20of%20the,major%20challenge%20for%20the%20project.
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 Evolution of electrolyser installed capital costs based on deployment from 
announced projects and in the Net Zero Emissions by 2050 Scenario, 2021-
2030, and the share of capital cost in the levelised cost of hydrogen 
production 

 
IEA. CC BY 4.0. 

Notes: CAPEX = capital expenditure; CF = capacity factor; LCOH = levelised cost of hydrogen; NZE = Net Zero Emissions 
by 2050 Scenario; y-o-y = year-on-year variation. Left-hand side chart: “Projects” refers to the capacity deployed according 
to announced projects, which is 55 GW by 2025 and 175 GW by 2030; in the case of the NZE Scenario, this is 590 GW by 
2030. The learning rate for the electrolyser stack is 18%, while for the other components it is 5-12%. Right-hand side chart: 
electricity cost of USD 20/MWh, electrolyser efficiency of 69% lower heating value, 8% cost of capital. 
Sources: IEA analysis based on data from McKinsey & Company and the Hydrogen Council, communications with 
companies and the IEA Hydrogen Projects, (Database, October 2023 release). 

While electrolyser CAPEX increased in 2023 by 15% compared to 2021, CAPEX could be 
reduced by 60-70% by 2030. 

 

Box 3.1 Electrolysis development in China 

China currently produces more hydrogen than any other country around the world, 
with around 33 Mt produced in 2020, mainly from coal and natural gas, but recently 
significant growth has been realised in the production of hydrogen through water 
electrolysis. By 2022, 30% of global electrolyser capacity was installed in China. 
Since the beginning of 2023, China has made significant progress on hydrogen 
production through water electrolysis, and by the end of the year, the installed 
electrolyser capacity is expected to reach 1.1 GW, which would represent 50% of 
the global share. As of September 2023, half of this expected capacity is already 
in operation, while the rest is under construction.  

Besides the strong growth in total installed electrolyser capacity, one of the world’s 
largest electrolyser plants is going to be commissioned by the end of 2023; the 
Chifeng Ammonia Demonstration Project, with a yearly hydrogen production of 
24 200 t H2/yr (around 140 MW of electrolyser capacity). By 2024, 8 electrolytic 
hydrogen projects, which are currently under construction with electrolyser 

https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database
https://www.iea.org/reports/opportunities-for-hydrogen-production-with-ccus-in-china
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capacity greater than 125 MW are planned to start their operation in China next 
year. The electrolytic hydrogen project planned by Sinopec at its chemical facility 
in Ordos is one of the 8 hydrogen projects that are under construction, and it could 
be among the largest in the world, with 30 kt of annual hydrogen production 
(corresponding to about 350 MW of electrolysis, assuming a 50% capacity factor). 
Project announcements for electrolyser developments in China represent 
significant growth in the coming years, following wider global trends. Compared to 
2023, the expected installed electrolyser capacity in China is set to triple to 3.3 GW 
by 2024, and to reach almost 5.4 GW by 2025. 

Electrolyser capacity in China 

 
IEA. CC BY 4.0. 

Notes: FID/Construction = projects that have reached final investment decision (FID) or are under construction. 
Electrolyser capacity from 2023 to 2025 includes announced projects under construction or that have reached FID, 
assuming they will start operation based on schedule. 

Source: IEA Hydrogen Projects, (Database, October 2023 release). 

 
Furthermore, the average project size is growing fast: the number of projects with 
a capacity in the range of 100-500 MW is increasing in China. About 60% of the 
announced projects in 2023 are included in this category. An example is the Kuqa 
project from Sinopec, with a capacity of 260 MW and having started operation in 
June 2023. Larger-scale facilities of 500-1 000 MW are planned to be installed 
from 2025 onwards. By that year, giga-scale projects will represent almost 20% of 
the capacity that has at least reached FID. Besides the progress in electrolyser 
deployment, Chinese companies have also developed larger and more efficient 
electrolysers. In December 2022, Peric Hydrogen Energy Technologies presented 
the largest single unit hydrogen alkaline electrolyser, with a hydrogen capacity of 
2 000 Nm3/h or about 9 MW44, and Longi Hydrogen unveiled in February 2023 a 
new alkaline model that – with a direct current electricity consumption of 
4 kWh/Nm3 (corresponding to 44.5 kWh/kg H2) – is more efficient than most 
electrolysers on the market. 

 
 

44 Assuming an electricity demand of 52 kWh per kg H2 or 4.7 kWh per Nm3 H2. 

https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database
https://www.fuelcellchina.com/Industry_information_details/109.html
https://www.longi.com/in/news/hydrogen-alk-hi1-product-launch/
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Fossil fuels with CCUS  
Sixteen hydrogen facilities45 around the world are equipped with CCUS, capturing 
around 11 Mt CO2 per year. Most facilities are retrofitted hydrogen production 
units in refining and fertiliser production in North America, with first operation 
dating from the early 1980s. Only around 1 Mt of the captured CO2 is injected in 
dedicated storage (at the Quest facility in Canada), and the remainder is injected 
for enhanced oil recovery (EOR) or used in applications such as the food and 
beverage industry or for boosting yields in greenhouses. Moreover, most facilities 
were retrofitted with partial capture, meaning only process emissions which have 
a high concentration of CO2 are captured (Box 3.2). This results in only around 
0.6 Mt of H2 production qualifying as low-emission out of the 0.8-1.2 Mt 
produced46, with 0.35 Mt from natural gas reforming (4 Mt CO2 per year captured), 
and 0.25 Mt from coal and oil gasification (7 Mt CO2 per year captured). 

Hydrogen is one of the leading applications in CCUS deployment plans. More than 
one-quarter of CO2 capture capacity under construction or in planning involves 
hydrogen or ammonia production across a range of applications, including 
dedicated production, refineries, fertiliser and iron and steel.  

In the United States, while CO2 demand for EOR was the primary driver for the 
first plants to capture emissions, the 45Q tax scheme first introduced in 2008 and 
increased through the IRA in 2022 up to USD 85 per tonne of CO2 stored (around 
USD 0.80/kg H2

47), and up to USD 60 per tonne of CO2 used (around 
USD 0.55/kg H2), continues to support development, with more than 30 hydrogen 
projects with CCUS currently in planning. In Canada, the sector is benefiting from 
both CCUS and “clean” hydrogen investment tax credits, as well as funding for 
carbon storage hubs. In Europe, the United Kingdom is leading gas-CCUS 
hydrogen project development, supported by government-funded industrial 
decarbonisation programmes, followed by the Netherlands and Norway. In total, 
Europe could account for around 40% of low-emission production by 2030.48  

If all announced projects are realised, low-emission hydrogen production from 
fossil fuels with CCUS could increase almost fifteen-fold from around 0.6 Mt per 
year in 2022 to around 9 Mt per year by 2030, with potential to increase to 
12 Mt CO2/yr if accounting for very early-stage projects (Figure 3.10). The vast 
majority comes from gas reforming, and less than 1 Mt from coal or oil gasification. 

 
 

45 Only projects with a capture capacity above 100 000 t CO2 per year are considered here. 
46 Low-emission hydrogen production is estimated from the plant CO2 capture capacity, and therefore only includes hydrogen 
production for which CO2 is captured and stored. The range of total hydrogen production is estimated assuming a 40-60% 
overall unit capture rate for gas-based production and 90-95% for coal and oil-based production (Box 3.2), including projects 
capturing CO2 for utilisation. 
47 Assuming gas-based production, 0.9105 kg CO2 emitted per Nm3 H2 and 90% capture rate. 
48 This could decrease to one-third, if projects at a very early stage of development (e.g. only a co-operation agreement 
among stakeholders has been announced) are included. 

https://www.iea.org/data-and-statistics/data-product/ccus-projects-databasehttps:/www.iea.org/data-and-statistics/data-product/ccus-projects-database
https://www.iea.org/policies/4986-section-45q-credit-for-carbon-oxide-sequestration
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This is still around10 Mt per year short of the circa 17 Mt of low-emission hydrogen 
production from fossil fuels with CCUS needed in 2030 in the NZE Scenario.  

 Production of low-emission hydrogen from fossil fuels with carbon capture 
utilisation and storage, historical and from announced projects, 2018-2030 

 
IEA. CC BY 4.0. 

Notes: CCUS = carbon capture, utilisation and storage; FID = final investment decision. FID refers to projects under 
construction or which have at least taken FID. Only includes projects with an announced operating date before 2030, 
assuming they will start operation on schedule. 
Source: IEA Hydrogen Projects, (Database, October 2023 release). 

Despite recent momentum, planned carbon capture, utilisation and storage-based 
hydrogen production remains low, and is concentrated in North America and Europe. 

Projects under development are likely to need further policy and financial support 
to come to fruition. To date, only 6% of planned production for 2030 is currently 
under construction, though 2 of the 11 FID taken for CCUS-based projects in 2022 
were for merchant hydrogen or ammonia production, which could suggest higher 
investor confidence in the sector. 

 

Box 3.2 Can high plant capture rates be achieved? 

Along with low methane emissions from fuel supply, high plant capture rates are 
essential to minimise residual emissions from fossil fuel-based hydrogen-CCUS 
production routes, or maximise CO2 removal from biomass-based production (see 
section Emerging production routes below).  

While capture efficiencies as high as 99% can be achieved with marginal additional 
energy input, overall plant capture rates also depend on process configuration and 
point of capture. Most operating steam methane reforming (SMR) facilities today 
operate at partial capture: only the CO2 in the shifted syngas is captured, and not 

https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database
https://majorprojects.alberta.ca/details/Air-Products-Hydrogen-Production-and-Liquefaction-Facility/4461/
https://www.oci.nl/news/2022-oci-progresses-iowa-s-carbon-capture-sequestration-project-to-abate-its-co2-emissions-and-produce-low-carbon-ammonia-urea-and-def-in-the-us/
https://ieaghg.org/publications/technical-reports/reports-list/9-technical-reports/951-2019-02-towards-zero-emissions
https://scholar.google.com/scholar_lookup?title=Cost%20reduction%20study%20for%20MEA%20based%20CCGT%20post-combustion%20CO2%20capture%20at%20technology%20center%20Mongstad&publication_year=2021&author=M.%20Ismail%20Shah&author=E.%20Silva&author=E.%20Gjernes&author=K.%20%C3%85sen%20Ingvar
https://scholar.google.com/scholar_lookup?title=Cost%20reduction%20study%20for%20MEA%20based%20CCGT%20post-combustion%20CO2%20capture%20at%20technology%20center%20Mongstad&publication_year=2021&author=M.%20Ismail%20Shah&author=E.%20Silva&author=E.%20Gjernes&author=K.%20%C3%85sen%20Ingvar
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the CO2 resulting from fuel combustion from the reformer furnace. This typically 
results in overall plant capture rates between 40% and 60%.  

Process modelling studies have shown that plant capture rates of 96% and up to 
99% can be achieved in a SMR plant by burning the unconverted off-gas with 
natural gas in the reformer furnace, and capturing CO2 from the furnace exhaust, 
at levelised costs 50-60% higher than unabated SMR. In the autothermal reformer 
(ATR) process, most of the process CO2 is available for capture in the shifted 
syngas, resulting in overall capture rates between 93-98%. The gas partial 
oxidation (POx) process developed by Shell is reported to yield overall plant 
capture rates up to 99%. Plant capture rates between 94% and 98% have also 
been simulated for coal gasification. To date, no operational plant has achieved 
these levels of capture, but two ATR projects targeting 90-95% capture are 
currently under construction in North America (see Chapter 5 Investment, finance 
and innovation). 

 

Supply chain challenges for fossil-based hydrogen 
production with CCUS 

Large-scale hydrogen production with CCUS does not face the same supply chain 
manufacturing constraints as electrolytic hydrogen. While large-scale hydrogen 
plants require mass-manufactured equipment such as compressors, pumps, fans, 
heat exchangers, separation columns and storage tanks, the manufacturing of 
these devices can benefit from synergies with other industries in which this 
equipment has been used for decades, notably oil and gas, chemicals and power 
generation. Producers can therefore access a large and diverse pool of suppliers 
located in different regions with well-established manufacturing facilities and 
supply chains.  

Plant and infrastructure development lead times for the plant are likely to be the 
main bottleneck. Given that most operating plants are capital-intensive first-of-a-
kind facilities, project lead times have historically been long, ranging from 1.5 to 
10 years, with an average of around 4 years. Permitting and financing often 
constitute an important hurdle, taking on average almost as long as construction. 
Projects that require the development of new CO2 management infrastructure for 
CO2 transport and storage also tend to have longer lead times, due to long lead 
times associated with developing and permitting new storage resources, or the 
difficulty of co-ordinating infrastructure with capture developments. This was the 
case of the Alberta Carbon Trunk Line project, for example, which took around 10 
years to reach commissioning.  

 

https://netl.doe.gov/energy-analysis/details?id=ed4825aa-8f04-4df7-abef-60e564f636c9
https://www.sciencedirect.com/science/article/pii/S1750583623000749#bib0019
https://www.sciencedirect.com/science/article/pii/S1750583623000749#bib0019
https://pubs.rsc.org/en/content/articlelanding/2020/se/d0se00222d
https://catalysts.shell.com/en/glossary/shell-blue-hydrogen-process
https://netl.doe.gov/energy-analysis/details?id=ed4825aa-8f04-4df7-abef-60e564f636c9
https://ieaghg.org/component/content/article/49-publications/technical-reports/784-2017-02-smr-based-h2-plant-with-ccs
https://majorprojects.alberta.ca/details/Alberta-Carbon-Trunk-Line/622
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Siting new hydrogen facilities close to industrial clusters can leverage local 
hydrogen demand and help share construction costs for CO2 transport and storage 
infrastructure with other emitters, which could cut overall project lead times once 
infrastructure is in place. Around two-thirds of planned CO2 capture capacity for 
hydrogen production are being developed as part of CO2 transport and storage 
hubs catering for multiple industrial sources. Co-ordination of capture and 
infrastructure developments within these CCUS hubs, and design of legal and 
regulatory frameworks which are fit for purpose, will be crucial to avoid delays. 

Comparison of different production routes  

Hydrogen production costs 
The cost of hydrogen production depends on the technology and cost of the 
energy source used, which usually has significant regional differences. Prior to the 
global energy crisis sparked by Russia’s invasion of Ukraine, the levelised cost of 
hydrogen production from unabated fossil-based sources was in the range of 
USD 1.0-3.0/kg H2 (Figure 3.11). In 2021, these production routes offered the 
cheapest option to produce hydrogen, compared with the use of fossil fuels with 
CCUS (USD 1.5-3.6/kg H2) or the use of electrolysis with low-emission electricity 
(USD 3.4-12/kg H2). 

The cost of hydrogen produced using electrolysis is driven by the capital cost of 
electrolysers and the cost of the electricity used to power the electrolyser. As 
discussed above, the capital costs of electrolysers are set to decrease significantly 
in the short term, thanks to economies of scale and further technology innovation. 
The cost of renewable electricity has already decreased sharply in the last decade 
(80% reduction in the cost of solar modules between 2010 and 2020). The recent 
increases in commodity prices may slow down further cost declines in the near 
term but are unlikely to stop them altogether over the longer term. If large-scale 
deployment takes place as envisaged in the NZE Scenario, the production costs 
of electrolytic hydrogen using electricity from solar PV could fall to USD 1.6/kg H2 
by 2030 in regions with excellent solar irradiation, such as Africa, Australia, Chile, 
China and the Middle East. While solar PV-based electrolysis could become the 
cheapest way to produce hydrogen by the end of the decade, locations with 
excellent wind resources (offshore or onshore) could also see a significant drop in 
the levelised cost of hydrogen, reaching values under USD 2.1/kg H2 in the north-
west European region and under USD 2.3/kg H2 in the United States. 

 

 

https://www.iea.org/reports/legal-and-regulatory-frameworks-for-ccus
https://www.iea.org/reports/legal-and-regulatory-frameworks-for-ccus
https://www.iea.org/reports/solar-pv-global-supply-chains
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 Levelised cost of hydrogen production by technology in 2021, 2022 and in 
the Net Zero Emissions by 2050 Scenario in 2030 

 
IEA. CC BY 4.0. 

Notes: CCUS = carbon capture, utilisation and storage; PV = photovoltaic; NZE= Net Zero Emissions by 2050 Scenario in 
2030. Solar PV, wind and nuclear refer to the electricity supply to power the electrolysis process. NZE values refer to 2030. 
Natural gas price is USD 5-15/MBtu for 2021, USD 6-36/MBtu for 2022 and USD 1-8/MBtu for 2030 NZE. Coal price is 
USD 40-180/tonne for 2021, USD 50-360/tonne for 2022 and USD 30-70/tonne for 2030 NZE. Solar PV electricity cost is 
USD 22-120/MWh for 2022, USD 13-80/MWh for 2030 NZE, with capacity factor of 12-35%. Onshore wind electricity cost 
is USD 25-130/MWh for 2022, USD 25-120/MWh for 2030 NZE, with capacity factor of 15-53%. Offshore wind electricity 
cost is USD 50-225/MWh for 2022, USD 30-125/MWh for 2030 NZE, with capacity factor of 32-67%. The cost of capital is 
6%.  
The dashed area represents the CO2 price impact, based on USD 15-140/t CO2 for the NZE Scenario. More techno-
economic assumptions will be made available in a separate forthcoming Annex. 
Sources: IEA analysis based on data from McKinsey & Company and the Hydrogen Council; IEA GHG (2014); NREL 
(2022); IEA GHG (2017); E4Tech (2015); Kawasaki Heavy Industries. 

With natural gas prices subsiding from their 2022 highs, renewable hydrogen could 
become competitive with hydrogen from fossil fuels by 2030.  

Electricity costs are a major component of the cost of hydrogen produced from 
electrolysis, accounting for 25-45% of total levelised cost from solar PV today. Low 
electricity costs and high capacity factors for the electrolyser favour lower 
electricity cost shares and lower overall hydrogen production costs, while 
reductions in electrolyser CAPEX increase the share of electricity costs in the total 
hydrogen production costs (Figure 3.9). Bringing down the cost of low-carbon 
electricity will be critical to reach low hydrogen production costs from electrolysis. 
Electricity costs of USD 20/MWh are equivalent to hydrogen costs of USD 1/kg H2 
(at 70% efficiency, lower heating value) – when leaving out any CAPEX and fixed 
OPEX costs for the electrolyser. Taking into account CAPEX and fixed OPEX, 
electricity costs would need to be even lower, as illustrated in Figure 3.12, in which 
hydrogen production costs from solar PV at locations with excellent solar 
conditions could fall to USD 1.6/kg H2 by 2030, assuming drastic cost reductions 
for electricity to USD 13/MWh, that align with the NZE Scenario. Even with 
hydrogen costs approaching USD 1/kg H2, it is important to keep in mind that 
hydrogen does not become a low-cost fuel: a hydrogen price of USD 1/kg H2, 
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when expressed in natural gas price units, translates into USD 8.8/MBtu, or in 
electricity price units into USD 30/MWh. 

 Levelised cost of hydrogen production based on different renewable 
electricity prices and on different costs of capital in the Net Zero Emissions 
by 2050 Scenario, 2030 

 
IEA. CC BY 4.0. 

Notes: NZE = Net Zero Emissions by 2050 Scenario; WACC= weighted average cost of capital. Left-hand side figure: 
points represent electricity and hydrogen production costs for different regions around the world, taking local renewable 
resource conditions into account. The cost of capital is 6%. Right-hand side chart: the capacity factor for solar PV is 28%, 
for onshore wind is 40% and for offshore wind is 56%. Techno-economic assumptions will be made available in a separate 
forthcoming Annex. 

Renewable electricity costs and the cost of capital are key factors in hydrogen production 
costs. Doubling cost of capital from 5 to 10% increases production costs by almost 40%. 

Hydrogen production from renewable electricity is a capital-intensive production 
route. Upfront investments are not only required for the electrolyser, but also for 
renewable electricity generation. For hydrogen production using electricity from 
solar PV, a 1%-point increase in the weighted average costs of capital (WACC) 
results in 2030 in the NZE Scenario roughly in a cost increase of around 
USD 0.2/kg H2. In the current context of growing interest rates, increasing WACC 
can have a profound impact on the economic viability of projects and their 
hydrogen production costs. For example, a WACC increase from 5% to 10% 
results in an almost 40% increase in hydrogen production costs, depending on the 
renewable electricity source. For project developers in emerging and developing 
economies in particular, access to financing can be a major barrier, reflected in a 
WACC that is often higher compared to advanced economies. An increase in 
WACC from 6% to 15% for example would increase the cost of hydrogen 
production from solar PV by more than 70%.49 

 
 

49 The 6-15% range reflects the costs of capital being observed for utility-scale solar PV projects in emerging markets and 
developing economies. 

https://www.iea.org/data-and-statistics/data-tools/cost-of-capital-observatory-data-explorer
https://www.iea.org/data-and-statistics/data-tools/cost-of-capital-observatory-data-explorer
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Box 3.3 Sizing renewable electricity for electrolytic hydrogen production 

Many electrolyser projects for hydrogen production include dedicated renewable 
electricity plants, often solar PV, onshore or offshore wind. For example, the NEOM 
project under construction in Saudi Arabia plans to use 4.6 GW of solar PV and 
onshore wind capacity to provide electricity for a more than 2 GW electrolyser, with 
the hydrogen being used in a Haber-Bosch synthesis process for ammonia 
production. The investments for renewable electricity generation often account for 
the majority of the overall investments of a hydrogen project in which an 
electrolyser is combined with a dedicated renewable electricity supply.  

The design of such a project, in particular in terms of the installed electrolyser 
capacity and the renewable generation capacity, depends on various factors. If the 
produced hydrogen is used in further synthesis processes, such as the Haber-
Bosch process for ammonia synthesis, a relatively stable hydrogen supply and 
high full load hours for the synthesis process are desirable. This can be achieved 
by a larger capacity ratio of renewable generation to the electrolyser (and the 
design also depends on the overall economics in combination with other 
measures, such as adding hydrogen storage or also using grid electricity for some 
of the time, if available). In such a configuration, part of the renewable electricity, 
if not stored in batteries or used otherwise, may be curtailed, but overall, such a 
design can help to increase the overall full load hours of the electrolyser and the 
synthesis process. Similarly, relatively low CAPEX costs for renewable generation 
capacity in comparison to the electrolyser CAPEX can favour a larger capacity ratio 
of renewable capacity to electrolyser. Relatively low CAPEX for the electrolyser 
and the synthesis process (or relatively high renewable CAPEX) may favour a 
configuration with a lower capacity ratio of renewable generation to the 
electrolyser, i.e. overall, the benefits of lower investments in renewable capacity 
offset the lower utilisation of the electrolyser (and a potential downstream synthesis 
process). 

These relationships are illustrated for the case of production of ammonia, using a 
Haber-Bosch synthesis process, an electrolyser and solar PV for the electricity 
supply as well as battery storage and hydrogen storage tanks. In the base case 
with a solar PV CAPEX of USD 600/kW and an electrolyser CAPEX of 
USD 615/kW, a solar PV to electrolyser capacity ratio of 1.8 results in the lowest 
ammonia production costs. Halving the solar PV CAPEX leads to an optimal 
design with a capacity ratio of 2.9, while the capacity factor of the Haber-Bosch 
synthesis process increases from 82% to 84%. With lower solar PV costs, the cost 
curve also becomes flatter, i.e. with lower solar PV costs, the impact of the 
electricity costs on the ammonia production costs becomes less pronounced. If the 
solar PV CAPEX increases to USD 900/kW, the optimal solar PV to electrolyser 
capacity ratio decreases to 1.5 and the capacity factor of the Haber-Bosch 
synthesis to 80%. 

https://www.hydrogeninsight.com/production/neom-becomes-first-gigawatt-scale-green-hydrogen-project-to-secure-funding-with-8-5bn-lined-up/2-1-1412727
https://www.hydrogeninsight.com/production/neom-becomes-first-gigawatt-scale-green-hydrogen-project-to-secure-funding-with-8-5bn-lined-up/2-1-1412727
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Combining solar PV and onshore wind can be another way to increase the capacity 
factor of the electrolyser and the Haber-Bosch synthesis. Including onshore wind 
in the base case increases the capacity factor of the Haber-Bosch synthesis to 
87% compared to 82% when using only solar PV as the renewable electricity 
option. The ammonia production costs decline by 4%. In the case that both solar 
PV and onshore wind are available, higher solar PV CAPEX does not necessarily 
lead to a lower renewable to electrolyser capacity ratio. At the location considered 
here, renewable generation shifts with higher solar PV CAPEX to onshore wind, 
but also to a replacement of grid electricity by onshore wind, so that the overall 
renewable to electrolyser capacity with higher solar PV CAPEX is actually larger 
than in the base case for solar PV CAPEX. 

Ammonia production cost from solar PV and from solar PV and onshore 
wind hybrid systems 

 
IEA. CC BY 4.0. 

Notes: LCOA = levelised cost of ammonia production; CAPEX = capital expenditure. 

The analysis is based on the following assumptions: solar PV CAPEX is USD 600/kW in the base case, USD 300/kW in 
the low solar PV CAPEX case and USD 900/kW in the high solar PV CAPEX case, reflecting the regional CAPEX range 
for utility-scale solar PV in the Net Zero Emissions by 2050 Scenario in 2030. CAPEX for onshore wind is kept constant 
at USD 1 270/kW. CAPEX for electrolysers is USD 615/kW, for battery storage USD 180/kWh and for hydrogen storage 
tanks USD 350/kg H2. Firm grid electricity is available at costs of USD 100/MWh in addition to renewable electricity 
available for the electricity needs of the Haber-Bosch synthesis. Location with annual average capacity factor of 26% for 
solar PV and 40% for onshore wind. Further techno-economic assumptions will be made available in a separate 
forthcoming Annex. 

Analysis was done by determining the cost optimal configuration for given technology costs, hourly solar PV and onshore 
wind capacity factors and given renewable to electrolyser capacity ratios. The left figure only considers solar PV as a 
renewable electricity source, while the right figure considers hybrid systems of solar PV and onshore wind. 

 

Various regions around the world have excellent renewable resource conditions 
to produce hydrogen from renewable electricity at low costs (Figure 3.13).  
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 Hydrogen production costs and share of solar PV from hybrid solar PV and 
onshore wind systems, 2030 

 

 
Notes: LCOH = levelised costs of hydrogen production. For each location, production costs are determined by optimising 
the mix of solar PV, onshore wind, electrolyser, battery and hydrogen storage capacities, resulting in the lowest costs. 
Onshore wind has been excluded in permafrost regions due to more challenging requirements for the foundation of wind 
turbines, so that solar PV is the sole hydrogen production option, which explains the high solar shares in these regions. 
Based on an electrolyser CAPEX of USD 615/kW, regional solar PV and onshore wind CAPEX reflecting 2030 values in 
the Net Zero Emissions by 2050 Scenario and a weighted average cost of capital of 6%. 
Source: Analysis by IEK-3, Research Centre Jülich using the ETHOS model suite. 

Various regions around the world have excellent renewable resources for low-cost 
hydrogen production. Costs could fall below USD 1.5 kg H2 by 2030. 

https://www.fz-juelich.de/en/iek/iek-3/expertise/model-services
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If these low-cost renewable resources exceed the amounts needed domestically, 
these resources can be an opportunity for countries to export the renewable 
electricity in the form of hydrogen or products using hydrogen (e.g. steel, 
ammonia) to regions that have demand but limited potential for low-emission 
hydrogen production. The overall costs and thus the competitiveness of these 
exports will not only depend on the hydrogen production costs, but also the 
transport costs, as illustrated in Box 4.1 in Chapter 4 Trade and infrastructure. 

Using a single renewable resource, such as solar PV or offshore wind, can be the 
cheapest option for renewable hydrogen production in many locations. A hybrid 
approach that combines solar PV and onshore wind, for example, can lead to 
higher CAPEX costs, but results in higher full load hours of the electrolyser, such 
that this combination can result in the lowest production costs at some locations. 
his holds true even for some excellent solar PV locations in Northern Africa and 
Australia as long as wind capacity factors are sufficiently high. Combining solar 
PV with wind reduces the hydrogen production costs despite higher costs for wind 
electricity. The higher full load hours realised by this hybrid approach can also 
benefit the economics and operation of subsequent synthesis processes, such as 
ammonia production. Other options to increase the full load hours of the 
electrolyser also exist, such as oversizing the renewable generation capacity, as 
discussed in Box 3.3. 

 Levelised cost of hydrogen production with carbon capture, based on 
different natural gas prices and on different costs of capital in the Net 
Zero Emissions by 2050 Scenario, 2030 

 
IEA. CC BY 4.0. 

Notes: LCOH = levelised cost of hydrogen; MBtu = million British thermal units; TTF = Title Transfer Facility; WACC= 
weighted average cost of capital. Weekly average historic natural gas closing prices for TTF in Europe and Henry Hub in 
the United States have been used to calculate the hydrogen production cost from natural gas with carbon capture, 
utilisation and storage (CCUS) in the left-hand side figure. The capture rate is 93%.  
Sources: Based on data from McKinsey & Company and the Hydrogen Council; NREL (2022); IEA GHG (2017). 

Natural gas prices are the key cost factor for hydrogen production from natural gas with 
CCUS. Doubling the weighted average cost of capital from 5% to 11% increases the 
production costs by around 3% to 17%. 
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The cost of producing hydrogen from natural gas with CCUS is strongly influenced 
by the natural gas price and its fluctuations (Figure 3.14). Gas price levels of up 
to USD 70/Mbtu, as seen in Europe in 2022 following the Russian invasion of 
Ukraine, mean that hydrogen from natural gas becomes a very expensive option. 
Since then, natural gas prices have fallen in Europe to an average of 
USD 14/MBtu over the first months of 2023. At this gas price, hydrogen production 
from natural gas with CCUS would cost around USD 3/kg H2. In the United States, 
average gas prices in the first half of 2023 have been much lower, at 
USD 2.7/MBtu, corresponding to a cost of hydrogen production with CCUS of 
USD 1.2/kg H2. For hydrogen production from natural gas with CCUS, reaching 
production costs of USD 1/kg H2 requires the gas price to be below USD 1/MBtu.  

The impact of the WACC on the cost of hydrogen production from natural gas with 
CCUS is much lower than for renewable hydrogen produced with electrolysis, 
given that the cost of production from electrolysis using renewable electricity is 
almost entirely based on CAPEX, whereas for production from natural gas the 
CAPEX share is 5-30%. A 2%-point WACC increase from 3% to 5% results in a 
cost increase of around USD 0.1/kg H2. A doubling of the WACC from 5% to 11% 
results in a cost increase of 3-17%, depending on the gas price and the impact of 
WACC changes being larger at lower gas prices. 

Emissions intensity of hydrogen production routes 
The emissions associated with hydrogen production can vary significantly 
between production routes, depending on the fuel, technology and the rate at 
which carbon capture and storage (CCS) is applied. In addition to direct emissions 
occurring in the production of hydrogen, indirect emissions from the production, 
conversion and transport of the required input fuels, such as natural gas or 
electricity, can affect the overall emissions associated with hydrogen production. 
Based on the methodology developed by the International Partnership on 
Hydrogen and Fuel Cells in the Economy (IPHE) and using IEA data for the 
production technologies and upstream and midstream emissions, Figure 3.15 
provides an overview of the emissions intensities of different production routes.50 

The direct emissions of hydrogen production from natural gas without CCS using 
SMR are around 9 kg CO2 equivalent per kg of hydrogen (CO2-eq/kg H2). Further 
emissions occur in the production, processing and transport of natural gas, either 
in the form of methane emissions from venting or leakages, or as CO2 emissions 
from flaring methane at gas fields or linked to the energy being used to produce 
and transport natural gas (e.g. emissions linked to the electricity for compressing 
natural gas). The global upstream and midstream emissions from gas production 
today range from 4.5 kg CO2 equivalent per gigajoule of produced natural gas 

 
 

50 More details can be found in the IEA report Towards hydrogen definitions based on their emissions intensity. 

https://www.iea.org/reports/global-methane-tracker-2023
https://www.iea.org/reports/towards-hydrogen-definitions-based-on-their-emissions-intensity
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(kg CO2-eq/GJNG) to 28 kg CO2-eq/GJNG, with a median value of 15 kg CO2-
eq/GJNG. Using this median value, upstream and midstream operations result in 
additional emissions of 2.4 kg CO2-eq/kg H2, and total emissions of 10-
13 kg CO2-eq/kg H2 for the SMR production route from natural gas without CCS. 
Applying CCS to the various direct CO2 sources at the SMR hydrogen plant can 
reduce the direct emissions to 0.7 kg CO2-eq/kg H2 (capture rate 93%) and the 
total emissions to 1.5-6.2 kg CO2-eq/kg H2 when including the upper and lower 
end of global upstream and midstream emissions for natural gas supply today. 

Hydrogen production from coal gasification without CCS results in total emissions 
of 22-26 kg CO2-eq/kg H2, depending on the upstream and midstream emissions 
for coal mining, processing and transport, which range between 
6-23 kg CO2-eq/GJcoal with a median of 8 kg CO2-eq/GJcoal. More than 80% of the 
emissions intensity of hydrogen production from coal is from direct emissions at 
the production plant and less than 20% is linked to coal mining, processing and 
transport. Applying CCS with a total capture rate of 93% reduces the emissions 
intensity of the coal pathway to 2.6-6.3 kg CO2-eq/kg H2, a range similar to that of 
natural gas SMR with CCS. 

The emissions from water electrolysis are determined by the emissions of 
electricity generation and transport. Using the current average global CO2 intensity 
of 460 g CO2-eq/kWh results in an emissions intensity for hydrogen of 24 kg CO2-
eq/kg H2, similar to the emissions for hydrogen from unabated coal, but the 
emissions intensity can be as low as 0.5 kg CO2-eq/kg H2 in a country such as 
Sweden, which has one of the lowest emission factors for grid electricity 
production in the world today (10 g CO2-eq/kWh). 

Nuclear electricity can be another source for hydrogen production. Although the 
direct emissions of a nuclear power plant are zero, the nuclear fuel cycle of 
uranium mining, conversion, enrichment and fuel fabrication results in emissions 
of 2.4-6.8 g CO2-eq/kWh. Taking those emissions into account, the emissions 
intensity of hydrogen production from nuclear electricity is in the range of 
0.1-0.3 kg CO2-eq/kg H2. Following the IPHE methodology and the global 
assumption for renewable electricity regardless of its application, renewable 
electricity from wind, solar PV, hydropower and geothermal energy has zero 
upstream and direct emissions, i.e. the emissions associated with the 
manufacturing of solar PV systems or wind turbines are not taken into account. As 
a result, water electrolysers using these forms of renewable electricity also have 
zero emissions.  
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 Comparison of the emissions intensity of different hydrogen production 
routes, 2021 

 
IEA. CC BY 4.0. 

Notes: CCS = carbon capture and storage; POx = partial oxidation; SMR = steam methane reforming. 
Upstream and midstream emissions include CO2 and methane emissions occurring during the extraction, processing, and 
supply of fuels (coal, natural gas) or production, processing, and transport of biomass. Error bars for natural gas and coal 
represent the impact of the observed range of upstream and midstream emissions today on emissions intensities. For 
natural gas, the lower bound corresponds to best available technology today (4.5 kg CO2-eq/GJ), and the upper bound to 
the 95% percentile of the world range (28 kg CO2-eq/GJ). For coal, the lower bound corresponds to the 5% percentile 
(6 kg CO2-eq/GJ) and the upper bound to the 95% percentile (23 kg CO2-eq/GJ) of global upstream and midstream 
emissions of coal supply. The 2021 world grid average is based on a generation-weighted global average of the grid 
electricity intensity, with the error bars representing the 10% percentile (50 g CO2-eq/kWh) and 90% percentile 
(700 g CO2-eq/kWh) across countries. The grid electricity intensities include direct CO2, methane (CH4) and nitrous oxide 
(N2O) emissions at the power plants, but not upstream and midstream emissions for the fuels used in the power plants.  
Electrolysis refers to low-temperature water electrolysis with an assumed overall electricity demand of 50 kWh/kg H2, 
including compression to 30 bar. 
Hydrogen production from natural gas via SMR is based on 44.5 kWh/kg H2 for natural gas in the case of no CO2 capture, 
on 45.0 kWh/kg H2 for natural gas in the case of 60% capture rate, and on 49 kWh/kg H2 for natural gas and 0.8 kWh/kg H2 
for electricity in the case of a 93% capture rate. Hydrogen production from natural gas via POx is based on demands of 
41 kWh/kg H2 for natural gas and 0.6 kWh/kg H2 for electricity in the case of a 99% capture rate. 
Hydrogen production from coal is based on gasification, with demands for coal of 57 kWh/kg H2 and for electricity of 
0.7 kWh/kg H2 in the case of no CO2 capture, demands for coal of 59 kWh/kg H2 for a CO2 capture rate of 93% and 
demands for coal of 60 kWh/kg H2 for a CO2 capture rate of 98%. 

Emissions intensity can vary significantly between different production routes. High 
capture rates and minimising upstream emissions will be critical for fossil routes with CCS, 
while for electrolytic hydrogen a low emissions intensity of the electricity is important.  
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The emissions intensity of hydrogen production provides a transparent indicator 
to be used by governments in regulations, by certification bodies or by market 
participants in trade transactions (see Chapter 6 Policies). Nevertheless, 
stakeholders such as investors, some final consumers of hydrogen-based 
products and the general public may also find value in a simpler presentation of 
the emission intensities, using intensity levels as presented in Box 3.4. 

 

Box 3.4 Using emissions intensity levels for non-expert users 

The precise emissions intensity of hydrogen production is likely to be a key 
indicator for governments, regulatory authorities, certification bodies and market 
participants. For other stakeholders, it may be less intuitive. Investors, financial 
institutions, final consumers of hydrogen-based products and the general public 
may struggle to interpret technical details or to quickly grasp the relative scale of 
emissions. The importance of communicating in simple terms can already be seen 
in the extent to which the terms “blue” and “green” hydrogen are being used by 
experts and non-experts alike.  

When shifting from describing hydrogen using colours to using a more accurate 
measure of emissions intensity it is not necessary to entirely do away with the 
simplicity of distinguishing between a small set of hydrogen archetypes. A system 
that groups the emissions intensity into a smaller set of distinct levels could provide 
a valuable complement, allowing for easily accessible communication of the 
emissions implications.  

One possible approach could be to use a set of distinct, technology-neutral levels, 
ranging from emissions intensities below zero (level “A”) to an upper value, as 
illustrated in the figure below. The proposed levels reflect known hydrogen 
production routes that can achieve lower emissions than unabated fossil-based 
routes, while also considering potential for future improvement in the production 
technologies and fuel supply chains, such as reductions in upstream and 
midstream methane emissions in natural gas supply. Systems could also be 
designed to include unabated fossil-based production routes or more granularity 
at lower levels, to better reflect existing regulations set up by countries. 

If hydrogen use becomes widespread across the energy sector and relevant to the 
wider public then some stakeholders, such as the investment community and 
general public, may appreciate the simplicity of quoting the aggregated “level” of 
emissions intensity. For example, hydrogen on sale at refuelling stations could be 
presented by its level to inform consumers of their environmental choices in a 
manner equivalent to energy efficiency labelling of appliances and buildings. 
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Example of a potential quantitative system for emissions intensity levels of 
hydrogen production 

 
IEA. CC BY 4.0. 

Notes: CCS = carbon capture and storage; CR= capture rate; NG = natural gas; POx = partial oxidation; SMR = steam 
methane reformer.  

Source: IEA (2023), Towards hydrogen definitions based on their emissions intensity. 

 

Emerging production routes 
Other low-emission hydrogen production routes have gained some attention 
lately, particularly biomass-based routes, natural hydrogen and methane 
decomposition. 

Hydrogen can be produced from bioenergy (either from biomass or waste) 
using different technologies. The use of bioenergy has the potential to produce 
low-emission hydrogen with very low emissions intensity, even reaching negative 
emissions intensity when coupled with CCUS (see Figure 3.15Figure 3.1). 
However, the emissions intensity of bioenergy-based routes will strongly depend 
on upstream emissions of the biomass supply chain. In the case of using waste, 
its composition plays an important role. Waste tends to be a mix of materials that 
can have both biogenic (e.g. food waste) or fossil origin (e.g. plastics) and can 
have a very heterogenic composition, which in the case of municipal solid waste 
can vary between different regions depending on cultural habits and even in the 
same region between different periods of the year. The biogenic waste fraction 
has the potential for producing low-emission hydrogen (depending on upstream 

https://www.iea.org/reports/towards-hydrogen-definitions-based-on-their-emissions-intensity
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supply chain emissions), whereas the plastic waste fraction cannot not result in 
low-emission hydrogen unless the production process includes CO2 capture and 
storage.  

Biomass gasification is the most developed technology. It produces synthesis gas 
by breakdown of the organic matter of solid biomass at high temperatures and the 
presence of an oxidant (which can be steam, oxygen or carbon dioxide). There 
are already demonstration projects operating in Japan and France, both using 
wastewater sludge as a feedstock.51 In addition, some pre-commercial scale 
plants are expected to be operative soon. In February 2023, SGH2 reached FID 
on a plant to produce 4.5 kt H2/y using its plasma-enhanced gasification 
technology in Lancaster (United States). Mote (a US-based company) is 
developing two biomass gasification projects, with one coupling CCUS to the 
process. Yosemite Clean Energy, in the United States, and OMNI, in Canada, 
have also projects at advanced stages of development.  

US companies have been leading the development of biomass gasification, but 
India has also shown a strong interest in biomass-based technologies. Reliance 
successfully tested in August 2023 the gasification of torrefied biomass52 for 
hydrogen production and plans to develop a pre-commercial demonstrator to 
produce 18 kt H2/y using catalytic gasification. The Indian Oil Corporation and the 
Indian Institute of Science are developing a small plant (88 t H2/yr) to demonstrate 
biomass gasification (using steam and oxygen as oxidants) for hydrogen 
production, aiming to start operation in December 2023. The Indian government 
is also promoting biomass-based routes and has earmarked funds to specifically 
support 40 kt H2/y of capacity production from biomass as part of its incentive 
scheme for “green” hydrogen production.53 

Biomass pyrolysis is another technology alternative, similar to gasification, 
although it does not involve the use of any oxidant. Pyrolysis produces a 
combination of liquid organic products, gases and a carbonaceous residue, with 
the liquid fraction being the one with higher yields. For this reason, pyrolysis 
seems to be better fit for liquid biofuels production and has attracted less interest 
than gasification for hydrogen production. However, Kore Infrastructure has a pilot 
plant operating in Los Angeles (United States) since 2021. 

Biomethane can be used in reformers to produce hydrogen in the same way as 
natural gas. More than 70 facilities are certified in the California Low Carbon Fuel 

 
 

51 These demonstration projects aim to use biomass gasification for dedicated hydrogen production. Other projects have 
demonstrated the use of biomass gasification for other purposes, such as combined heat and power generation. 
52 Argus direct (2023), India’s Reliance eyes green H2 production from biomass. 
53 See Explanatory notes annex for the use of the terms “green”, “blue” and “clean” hydrogen in this report. 

https://www.chemengonline.com/sewage-to-hydrogen-plant-reaches-completion-in-tokyo/
https://www.youtube.com/watch?v=ma_6qiEXWU8
https://www.sgh2energy.com/press-release-sgh2-hydrogen-plant-gets-green-light
https://www.sgh2energy.com/press-release-sgh2-hydrogen-plant-gets-green-light
https://www.motehydrogen.com/
https://www.motehydrogen.com/news/mote-kicks-off-second-biomass-to-hydrogen-project-in-northern-california
https://www.motehydrogen.com/news/mote-kicks-off-second-biomass-to-hydrogen-project-in-northern-california
https://www.prnewswire.com/news-releases/yosemite-clean-energy-has-secured-their-first-plant-site-commercial-scale-carbon-negative-biofuels-from-waste-wood-stewarding-california-forests-and-farmland-301411523.html
https://omnict.com/news-post/omni-ct-sells-first-omni200-hydrogen-unit/
https://direct.argusmedia.com/newsandanalysis/article/2477291
https://mnre.gov.in/img/documents/uploads/file_f-1688557917362.pdf
https://mnre.gov.in/img/documents/uploads/file_f-1688557917362.pdf
https://mnre.gov.in/img/documents/uploads/file_f-1687963916599.pdf
https://koreinfrastructure.com/projects/
https://ww2.arb.ca.gov/sites/default/files/classic/fuels/lcfs/fuelpathways/current-pathways_all.xlsx
https://www.gussingrenewable.com/carbon-recycling.html
https://direct.argusmedia.com/newsandanalysis/article/2477291


Global Hydrogen Review 2023           Chapter 3. Hydrogen Production 

PAGE | 93 I E
A.

 C
C

 B
Y

 4
.0

. 

Standard programme for blending biomethane or landfill gas in natural gas 
reformers to decrease the carbon intensity of their production facilities. 

Methane decomposition has progressed significantly in terms of technology 
maturity over the past years, particularly plasma decomposition, in which the 
energy demand of the process is supplied by electricity, which ignites the plasma 
(an ionised gas). The plasma reaches temperatures in the range of 
1 000-2 000 °C and splits methane into its elements. Plasma decomposition can 
also occur at low temperature, but the technology is at a much earlier stage of 
development. In 2021, Monolith Materials, a technology developer based in the 
United States, put into operation the first commercial-scale facility to produce 
hydrogen and carbon in solid form (carbon black) using high-temperature plasma 
decomposition. The next phase of this project, called Olive Creek 2, will 
commercially generate hydrogen to produce ammonia (200 kt H2/year) from 2025. 
There is no other commercial-scale plant currently operating, but companies such 
as Graforce (Germany) and Spark (France) are also developing this technology. 

Catalytic decomposition is a less developed technology, in which methane is 
decomposed at high temperatures (though lower than in plasma pyrolysis) in the 
presence of a catalyst. Hazer, an Australia-based technology developer, is 
building a commercial demonstration plant (100 t H2/yr), with start-up expected for 
late 2023. The company has also announced the development of commercial 
projects in Canada, France and Japan (2 500 – 10 000 t H2/yr). At a smaller scale, 
Hycamite, a Finnish company, has secured permits and raised funds to start 
construction of a demonstration facility. C-Zero, a company based in the United 
States, has raised USD 34 million in funding to build a 146 t H2/yr facility. 

A third technology, and the least developed, is thermal decomposition. Ekona, a 
Canadian developer, is working on a demonstration project with the aim of 
becoming operational in 2023. Aurora, another Canadian company, is working on 
an innovative process to apply microwave heating to thermal decomposition of 
methane. 

The Earth continuously produces natural hydrogen underground through a 
series of chemical reactions (oxidation of ferrous iron minerals, water radiolysis, 
organic matter maturation and outgassing from the Earth's mantle). A growing 
number of discoveries of underground natural accumulations of hydrogen have 
triggered interest in natural hydrogen as a complement to other low-emission 
hydrogen production technologies. Natural hydrogen presents several 
advantages: it is an energy source and not an energy vector, thus eliminating the 
need for fossil fuels and electricity in its production (resulting in reduced emissions 
and avoiding energy transformation losses). Additionally, production is not subject 
to intermittency (as in renewable-based production), production sites have a 
limited land footprint and there is no need for purified water or CO2 storage. 

https://ww2.arb.ca.gov/sites/default/files/classic/fuels/lcfs/fuelpathways/current-pathways_all.xlsx
https://coldspark.eu/
https://monolith-corp.com/news/monolith-signs-letter-of-intent-to-provide-goodyear-with-carbon-black-for-its-tire-production
https://www.icis.com/explore/cn/resources/news/2022/01/05/10722011/insight-us-monolith-to-expand-world-s-largest-methane-pyrolysis-plant
https://www.graforce.com/en/achievements/hydrogen-production
https://spark-cleantech.eu/index.php/plasma/
https://app.sharelinktechnologies.com/announcement/asx/f8180275fcdb45d7244ecaf4fe5cd12a
https://app.sharelinktechnologies.com/announcement/asx/c0ebc1d5ffb6811dcfebf8bde34f257f
https://app.sharelinktechnologies.com/announcement/asx/1452c010db535c435d945fc7a63aca17
https://app.sharelinktechnologies.com/announcement/asx/15dd660c3c60d9fdcc362065b82f3897
https://hycamite.com/news/permits-ready-for-customer-sample-facility
https://hycamite.com/news/hydrogen-producer-hycamite-secures-up-to-10-million-capital-loan
https://www.czero.energy/post/c-zero-closes-34-million-financing-round-led-by-sk-gas-to-build-natural-gas-decarbonization-pilot
https://ekonapower.com/
https://aurorahydrogen.com/
https://www.science.org/content/article/hidden-hydrogen-earth-may-hold-vast-stores-renewable-carbon-free-fuel
https://www.science.org/content/article/hidden-hydrogen-earth-may-hold-vast-stores-renewable-carbon-free-fuel
https://www.sciencedirect.com/science/article/pii/S0012825219304787
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However, extracting natural hydrogen requires compression and purification 
systems since natural hydrogen accumulations contain different impurities (such 
as nitrogen, methane, CO2, helium and argon) and the hydrogen content can vary 
widely (2.4-100% in volume) depending on the location, the type of accumulation 
and the depth. These factors can affect the life-cycle emissions of natural 
hydrogen production. Initial studies suggest that these can be low 
(<1 kg CO2/kg H2) but vary over the lifetime of the well (due to reduced well 
productivity), and can be highly impacted by impurities (particularly methane). 

Initial estimates suggest that the Earth's hydrogen potential exceeds current 
demand and could even be capable of meeting the growing requirements of 
decarbonisation scenarios. However, the potential exploitation of natural hydrogen 
presents challenges and remains highly uncertain. Detailed geological surveys 
tracking natural hydrogen accumulations are not readily available, impeding a 
comprehensive understanding of its formation, migration and commercial 
exploitability. There is a possibility that the resource is too scattered to be captured 
in a way that is economically viable. While proponents claim lower production 
costs compared to other methods (in the range of USD 0.5-1/kg H2), such as 
natural gas, the exact cost implications remain to be seen. 

The number of companies engaged in natural hydrogen exploration has 
significantly increased, with 40 active companies as of mid-2023, compared to 
only 3 companies in 2020. However, the lack of regulatory frameworks in some 
countries has slowed down project development, although progress has been 
made in others, with licensing already happening in Australia, France, Mali, Spain 
and the United States (Table 3.1). So far, development has been spearheaded by 
small wildcatters, but some major energy companies have started to show interest 
in the technology, including Shell, BP and Chevron joining a consortium led by the 
US Geological Survey and Colorado School of Mines, focusing on studying natural 
hydrogen. 

 Selected developments for natural hydrogen production 

Country Location Developers Status 

Australia Yorke peninsula Gold Hydrogen Drilling permit granted. Exploration from October 
2023. 

Australia Eyre Peninsula H2EX Permit granted. 

Australia Amadeus Basin Santos Drilling wells to evaluate resource. 

France Lorraine basin La Française 
d’Énergie 

Application for exclusive mining exploration 
permit submitted. 

Mali Bourakebougou Hydroma Operational since 2012, demonstration. 

Spain Pyrenees Helios Aragon Drilling permit granted. Exploration from 2024. 

United States Arizona Desert Mountain 
Energy Application for exploration permit submitted*. 

https://www.sciencedirect.com/science/article/pii/S0012825219304787#s0005
https://www.cell.com/joule/pdf/S2542-4351(23)00274-X.pdf
https://gsa.confex.com/gsa/2022AM/meetingapp.cgi/Paper/380270
https://geoscientist.online/sections/unearthed/natural-hydrogen-the-new-frontier/
https://www.forbes.com/sites/alanohnsman/2023/06/26/forget-oil-new-wildcatters-are-drilling-for-limitless-geologic-hydrogen/
https://www.goldhydrogen.com.au/
https://h2ex.com.au/
https://www.energynewsbulletin.net/exploration/news/1448829/santos-to-drill-helium-and-hydrogen-appraisal-well
https://www.francaisedelenergie.fr/en/blog/2023/05/15/fde-announces-the-discovery-of-natural-hydrogen-in-the-lorraine-mining-basin/
https://www.francaisedelenergie.fr/en/blog/2023/05/15/fde-announces-the-discovery-of-natural-hydrogen-in-the-lorraine-mining-basin/
https://hydroma.ca/activities-natural-hydrogen/
https://helios-aragon.com/
https://www.desertmountainenergy.com/
https://www.desertmountainenergy.com/
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Country Location Developers Status 

United States Kansas Natural Hydrogen 
Energy Exploratory drilling completed in 2019. 

United States Nebraska HyTerra Drilling completed. Potential production from 
2023. 

* The company is focusing on helium production with a secondary focus on developing hydrogen assets located within their 
helium fields.  

Production of hydrogen-based fuels and 
feedstocks 

Hydrogen-based fuels and feedstocks, including ammonia, methanol and 
synthetic hydrocarbons (synthetic methane and Fischer-Tropsch products such as 
diesel and kerosene), are easier to store and transport than pure hydrogen, and 
can often make use of existing infrastructure such as natural gas pipelines and 
end-use technology such as aeroplanes. Despite the advantages with regards to 
storage and transport, producing hydrogen-based fuels entails additional costs, 
energy and feedstocks to convert hydrogen into these fuels. 

During 2022, projects for a cumulated potential low-emission hydrogen production 
equivalent of 0.02 Mt have begun operation, bringing the total number of projects 
to 80 and the global total production to 0.3 Mt H2, or around half of the total low-
emission production in 2022. Most of this increase comes from hydrogen to 
produce ammonia for use as a fuel and feedstock, which reached 0.17 Mt H2 in 
2022. Synthetic methane continues to be the second largest share of hydrogen-
based fuel projects on a hydrogen-equivalent basis, although little to no additional 
production began in 2022.  

Announced projects are set to rapidly multiply the 2022 production capacity, with 
17 Mt of H2 equivalent slated to begin operation by 203054 (Figure 3.16) from a 
total of 325 projects, over twice the number of projects that were identified in the 
GHR 2022. These trends continue to 2030, as ammonia captures around 80% of 
announced production. The high share of ammonia could be a sign of the fertiliser 
industry’s readiness to directly absorb the low-emission alternative as a drop-in 
feedstock for its existing processes. Ammonia does not require carbon, simplifying 
supply chains and making it an attractive early mover among hydrogen-based 
fuels. Additionally, ammonia can be used as a long-distance carrier for hydrogen, 
taking advantage of existing know-how on transporting ammonia around the world 
established by the fertiliser industry. However, nitrogen oxides (NOx) and nitrous 
oxide (N2O) emissions must be minimised when ammonia is combusted as a fuel 

 
 

54 This could decrease to almost 10 Mt if projects at a very early stage of development (e.g. only a co-operation agreement 
among stakeholders has been announced) are excluded. 

http://nh2e.com/
http://nh2e.com/
https://hyterra.com/
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(see section on Electricity generation in Chapter 2 Hydrogen use for more 
information).  

Other hydrogen-based fuels make significant inroads to 2030 in the announced 
projects compared to 2022, including Fischer-Tropsch (FT) fuels and synthetic 
methanol, driven by demand from the aviation and shipping sector, respectively. 

 

 Global hydrogen-based fuel production by fuel, region and status, historical 
and based on announced projects  

 
IEA. CC BY 4.0. 

Notes: FID = final investment decision; FT = Fischer-Tropsch; RoW = rest of world. 
Source: IEA Hydrogen Projects, (Database, October 2023 release). 

Hydrogen-based fuels production, in particular for ammonia, could grow rapidly by 2030 
based on announced projects, accounting for almost 50% of hydrogen production from all 
projects. 

The announced hydrogen-based fuels projects reflect a broad geographical 
diversity, with significant capacity planned for all major regions in the world. 
Australia and North America claim the largest shares of announced projects, each 
with 4.7 Mt H2 equivalent55 in 2030, coming from around 75 projects combined. 
North America claims the largest share of the announced projects, with around 
30. Central and South America and Europe are the next largest contenders, 
accounting by 2030 for around 2.6 Mt and 1.8 Mt H2 equivalent.56  

 
 

55 This could decrease to 0.9 Mt for Australia and 2.8 Mt for North America, if projects at a very early stage of development, 
e.g. only a co-operation agreement among stakeholders has been announced, are excluded. 
56 This could decrease to 1.7 Mt and 1.2 Mt respectively if projects at a very early stage of development, e.g. only a co-
operation agreement among stakeholders has been announced, are excluded. 

https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database
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Overall, only 5% of hydrogen-based fuels projects (in terms of Mt H2 equivalent 
production) have reached FID or are under construction, with the most nascent 
projects focused on synthetic hydrocarbons.  

Converting hydrogen into other fuels and feedstocks adds to the cost of 
production. For ammonia from electrolytic hydrogen, the investment cost today 
represents more than 50% of the production costs, mainly due to the electrolyser 
CAPEX (Figure 3.17). As electrolysis costs fall, so too do overall production costs, 
and electricity feedstock could become the main cost component with a 40-50% 
share, depending on the region. For ammonia produced from natural gas with 
CCUS, the fuel cost share can range from 35% for a gas price of USD 5/MBtu, to 
75% at a gas price of USD 35/Mbtu. 

 Levelised costs of ammonia and synthetic kerosene for electricity-based 
pathways in 2022 and in the Net Zero Emissions by 2050 Scenario in 2030 

 
IEA. CC BY 4.0. 

Notes: CAPEX = capital expenditure; OPEX= operational expenditure; NH3 = ammonia; NG = Natural gas-based 
production, with carbon capture. “Middle East - NG” refers to the integrated steam methane reformer with carbon capture 
for the production of ammonia. Values for 2022 refer to electricity production from solar PV in Middle East; 2030 values are 
based on the Net Zero Emissions by 2050 Scenario, with the best renewable-based production routes in each region. 
Hydrogen storage cost to reach a minimum of 80% capacity factor of the synthesis processes is included. Current fossil 
price refers to the prices from May-August 2023 for the production of ammonia from natural gas without CCUS and for 
fossil kerosene. 
Sources: Based on data from McKinsey & Company and the Hydrogen Council; NREL (2022); IEA GHG (2017). 

Hydrogen-based fuels from electrolytic hydrogen are today more expensive than from 
unabated fossil fuels. By 2030, costs could fall by around 40% due to reductions in the cost 
of renewable electricity and electrolysers. 

For FT liquids such as synthetic kerosene from electrolytic hydrogen, production 
costs vary greatly based on the source of CO2. If, for example, biogenic CO2 from 
ethanol production is used at a cost of USD 30/t CO2, then electrolysis and 
conversion losses account for three-quarters of production costs, while the 
synthesis contributes one-fifth. Biogenic CO2 will be limited by the bioenergy 

https://www.iea.org/reports/ccus-in-clean-energy-transitions
https://www.iea.org/reports/ccus-in-clean-energy-transitions


Global Hydrogen Review 2023           Chapter 3. Hydrogen Production 

PAGE | 98 I E
A.

 C
C

 B
Y

 4
.0

. 

availability and linked to the future deployment of bioenergy with carbon capture 
and storage (BECCS). Direct air capture (DAC)-sourced CO2 does not face the 
same supply constraints but comes at a much higher cost. DAC technology is still 
at an early development stage, with only a few plants in operation worldwide. 
Current DAC credits on the market are around USD 600-1 000/t CO2, but with 
further deployment and technology improvements, costs could fall to 
USD 200-700/t CO2 by 2030. As a consequence, the production costs of synthetic 
kerosene from renewable hydrogen, which today are in the range of USD 450-820 
per barrel (bbl), are much higher than conventional kerosene (at almost 
USD 100/bbl), but could fall to USD 200-550/bbl by 2030. 

https://www.iea.org/commentaries/unlocking-the-potential-of-direct-air-capture-is-scaling-up-through-carbon-markets-possible
https://www.iea.org/data-and-statistics/data-tools/etp-clean-energy-technology-guide
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Chapter 4. Trade and infrastructure  

Hydrogen trade could become an important cornerstone for the development of 
hydrogen markets. Trade would allow countries with limited domestic resources 
for low-emission hydrogen production – but with a need for hydrogen to 
decarbonise their energy systems – to import hydrogen from regions with ample 
low-cost resources for low-emission hydrogen production that exceed domestic 
needs. Exporting countries could therefore benefit economically from exporting 
hydrogen or products produced from hydrogen, while for importing countries 
hydrogen trade can be an opportunity to improve energy security by reducing fossil 
energy imports and diversifying the supply countries for hydrogen imports. 

Infrastructure to transport and store hydrogen is an important enabler for hydrogen 
trade. However, since hydrogen has a relatively low volumetric energy density and 
low liquefaction temperature, transporting and storing hydrogen is technically 
more challenging than the handling of fossil fuels today. This includes the need to 
liquefy or compress hydrogen, or to convert hydrogen into carriers such as 
ammonia or liquid organic hydrogen carrier (LOHC). Developing trade in merchant 
hydrogen would entail complexities requiring careful consideration of the cost, 
benefits and potential trade-offs in exporting and importing countries alike. 

Status and outlook of hydrogen trade  
International trade in hydrogen is today at a very nascent stage, not least when 
compared to the needs for hydrogen trade in the Net Zero Emissions by 2050 
Scenario (NZE Scenario), in which more than 20% of merchant demand for 
hydrogen and hydrogen-based fuels is met through international trade by 2030. 
Today, hydrogen trade flows are limited to a few existing hydrogen pipelines 
connecting industrial areas in Belgium, France and the Netherlands, and to a few 
pilot projects to demonstrate hydrogen trade by ship. The only exceptions are 
ammonia and methanol, which are already globally traded as feedstocks for the 
chemical industry. Around 10% of global ammonia demand was met through 
international trade in 2021, and for methanol the trade share was 20%. However, 
existing trade is linked to use in the chemical industry, and international trade in 
ammonia and methanol for fuel purposes has only been tested in some first pilot 
projects.  

Recent trade projects 
Various technology options can be used to trade hydrogen internationally. For 
seaborne trade, the shipment of hydrogen in the form of liquefied hydrogen and 
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LOHC have been demonstrated in first projects, while experience in shipping 
ammonia exists in the fertiliser industry. In 2020, the first international trade of 
102 t H2 took place from Brunei to Japan, using methylcyclohexane as an LOHC. 
For liquefied hydrogen, a first cargo of 75 t H2 was delivered in 2022 from Australia 
to Japan as part of the Hydrogen Energy Supply Chain (HESC) project, with plans 
to scale up the trade volumes to 225 kt per year in the 2030s. Kawasaki Heavy 
Industry is preparing a feasibility study for another project that plans to ship 
36.5 kt H2 per year from the port of Townsville, Australia, to Japan. In 2020, for 
the first time, ammonia for use as a fuel was shipped from Saudi Arabia to Japan. 
More shipments of ammonia from Saudi Arabia and the United Arab Emirates 
occurred in 2022 and 2023 or are planned for later this year (Table 4.1). 

 Planned and completed trade pilot projects for low-emission hydrogen and 
hydrogen-based fuels, 2020-2023 

Trade pilot project Hydrogen carrier Year Quantity traded 

Saudi Arabia to Japan Ammonia 2020 40 t NH3 
Brunei to Japan LOHC 2020 102 t H2 
Australia to Japan* LH2 2022 75 t H2 
Saudi Arabia to Korea Ammonia 2022 25 000 t NH3 
United Arab Emirates to Germany Ammonia 2022 13 t NH3 
Brunei to Japan LOHC 2022  
Chile to United Kingdom Synthetic gasoline 2023 2 600 L 
Saudi Arabia to Japan Ammonia 2023  
Saudi Arabia to India Ammonia 2023 5 000 t NH3 
Saudi Arabia to China Ammonia 2023 25 000 t NH3 
Saudi Arabia to Korea Ammonia - 25 000 t NH3 
Saudi Arabia to Bulgaria Ammonia 2023 25 000 t NH3 
Saudi Arabia to European Union Ammonia  50 000 t NH3 
Saudi Arabia to Chinese Taipei Ammonia 2023  

* The shipped hydrogen was produced from unabated coal, although the commercial phase of the project plans to include 
carbon capture, utilisation and storage (CCUS). 
Notes: This table does not include the already existing ammonia trade in the fertiliser industry. Around 10% of global 
ammonia production for the fertiliser industry is already traded today, but this is almost entirely based on ammonia 
production from unabated fossil fuels. Projects characterised as “low-carbon” or “blue” ammonia or hydrogen are included, 
although information on the emission reduction compared to the unabated production from fossil fuels is not always 
available.NH3 = ammonia; H2 = hydrogen; LH2 = liquefied hydrogen; LOHC = liquid organic hydrogen carrier. 
 

For synthetic hydrocarbon fuels, the pilot phase of the Haru Oni project in Chile 
started production of synthetic gasoline in December 2022, and a first shipment of 
2 600 litres (L) of synthetic gasoline left Chile for the United Kingdom in March 
2023. The current pilot plant has a production capacity of 130 000 L per year 

ttps://www.hydrogenenergysupplychain.com/
https://global.kawasaki.com/news_230308-2e.pdf
https://www.aramco.com/en/news-media/news/2020/first-blue-ammonia-shipment
https://pubs.acs.org/doi/full/10.1021/cen-10032-feature1
https://www.hydrogenenergysupplychain.com/supply-chain/the-suiso-frontier/
https://www.ammoniaenergy.org/articles/ammonia-supply-chain-between-the-middle-east-japan-takes-shape/
https://www.euractiv.com/section/energy-environment/news/uaes-first-hydrogen-derived-shipment-delivered-to-germany/
https://www.chiyodacorp.com/media/20220208_E_R1.pdf
https://www.hydrogeninsight.com/transport/first-batch-of-e-fuel-made-from-green-hydrogen-and-captured-co2-heading-from-chile-to-uk-for-porsche-testing/2-1-1425160
https://www.aramco.com/en/news-media/news/2023/low-carbon-ammonia-shipment
https://www.sabic.com/en/news/39987-sabic-agri-nutrients-and-iffco-collaborate-to-bring-india-s-first-commercial-shipment-of-certified-low-carbon-ammonia-from-saudi-arabia
https://www.maaden.com.sa/en/news/details/577
https://ksatendersgate.com/saudis-maaden-signs-blue-ammonia-supply-deal-with-taiwan-fertiliser-company/
https://www.profercy.com/2023/06/bulgarian-buyer-set-to-roll-out-the-red-carpet-for-first-blue-ammonia-shipment-to-europe/
https://www.trammo.com/post/trammo-and-maaden-sign-joint-declaration-for-purchase-and-sale-of-blue-ammonia
https://ksatendersgate.com/saudis-maaden-signs-blue-ammonia-supply-deal-with-taiwan-fertiliser-company/
https://www.hydrogeninsight.com/transport/first-batch-of-e-fuel-made-from-green-hydrogen-and-captured-co2-heading-from-chile-to-uk-for-porsche-testing/2-1-1425160
https://www.hydrogeninsight.com/transport/first-batch-of-e-fuel-made-from-green-hydrogen-and-captured-co2-heading-from-chile-to-uk-for-porsche-testing/2-1-1425160
https://www.hydrogeninsight.com/transport/first-batch-of-e-fuel-made-from-green-hydrogen-and-captured-co2-heading-from-chile-to-uk-for-porsche-testing/2-1-1425160
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(corresponding to the annual fuel consumption of 200 gasoline passenger cars)57, 
with the plan to ramp up the capacity to 55 million L by 2025 (83 000 cars) and 
550 million L by 2027 (830 000 cars). Synthetic hydrocarbon liquid fuels or 
synthetic methane can take advantage of existing fossil fuel infrastructure. 

Announced trade projects 
Based on announced export-oriented projects, 16 Mt of hydrogen equivalent 
(Mt H2-eq)58 could be exported all around the world by 2030, and this number 
could rise to 25 Mt H2-eq by 204059 (Figure 4.1). This is based on announced 
export plans for which there is an associated hydrogen production project, 
including those plans at very early stages of development (e.g. projects that have 
not yet started a feasibility study). Export-oriented projects represent more than 
40% of the low-emission hydrogen production of 38 Mt from all announced 
projects in 2030, indicating that the potential export market is a strong driver in the 
development of projects. Compared to last year’s edition of the Global Hydrogen 
Review, the 16 Mt H2 of announced trade projects represent a more than 25% 
increase. Despite this growth in announced trade projects, progress in pre-existing 
projects has been slow. Only three projects are at advanced stages of 
development, i.e. having at least reached a final investment decision (FID): the 
NEOM project in Saudi Arabia, the Green Hydrogen and Chemicals SPC project 
in Oman and CF Industries’ plant in Donaldsonville in the United States. All three 
of these projects aim to use ammonia as the carrier for a combined export volume 
of less than 0.3 Mt H2-eq by 2030. 

Three-quarters of the export-oriented projects planned for 2030 or sooner are still 
at early stages of development and only less than one-quarter is undergoing a 
feasibility study. Moreover, less than one-third of the volume that could be traded 
by 2030 has already identified a potential off-taker – although only a few have 
reached FID or signed a binding off-take agreement. This is the case of the NEOM 
Green Hydrogen Project in Saudi Arabia: a 30-year off-take agreement has been 
secured with Air Products for the low-emissions ammonia produced from 2026 
onwards. The realisation of the announced trade projects will depend not only on 
the deployment of the production facility and the necessary infrastructure, but also 
on securing one or more off-takers for the long run: these two aspects should be 
pursued in parallel to ensure that projects are realised on time and are 
economically sustainable. Despite the strong momentum around hydrogen export 
announcements in the past few years, the small share of trade projects that have 

 
 

57 Assuming a fuel efficiency of 6.6 L per 100 km and an annual mileage of 10 000 km. 
58 For hydrogen-based fuels and feedstocks, the equivalent hydrogen amount corresponds to the stoichiometric hydrogen 
inputs needed to produce these fuels feedstocks, assuming a 2% hydrogen loss in the reaction. The hydrogen 
requirements are 0.18 kg H2 per kg NH3, 0.13 kg H2 per kg methanol, 0.52 kg H2 per kg of Fischer-Tropsch synfuel and 
0.55 kg H2 per kg of methane. 
59 In the case of hydrogen-based fuels as carriers, the hydrogen equivalent amount represents the hydrogen feedstock 
needed to produce the carrier chosen for trade.  

https://www.iea.org/reports/global-hydrogen-review-2022
https://www.iea.org/reports/global-hydrogen-review-2022
https://www.acwapower.com/news/neom-green-hydrogen-company-completes-financial-close-at-a-total-investment-value-of-usd-84-billion-in-the-worlds-largest-carbon-free-green-hydrogen-plant/
https://www.acwapower.com/news/neom-green-hydrogen-company-completes-financial-close-at-a-total-investment-value-of-usd-84-billion-in-the-worlds-largest-carbon-free-green-hydrogen-plant/
https://www.acwapower.com/news/neom-green-hydrogen-company-completes-financial-close-at-a-total-investment-value-of-usd-84-billion-in-the-worlds-largest-carbon-free-green-hydrogen-plant/
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reached advanced planning stages demonstrates significant uncertainty around 
the ability to develop an export market at scale over the next decade. 

Figure 4.1 Low-emission hydrogen trade by status and by carrier based on announced 
projects, 2030-2040 

 
  IEA. CC BY 4.0. 

Notes: FID = final investment decision; LOHC = liquid organic hydrogen carrier. “Compressed hydrogen” includes both 
projects aiming to transport gaseous hydrogen via pipelines and projects planning to ship it in compressed hydrogen 
carrier. “Synthetic hydrocarbons” includes projects aiming to trade synthetic methane or synthetic oil products. “No FID” 
refers to projects undergoing feasibility study or at early stage, while “FID” indicates projects that have already reached a 
final investment decision. “Potential off-taker” refers to projects which have identified a potential buyer or end-user, even if 
a binding off-take agreement has not been signed yet. The amount of hydrogen equivalent traded is computed from the 
capacity of each plant, by considering average capacity factors (reported in the technical documentation of the IEA 
Hydrogen Projects Database) and by assuming that a certain share of production would be available for trade, in the case 
of projects aiming at multiple end-uses. For each project, a 50% availability factor is assumed for the first year of operation. 
Only projects with a disclosed start year are included. 
Source: IEA analysis based on multiple sources, including company announcements. 

Planned hydrogen exports could reach 16 Mt by 2030, though almost all projects are at 
early stages and fewer than one-third have identified a potential off-taker. 

The majority of announced projects – accounting for 80% of potential production 
– prioritise ammonia for the transport of hydrogen, in many cases aiming for a final 
use that does not require reconversion back to hydrogen (Figure 4.1). This 
includes use as feedstock in the fertiliser industry, or as a fuel for co-firing in power 
generation. Reconversion back to hydrogen requires energy and adds significant 
cost, potentially altering the economic competitiveness of the supply chain (see 
Infrastructure at ports). 

Many projects are at an early stage of development, and for several of them the 
carrier has not yet been chosen. By 2040, about 5% of the traded volume based 
on the announced trade projects could be in the form of synthetic liquid 
hydrocarbons, 4% as compressed gaseous hydrogen via pipeline, and 2% in the 
form of liquefied hydrogen. 
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The costs of importing hydrogen compared to domestic production are also 
influenced by the form in which the hydrogen will eventually be needed, as 
illustrated in Box 4.1. 

 

Box 4.1 Domestic production versus imports – the case of north-west 
Europe 

The cost of transporting hydrogen from the exporting to the importing region can 
be substantial, and so assessing the total cost of supply – for production and 
transport – is essential. Depending on the carrier and the transport distance, 
transport costs can shift the competitiveness in favour of domestic production. For 
example, at USD 2.1/kg H2, levelised production costs in Latin America are 
cheaper than domestic production from offshore wind in north-west Europe. 
However, adding the transport costs of USD 2.5/kg H2 (including conversion into 
ammonia in the exporting country and its reconversion into hydrogen in north-west 
Europe) makes domestic production the cheaper option, although constraints on 
renewable resources or alternative uses for the renewable electricity could limit 
domestic production. 

Supply costs of hydrogen and ammonia in north-west Europe compared to 
imports 

 
IEA. CC BY 4.0. 

Notes: “H2”= hydrogen; “NH3” = ammonia; “LH2” = liquefied hydrogen; “LOHC” = liquid organic hydrogen carrier. Domestic 
production in north-west Europe uses offshore wind; production in other regions uses solar PV. “Conversion” includes a 
compressed hydrogen storage cost to allow for stable input to the synthesis and to the liquefaction processes. The cost 
of capital is assumed at 6%. Costs refer to the Net Zero Emissions by 2050 Scenario (NZE Scenario) in 2030. More 
techno-economic assumptions are available in a separate forthcoming Annex. 

Sources: Based on data from McKinsey & Company and the Hydrogen Council; IRENA (2020); IEA GHG (2014); IEA 
GHG (2017); E4Tech (2015); Kawasaki Heavy Industries; Element Energy (2018). 

 

Transporting compressed hydrogen via pipeline can be the most competitive 
option in terms of cost, adding only about USD 0.4-0.5/kg H2 for a 3 000 km 

https://iea.blob.core.windows.net/assets/a86b480e-2b03-4e25-bae1-da1395e0b620/EnergyTechnologyPerspectives2023.pdf
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distance with a new 48-inch diameter pipeline (75-100% design capacity). This 
cost can be even lower if repurposed pipelines are available. However, the 
feasibility of this type of infrastructure can have technical and geopolitical 
challenges. 

The form in which the imported hydrogen will eventually be used strongly 
influences the choice of hydrogen carrier and the supply costs. If hydrogen is 
consumed in the form of ammonia and not hydrogen, for example in the fertiliser 
industry, the imported ammonia can be used directly, avoiding the costs of 
reconverting ammonia back into hydrogen. In this case, importing ammonia from 
North Africa, Latin America or the Middle East can actually be cheaper than 
domestically producing ammonia in north-west Europe.  

Given that some of the technologies required for conversion, shipping and 
reconversion are at a relatively early stage of development, with just a few pilot or 
demonstration projects having been realised so far, the economics of the different 
trade options may change in the future, as technologies advance. 

 

Australia is home to half of the trade projects by export volume, thanks to its 
abundant renewable resources and its proximity to the Asian market, which could 
potentially become one of the biggest importers of low-emission hydrogen and 
hydrogen-based fuels. Several GW-scale renewables-based hydrogen production 
projects are planned in Australia and many of them, such as the Murchison project 
and the Australian Renewable Energy Hub, aim to export to international markets. 
Central and South America and North America together could represent one-third 
of the exported hydrogen by 2030. Africa and Europe could account for 6% and 
8% by 2030, respectively. However, all of the Europe-based exported hydrogen is 
set to remain within the continent as the projects aim to connect countries with 
relatively good renewable resources (such as Denmark) with demand centres in 
the Netherlands and Germany. Large-scale export-oriented projects have also 
been announced in Oman and the United Arab Emirates, but they represent only 
a few percent of the global trade volume by 2030, with the Middle East region 
accounting for 6% of global export by 2040 only.  

Around 60% of the announced projects by 2030 have not yet identified a 
destination country, and of the projects that have done so, about two-thirds have 
identified a potential off-taker. Based on the current announced projects, Europe 
could receive 5 Mt H2-eq by 2030, with one-fifth of it having been produced and 
traded inside the region itself. This could double to around 10 Mt H2-eq by 2040, 
with two-thirds of these imports in the form of ammonia. Japan could receive 
1 Mt H2-eq by 2030, with supply coming predominantly from North America and 
Australia. 

https://research.csiro.au/hyresource/murchison-hydrogen-renewables-project/
https://research.csiro.au/hyresource/australian-renewable-energy-hub/
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Figure 4.2 Low-emission hydrogen trade by exporting and importing region based on 
announced projects, 2030-2040 

 
IEA. CC BY 4.0. 

Notes: The amount of hydrogen equivalent traded is computed from the capacity of each plant, by considering average 
capacity factors (reported in the technical documentation of the IEA Hydrogen Projects Database) and by assuming that a 
certain share of production would be available for trade, in the case of projects aiming at multiple end-uses. For each 
project, a 50% availability factor is assumed for the first year of operation. Only projects with a disclosed start year are 
included. 
Source: IEA analysis based on multiple sources, including company announcements. 

Australia accounts for half of the announced export projects by 2030, while around one-
third of the announced exports globally are earmarked for Europe. Still, around 60% of 
export projects have not yet identified a destination country. 

The major trade routes that can be identified based on announced projects 
connect Australia with Europe and with the Asian market (Japan and Korea in 
particular), Latin American countries with Europe, and North American countries 
with the Asian market (Figure 4.3). On all these routes, ammonia is expected to 
be the main carrier to transport low-emission hydrogen by 2030. 

Although more and more countries are publishing national hydrogen strategies, or 
roadmaps defining hydrogen development milestones for the next decades, not 
all of them have quantitative objectives for production, and only a few for expected 
trade volumes (Figure 4.4). The REPowerEU plan sets a target of 10 Mt of 
renewable hydrogen imports into the European Union by 2030, of which 40% 
should be in the form of ammonia or other derivatives. Korea aims to import 
1.94 Mt H2 by 2030, according to the Basic Plan for Implementation of Hydrogen 
Economy. These combined targets together represent almost 12 Mt of hydrogen 
imports by 2030, more than twice the volume from announced projects planning 
to deliver to these destinations (including those at very early stages of 
development). Reaching those targets – and also reaching the ambition levels 
reflected in project announcements – will require rapid and concrete actions for 
reaching FIDs and moving forward with construction, not only of the underlying 
hydrogen production projects, but also of the trade infrastructure.  

https://energy.ec.europa.eu/system/files/2022-05/COM_2022_230_1_EN_ACT_part1_v5.pdf
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Figure 4.3 Potential low-emission hydrogen trade flows based on announcements, 
2030 

 
IEA. CC BY 4.0. 

Notes: LOHC = liquid organic hydrogen carrier; UAE = United Arab Emirates; Mt = million tonnes. In million tonnes of 
hydrogen equivalent, only flows larger than 150 kt H2 equivalent per year are shown. 
Source: IEA analysis based on multiple sources, including company announcements. 

Several trade projects are under development, with Australia, Central and South America, 
North America and Africa as key exporters, while only a few importing countries have been 
identified. 

Where a project cannot take advantage of pre-existing terminals or pipelines, 
infrastructure will need to be developed in parallel to plant construction, as building 
new infrastructure can often be the lengthiest part of all construction, with pipelines 
and port terminals taking up to 9 years on average. At the same time, contracts 
with off-takers need to be secured to guarantee the economic sustainability of the 
project.  

https://iea.blob.core.windows.net/assets/a86b480e-2b03-4e25-bae1-da1395e0b620/EnergyTechnologyPerspectives2023.pdf
https://iea.blob.core.windows.net/assets/a86b480e-2b03-4e25-bae1-da1395e0b620/EnergyTechnologyPerspectives2023.pdf
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In the NZE Scenario, 14 Mt of hydrogen equivalent are traded inter-regionally60 by 
2030, corresponding to about 25% of low-emission merchant hydrogen 
production. The volume of the announced trade projects is comparable with the 
trade volume in the NZE Scenario. Those projects with a defined destination 
represent only half of the trade in the NZE Scenario in 2030 and those with a 
potential off-taker only one-third. Almost two-thirds of the trade in the NZE 
Scenario is in the form of ammonia, while around half of the hydrogen traded in its 
pure form is transported via pipeline. 

Figure 4.4 Low-emission hydrogen trade by importing region based on announced 
projects, policy targets and in the Net Zero Emissions by 2050 Scenario, 
2030 

 
IEA. CC BY 4.0. 

Notes: NZE=Net Zero Emissions by 2050 Scenario. The amount of hydrogen equivalent traded is computed from the 
capacity of each plant, by considering average capacity factors (reported in the technical documentation of the IEA 
Hydrogen Projects Database) and by assuming that a certain share of production would be available for trade, in the case 
of projects aiming at multiple end-uses. For each project, a 50% availability factor is assumed for the first year of operation. 
Sources: IEA analysis based on multiple sources, including company announcements, RePowerEU, Korea Basic Plan for 
Implementation of Hydrogen Economy. 

Policy targets by countries for hydrogen imports are twice as high as the announced export 
projects to deliver to those countries.  

One current obstacle for trade is the lack of a common internationally agreed 
methodology to determine the emission intensity of hydrogen, which could 
potentially lead to a fragmented market for hydrogen (see Chapter 6). 

 
 

60 In the scenario analysis, only the trade flows between the model regions of the IEA’s Global Energy and Climate Model 
(GEC-M) are represented, which means that trade between countries that are part of the same region is not captured. For 
announced projects, bilateral trade flows between countries are represented. 

https://www.iea.org/reports/global-energy-and-climate-model
https://www.iea.org/reports/global-energy-and-climate-model
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Trade contracts 
Bilateral trade arrangements, often between companies, but in some cases also 
involving government institutions, currently account for the majority of announced 
trade projects with an identified off-taker. These bilateral trade contracts with 
clear pricing mechanisms or fixed prices provide investment security to develop 
capital-intensive hydrogen projects such as production facilities or trade 
infrastructure. Auctions are another instrument for awarding trade contracts: by 
creating a bidding competition for a contract, auctions can help move the demand- 
and supply-side price levels closer. They also allow the market price to respond 
more readily to changes such as production cost declines or increased willingness 
to pay.  

One of the most developed support instruments for hydrogen trade today is the 
H2Global double-auction programme initiated by Germany. Using a market 
intermediary, an auction will be held to purchase hydrogen from suppliers outside 
the European Union through fixed price 10-year contracts. A separate auction will 
then be held to sell the hydrogen to buyers using contracts of roughly 1 year. 
H2Global launched first tenders with a budget of EUR 900 million for ammonia, 
synthetic methanol and synthetic kerosene produced from renewable hydrogen at 
the end of 2022, with deliveries planned to begin in 2024. The tenders were closed 
by the end of May 2023. The German government has allocated a further 
EUR 3.5 billion for future tenders up to 2036. The tender conditions follow the rules 
of the EU Renewable Energy Directive II and the delegated act on rules for the 
production of renewable liquid and gaseous transport fuels of non-biological origin. 
This means that the electricity must come from directly connected renewables, 
from an electricity grid with at least a 90% renewable share or from a power 
purchase agreement (PPA). For the PPAs, H2Global requires hourly correlation, 
i.e. renewable electricity generation and its use in hydrogen production must 
balance within an hour. This is stricter than the use of monthly correlation (i.e. 
balancing within a month) until 2030 stipulated in the final version of the delegated 
act. The H2Global initiative is not limited to Germany, but can be used by other 
countries, and the Dutch government announced it will use H2Global for auctions 
of hydrogen imports in 2024, with allocated government support of 
EUR 300 million. 

In 2023, the European Commission established the European Hydrogen Bank to 
stimulate renewable hydrogen production and use. The European Hydrogen Bank 
plans a pilot auction on a fixed premium for renewable hydrogen production within 
the European Union for Q3 2023, with a budget of EUR 800 million and with 
contracts to be awarded by mid-2024. Similar tenders for renewable hydrogen 
imports from outside the European Union are also planned. Joint auctions of the 
European Hydrogen Bank and H2Global are being discussed. 

https://h2-global.de/
https://ted.europa.eu/udl?uri=TED:NOTICE:675894-2022:TEXT:EN:HTML&tabId=0
https://ted.europa.eu/udl?uri=TED:NOTICE:706127-2022:TEXT:EN:HTML&src=0
https://ted.europa.eu/udl?uri=TED:NOTICE:704289-2022:TEXT:EN:HTML&src=0
https://www.bmwk.de/Redaktion/DE/Pressemitteilungen/2022/12/20221208-bundesministerium-fur-wirtschaft-und-klimaschutz-startet-erstes-vergabeverfahren-fur-h2global.html
https://www.bmwk.de/Redaktion/DE/Pressemitteilungen/2022/12/20221208-bundesministerium-fur-wirtschaft-und-klimaschutz-startet-erstes-vergabeverfahren-fur-h2global.html
https://eur-lex.europa.eu/legal-content/en/TXT/?uri=CELEX:32023R1184
https://eur-lex.europa.eu/legal-content/en/TXT/?uri=CELEX:32023R1184
https://www.hydrogeninsight.com/policy/netherlands-plans-green-hydrogen-import-auction-by-early-2024-backed-by-300m-of-subsidies/2-1-1435546
https://energy.ec.europa.eu/news/commission-outlines-european-hydrogen-bank-boost-renewable-hydrogen-2023-03-16_en
https://www.bmwk.de/Redaktion/DE/Pressemitteilungen/2023/06/20230601-bundesregierung-und-eu-kommission-machen-h2global-zum-europaeischen-wasserstoff-projekt.html
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The use of auctions and tenders is not limited to governments. In February 2022, 
the Japanese utility JERA issued a tender for up to 500 000 t/yr of low-emission 
ammonia to be co-fired in its Hekinan coal power plant, with deliveries starting in 
2027-28 and lasting into the 2040s. Two companies, Yara and CF Industries, won 
the tender and plan to produce the ammonia in the United States from natural gas 
with CCUS. 

Status and outlook of hydrogen 
infrastructure 

Transport and storage are critical elements of the low-emission hydrogen supply 
chain. Infrastructure is needed not only to connect regions where low-emission 
hydrogen can be produced at low cost with centres of demand and to manage 
fluctuations in production and demand, but also to ensure the resilience of the 
system in the event of supply disruptions. 

Figure 4.5 Global annual investment in gas infrastructure in the Net Zero Emissions by 
2050 Scenario, 2016-2030 

 
IEA. CC BY 4.0. 

Notes: H2 = hydrogen; HRS = hydrogen refuelling stations; LH2 = liquefied hydrogen. 

Total investment in natural gas and hydrogen infrastructure remains steady, with 
USD 35 billion dedicated to hydrogen by the end of this decade in the NZE Scenario. 

In the NZE Scenario, global annual investment in low-emission hydrogen and 
hydrogen-based fuels transport, including pipelines, storage facilities, terminals 
and refuelling stations, reaches around USD 35 billion over the second half of this 
decade. This amount represents approximately 40% of current annual spending 
on natural gas pipelines and shipping infrastructure (Figure 4.5). However, as 
investment in natural gas infrastructure declines in the NZE Scenario, the overall 

https://www.ammoniaenergy.org/articles/jera-closes-in-on-clean-ammonia-fuel-supply/
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level of investment in infrastructure for gas and hydrogen infrastructure combined 
remains relatively steady throughout the decade. 

The development of energy infrastructure projects generally tends to have long 
lead times, averaging between 6 and 12 years for natural gas pipelines, port 
terminals and underground gas storage facilities. Gas infrastructure projects are 
large civil engineering projects, often spanning several jurisdictions, which can 
 
entail delays due to permitting issues and a lack of socio-political support. It is 
therefore critical to start infrastructure planning well in advance, even before 
production and demand are fully established. 

Currently, there are around 1 million km of natural gas transmission pipelines in 
operation, 60 000 km under construction and over 150 000 km under 
consideration. As natural gas consumption declines, repurposing this existing 
infrastructure for hydrogen would provide an opportunity to mitigate the risk of 
stranded assets. It would reduce the environmental impact associated with 
manufacturing and laying new pipelines, thereby lowering investment costs and 
potentially reducing lead times. Around 5 000 km of hydrogen pipelines are 
already in operation worldwide, mainly in the United States and Europe. These 
pipelines are relatively small, with diameters of less than 18 inches, connecting 
refineries and chemical complexes, operating under static loads and all onshore. 
However, new hydrogen pipelines connecting countries or continents may be 
larger, with diameters as large as 48 inches. These pipelines could connect 
different countries and even continents, with some of them being offshore, and 
could provide a certain degree of flexibility to the system as they should be able 
to withstand pressure swings resulting from cyclic loading and some linepack.61 
Such a – rather futuristic – hydrogen transmission system would differ significantly 
from existing local networks, and would more closely resemble current natural gas 
transmission, albeit on a smaller scale, as hydrogen consumption would be lower 
than today’s natural gas consumption, even in the NZE Scenario. 

Global underground natural gas storage capacity is around 490 bcm, equivalent 
to approximately 12% of annual gas demand. In Europe, this figure is as high as 
25% in order to cover seasonal increases in heating demand. Around 90% of 
existing capacity is in porous reservoirs, mainly depleted gas fields. The capacity 
requirements and the type of storage needed for low-emission hydrogen are 
expected to be different to those for natural gas. Hydrogen demand may be less 
seasonal, but countries will still need to determine an appropriate level of storage 
for security purposes, considering import dependencies. However, intra-seasonal 

 
 

61 Linepack refers to the volume of gas stored in a pipeline. The gas can be compressed, increasing the pressure of the 
pipeline. Since the pipeline can operate within a safe pressure range, the amount of gas injected into a pipeline may differ 
from the amount of gas withdrawn at a specific time, providing short-term operational flexibility to match supply and demand. 

https://www.iea.org/reports/energy-technology-perspectives-2023
https://globalenergymonitor.org/projects/global-gas-infrastructure-tracker/
https://globalenergymonitor.org/projects/global-gas-infrastructure-tracker/
https://globalenergymonitor.org/projects/global-gas-infrastructure-tracker/
https://www.iea.org/reports/energy-technology-perspectives-2023
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fluctuations due to the variability of renewable energy generation will mean that 
hydrogen storage would require underground facilities that can go through multiple 
cycles within a year. Depending on geologic availability, salt cavern storage or 
lined hard rock cavern storage are favourable options for managing fluctuations in 
renewable energy and hydrogen production, even if they are more expensive in 
terms of rated capacity. Porous reservoirs are more commonly available, but their 

flexibility to rapidly ramp up and down is still uncertain, and the technology has not 
yet been demonstrated for pure hydrogen storage, but they could potentially play 
a key role in enhancing security. 

To transport hydrogen over long distances where pipeline transmission is not 
feasible, or in regions without suitable geological conditions for underground 
storage, hydrogen needs to be converted into denser forms. Among such 
alternatives, liquefied hydrogen (LH2) or carriers such as ammonia and LOHCs 
are promising options. However, while the conversion of hydrogen to ammonia for 
use as ammonia is already well established, if conversion back to hydrogen is 
needed the technologies required are not yet available on a commercial scale. 

Transport by pipeline 
Whenever hydrogen transport by pipeline reaches economies of scale (~100 
kilotonnes per year [ktpa] for a 20-inch pipeline and ~2 000 ktpa for a 48-inch 
pipeline operating at 75% of their design capacity and 50-80 bar), it will become 
the cheapest option for hydrogen transport up to a distance of 2 000-2 500 km, 
particularly in the case of repurposed pipelines. Large-diameter pipelines may be 
cheaper for longer distances, but their construction is more challenging, especially 
if they cross different jurisdictions. 

Some regions and countries are already working on the legal and regulatory 
adjustments needed to trigger deployment of dedicated hydrogen infrastructure. 
In December 2021, the European Commission adopted a legislative proposal to 
recast the 2009 EU Gas Directive, proposing a Hydrogen and Decarbonised Gas 
markets package, which aims to put forward measures to support the creation of 
dedicated hydrogen infrastructure. In March 2023, EU energy ministers agreed on 
the Council’s position, and the legal acts should be formally adopted once an 
agreement is reached with the European Parliament. The hydrogen package 
proposal seeks to develop competitive hydrogen markets, unbundling62 hydrogen 
transmission and setting a series of incentives for repurposing natural gas 
infrastructure, and to attract investments for cross-border infrastructure.  

 
 

62 Unbundling refers to the separation of activities potentially subject to competition, such as hydrogen production, from those 
where competition is not possible or allowed, e.g. transmission and distribution, which is a regulated monopoly in the 
European Union. This would allow the independent transmission system operator model under certain conditions. 

https://energy.ec.europa.eu/topics/markets-and-consumers/market-legislation/hydrogen-and-decarbonised-gas-market-package_en
https://energy.ec.europa.eu/topics/markets-and-consumers/market-legislation/hydrogen-and-decarbonised-gas-market-package_en
https://www.consilium.europa.eu/en/press/press-releases/2023/03/28/gas-package-member-states-set-their-position-on-future-gas-and-hydrogen-market/
https://fsr.eui.eu/unbundling-in-the-european-electricity-and-gas-sectors/
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Belgium already has an extensive hydrogen network connecting to France and 
the Netherlands, spanning around 600 km (the largest network in Europe and 
second in the world after the United States) and owned by Air Liquide. Belgium 
passed pioneering legislation on the transport of hydrogen by pipelines, the first 
of its kind in the world, which entered into force in August 2023. This law aims to 
regulate hydrogen transmission networks, establish criteria for designating a 
single hydrogen transmission system operator, and entrust it with various 
responsibilities, including strategic planning, ensuring free and non-discriminatory 
access to the network and guaranteeing the quality of the hydrogen transported.  

In May 2023, the Danish government selected the state-owned companies 
Energinet and Evida to own and operate Denmark’s forthcoming hydrogen 
pipelines. This decision follows the Power-to-X tender that Denmark launched in 
April 2023. The government also announced its intention to present a financing 
proposal for the hydrogen transmission network by the end of 2023. 

Also in May 2023, the German Federal Cabinet passed a draft law to create the 
legal and regulatory framework for a future hydrogen transmission system, 
expected to be operational by 2032. In July 2023, Germany’s gas system 
operators presented a draft of a potential hydrogen transport network of 11 200 km 
and 60% of repurposed natural gas pipelines, with a final version to be submitted 
to the regulator BNetzA for approval by Q3 2023.  

In August 2023, the UK government published proposals for hydrogen transport 
business models, as a result of a consultation process. The proposals suggest a 
Regulated Asset Base model alongside an external subsidy mechanism in the 
early stages, avoiding very high transport costs when the network is not yet fully 
utilised, while preventing excessive returns to developers.  

Project announcements for dedicated pipelines 
There have been substantial project announcements for hydrogen transmission 
pipelines across and between countries during the past year, and a detailed list of 
project announcements for the construction of new hydrogen pipelines or the 
repurposing of natural gas pipelines for hydrogen can be found in the IEA 
Hydrogen Infrastructure Database.63 

In Europe, the European Hydrogen Backbone initiative involves 33 gas 
infrastructure operators from 25 EU member states, as well as Norway, 
Switzerland and the United Kingdom. This initiative envisions a 33 000 km pan-
European hydrogen pipeline network by 2030, based on repurposed natural gas 
pipelines wherever possible. The 2022 revised Trans-European Networks for 

 
 

63 For release in October 2023. 

https://www.belganewsagency.eu/will-belgium-become-the-first-country-in-the-world-with-a-hydrogen-law
https://www.lachambre.be/FLWB/PDF/55/3077/55K3077001.pdf
https://www.loyensloeff.com/insights/news--events/news/the-belgian-hydrogen-act-enters-into-force/
https://kefm.dk/aktuelt/nyheder/2023/maj/ny-aftale-vigtig-milepael-i-brinteventyret-er-nu-paa-plads
https://kefm.dk/aktuelt/nyheder/2023/maj/ny-aftale-vigtig-milepael-i-brinteventyret-er-nu-paa-plads
https://kefm.dk/aktuelt/nyheder/2023/maj/ny-aftale-vigtig-milepael-i-brinteventyret-er-nu-paa-plads
https://ens.dk/en/press/power-x-tender-now-open
https://www.bmwk.de/Redaktion/DE/Pressemitteilungen/2023/05/20230524-bundeskabinett-beschliesst-gesetzentwurf-zur-schaffung-eines-wasserstoff-kernnetzes.html
https://www.bmwk.de/Redaktion/DE/Pressemitteilungen/2023/05/20230524-bundeskabinett-beschliesst-gesetzentwurf-zur-schaffung-eines-wasserstoff-kernnetzes.html
https://fnb-gas.de/en/hydrogen-core-network/
https://fnb-gas.de/en/hydrogen-core-network/
https://www.gov.uk/government/consultations/proposals-for-hydrogen-transport-and-storage-business-models#full-publication-update-history
https://www.gov.uk/government/consultations/proposals-for-hydrogen-transport-and-storage-business-models#full-publication-update-history
https://ehb.eu/
https://ehb.eu/files/downloads/EHB-initiative-to-provide-insights-on-infrastructure-development-by-2030.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2022.152.01.0045.01.ENG&toc=OJ%3AL%3A2022%3A152%3ATOC
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Energy (TEN-E) Regulation, which focuses on linking the energy infrastructure 
between EU countries, now includes support for hydrogen infrastructure. It 
identifies three priority hydrogen corridors: hydrogen interconnections in Western 
Europe, hydrogen interconnections in Central Eastern and Southeastern Europe, 
and a Baltic Energy Market Interconnection Plan in hydrogen.  

Outside of Europe, China’s first trans-regional hydrogen pipeline has been 
included in its Implementation Plan for the Construction of a National Oil and Gas 
Network, issued in 2023. This would transport hydrogen from Ulanqab (North 
China’s Inner Mongolia Autonomous Region) to Beijing, with a length of more than 
400 km and a capacity of 100-500 ktpa. In 2023, the state-owned China Petroleum 
Pipeline Engineering Corporation suggested that the country may need 6 000 km 
of hydrogen pipelines by 2050. In Oman, the Ministry of Energy has stated that 
hydrogen pipeline infrastructure will initially be situated around the ports in the 
south of the country, potentially connecting to nearby salt caverns, and later on 
other northern cities could be connected to the pipeline network, including Muscat. 
In June 2023, OQ Gas Networks, Oman’s gas transportation system operator, 
signed a memorandum of understanding with Hydrogen Oman (Hydrom) to 
explore the development of a hydrogen network. 

Figure 4.6 Global hydrogen transmission pipeline length in the Net Zero Emissions by 
2050 Scenario and announced projects, 2020-2050 

 
IEA. CC BY 4.0. 

Note: km = kilometre. 

The length of announced hydrogen pipelines over the next decade is in line with the needs 
of the NZE Scenario, if projects – most of which are at an early stage – come to fruition. 

No offshore hydrogen pipeline is in operation today. Despite this limited 
experience and related uncertainties, several offshore pipeline projects have been 
announced. In June 2023, Gasunie launched a tender for a feasibility study for an 

https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2022.152.01.0045.01.ENG&toc=OJ%3AL%3A2022%3A152%3ATOC
https://energy.ec.europa.eu/topics/infrastructure/trans-european-networks-energy_en
https://www.gov.cn/yaowen/2023-04/10/content_5750685.htm
https://www.gov.cn/yaowen/2023-04/10/content_5750685.htm
https://www.seetao.com/details/210294.html
https://www.seetao.com/details/210294.html
https://www.pipeline-journal.net/news/china-plans-6000-kilometer-integrated-pipeline-network-meet-soaring-hydrogen-demand
https://www.pipeline-journal.net/news/china-plans-6000-kilometer-integrated-pipeline-network-meet-soaring-hydrogen-demand
https://fuelcellsworks.com/news/oman-intends-to-build-dedicated-hydrogen-infrastructure/
https://www.omanobserver.om/article/1138254/business/energy/oqgn-signs-mou-with-hydrom-on-green-hydrogen
https://www.tenderned.nl/aankondigingen/overzicht/299424/details
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offshore hydrogen pipeline in the North Sea, including the design of the offshore 
platform (compression/electrolysis) and the pipeline routing. In January 2023, 
Norway and Germany commissioned a joint feasibility study to assess large-scale 
transport of hydrogen from Norway to Germany, and CO2 transport from Germany 
to Norway for offshore storage. The feasibility study is being carried out by Gassco 
(Norway’s gas operator) and dena (the German energy agency), and in 
September 2023 the two countries set up a joint task force to follow up on the 
results. 

Other offshore pipelines are being considered, albeit still at a conceptual stage, 
between Spain and France (H2Med - Bar-Mar); Algeria/Tunisia and Italy (SoutH2 
Corridor); Finland, Sweden, Denmark and Germany (Baltic Sea Hydrogen 
Collector); Denmark and Germany (H2 Interconnector Bornholm Lubmin). 
Offshore pipelines in the North Sea are being considered more generally, such as 
the AquaDuctus project (Germany), and as highlighted by the Ostend Declaration 
of Energy Ministers signed in April 2023 by Belgium, Denmark, France, Germany, 
Ireland, Luxembourg, the Netherlands, Norway and the United Kingdom. If 
offshore wind is going to be used for hydrogen production, the offshore production 
of hydrogen and its delivery to the coast by pipeline can, in some cases, become 
an alternative to transporting electricity for onshore hydrogen production (Box 4.2). 

Nevertheless, uncertainties in production and demand, and the current limited 
regulatory framework, may not be sufficient to provide financial and legal certainty 
to potential investors in low-emission hydrogen infrastructure. While the length of 
announced projects adds up to almost 30 000 km by 2030, and is aligned with the 
needs of the NZE Scenario (Figure 4.6), the combined length of projects having 
reached FID is minimal (Table 4.2). However, as a first step, several calls have 
been launched in 2023 to confirm interest in hydrogen transmission infrastructure, 
typically including an initial non-binding phase to understand market needs and 
conduct feasibility studies. This will be followed by a second binding phase to 
contract transmission capacity, which will lead to investment decisions. 

 Progress between Q3 2022 and Q2 2023 on hydrogen transmission projects 
in new and repurposed pipelines 

Country Length Date Status 

Australia 43 km May 2023 
APA completed pressurised 100% hydrogen testing in 
a repurposed section of the Parmelia Gas Pipeline. 
Detailed conversion plans will follow. 

Belgium  - July 2023 

Ministers Council agreed on a EUR 250 million 
subsidy to develop a hydrogen pipeline network 
connecting to Germany and industrial clusters in 
Ghent, Antwerp, Mons, Charleroi and Liège.  

France  150 km January –  GRTgaz launched a non-binding call to confirm 
economic interest in the Hynframed project, linking up 

https://www.tenderned.nl/aankondigingen/overzicht/299424/details
https://www.regjeringen.no/en/whatsnew/dep/smk/press-releases/2023/closer-cooperation-between-norway-and-germany-to-develop-green-industry/joint-statement-germany-norway-hydrogen/id2958105/#:%7E:text=Norway%20and%20Germany%20confirm%20our,through%20a%20large%20scale%20pipeline.
https://www.regjeringen.no/en/whatsnew/dep/smk/press-releases/2023/closer-cooperation-between-norway-and-germany-to-develop-green-industry/joint-statement-germany-norway-hydrogen/id2958105/#:%7E:text=Norway%20and%20Germany%20confirm%20our,through%20a%20large%20scale%20pipeline.
https://www.regjeringen.no/en/aktuelt/norway-and-germany-take-next-step-in-hydrogen-cooperation/id2993340/
https://www.grtgaz.com/nos-actions/gaz-renouvelables-economie-circulaire/barmar
https://www.south2corridor.net/
https://www.south2corridor.net/
https://gasgrid.fi/en/projects/baltic-sea-hydrogen-collector/
https://gasgrid.fi/en/projects/baltic-sea-hydrogen-collector/
https://www.gascade.de/en/press/press-releases/press-release/bornholm-lubmin-hydrogen-pipeline-to-realize-renewable-ambitions-in-baltic-region
https://aquaductus-offshore.de/
https://www.government.nl/documents/diplomatic-statements/2023/04/24/ostend-declaration-on-the-north-sea-as-europes-green-power-plant
https://www.government.nl/documents/diplomatic-statements/2023/04/24/ostend-declaration-on-the-north-sea-as-europes-green-power-plant
https://www.wa.gov.au/government/media-statements/McGowan-Labor-Government/Study-proves-feasibility-of-gas-to-hydrogen-pipeline-conversion-20230519
https://www.rtl.be/actu/belgique/politique/le-federal-approuve-le-developpement-dune-connexion-hydrogene-avec-lallemagne/2023-07-14/article/569244
https://www.grtgaz.com/en/medias/press-releases/launch-call-hydrogen-interest-fos-mer
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Country Length Date Status 

March 
2023 

the Fos-sur-Mer industrial and port area with storage 
facilities in Manosque, expected by 2028. This will be 
followed by a binding Open Season process to 
contractually determine transmission capacities. 

France-
Belgium  

70 km 
June –  

September 
2022 

GRTgaz and Fluxys launched a call (non-binding 
phase) to assess interest in a hydrogen pipeline 
between Valenciennes (France) and Mons (Belgium). 
17 companies expressed their interest, and a 
feasibility study was launched. 

Germany  50 km June 2023 FID for Bad Lauchstädt Energy Park, including a 
pipeline to TotalEnergies Refinery. 

Hungary - 
July –  

September 
2023 

FGSZ has launched a call for interest (non-binding 
phase) for hydrogen transmission capacity in the 
Hungarian network and interconnection points with 
Austria, Croatia, Romania, Serbia, Slovakia, Slovenia 
and Ukraine. 

Netherlands 30 km June 2023 

Gasunie reached FID (more than EUR 100 million) for 
the first section of its planned hydrogen backbone 
(1 200 km) in Rotterdam, from the Tweede Maasvlakte 
to Pernis. Construction starting in Q3/Q4 2023 and 
commissioning expected by 2025. 

Netherlands 270 km May - July 
2023 

Publication of the “Intention and proposal for 
participation” for the Delta Rhine Corridor, which 
envisages the construction of several pipelines, 
including for hydrogen, between Rotterdam, via 
Moerdijk, to Chemelot industrial park in Geleen and to 
the German border. The Dutch Ministry of Economic 
Affairs and Climate and Gasunie invited stakeholders 
to contribute to the spatial planning for the design of 
the project. 

Spain - 

September 
– 

November 
2023 

Enagás is launching a non-binding call for interest for 
hydrogen transport infrastructure. Based on the 
results, a binding Open Season process could be 
launched in 2025. 

 

Box 4.2 Offshore hydrogen networks or power transmission to shore to 
deliver hydrogen? 

Less than 10% of announced low-emission hydrogen production by 2030 could 
rely on offshore wind, equivalent to about 3 Mt H2. While offshore wind parks are 
today located relatively close to the coast, new projects are being planned further 
out to sea. The cost of offshore power transmission for onshore hydrogen 
production increases relatively quickly with distance, whereas offshore hydrogen 
production and subsequent transport incurs fixed costs, such as platforms for the 
electrolysers and AC/DC inverters, leading to higher transport costs for shorter 

https://www.fluxys.com/fr/press-releases/fluxys-belgium/2022/221026_press_grtgaz_cross_border_hydrogen
https://www.fluxys.com/fr/press-releases/fluxys-belgium/2022/221026_press_grtgaz_cross_border_hydrogen
https://www.uniper.energy/news/bad-lauchstaedt-energy-park-now-in-implementation-phase
https://fgsz.hu/en/home/news/non-binding-market-survey-for-hydrogen-transmission-capacity-for-interconnection-points-hungarian-hydrogen-production-and-consumption-points.html
https://www.gasunie.nl/en/news/dutch-national-hydrogen-network-launches-in-rotterdam
https://www.gasunie.nl/projecten/delta-rhine-corridor
https://www.enagas.es/en/press-room/news-room/press-releases/2023-09-14-NP-Presentacion-Call-For-Interest-Red-Troncal-Hidrogeno/
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distances compared to offshore power transmission and onshore hydrogen 
production. For distances of less than 300 km to shore, power transmission may 
be cheaper than offshore hydrogen production and pipeline transport. However, 
for longer distances, offshore hydrogen production and transmission may become 
more cost-effective, especially if it can benefit from the economies of scale of 
pipelines. There are some uncertainties about the operating pressures of offshore 

hydrogen pipelines. While offshore natural gas pipelines operate at higher 
pressures, this could increase the risk of embrittlement with hydrogen and further 
research is needed. 

Cost of offshore hydrogen and power transmission 

 
IEA. CC BY 4.0. 

Notes: HVAC = high voltage alternating current; HVDC = high voltage direct current. 

For short distances of offshore hydrogen transport, non-metallic composite 
pipelines are being explored for their light weight (easier transport and laying), 
ductility, spoolability and corrosion resistance. Strohm, a developer of 
thermoplastic composite pipelines, has signed memoranda of understanding 
(MoUs) with Evonik, Siemens Gamesa, Seanovent and Lhyfe to explore the use 
of pipelines from polyamide 12, which has low hydrogen permeation. The HOPE 
project, a consortium co-ordinated by French company Lhyfe, aims to produce 
4 t H2/day and transport it, for the first time, via a 1 km offshore composite pipeline 
to the port of Ostend (Belgium) by 2026. Other companies, such as SoluForce and 
Pipelife, have developed a reinforced thermoplastic pipeline for hydrogen 
applications up to 42 bar, and Long Pipes has developed a composite pipeline 
technology called Hydrogen Highway. 
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https://corporate.evonik.com/en/for-the-transport-of-green-hydrogen-175663.html
https://strohm.eu/news/strohm-and-siemens-gamesa-collaborate-for-offshore-wind-to-hydrogen-infrastructure
https://strohm.eu/news/seanovent-and-strohm-join-forces-to-deliver-green-hydrogen-transfer-solution-for-renewable-energy-sector
https://www.oedigital.com/news/496441-thermoplastic-composite-pipes-could-carry-hydrogen-produced-directly-at-floating-wind-farms
https://www.lhyfe.com/press/offshore-hydrogen-production-on-a-new-scale-hope-project-and-its-consortium-selected-for-a-e20-million-european-commission-grant/
https://www.lhyfe.com/press/offshore-hydrogen-production-on-a-new-scale-hope-project-and-its-consortium-selected-for-a-e20-million-european-commission-grant/
https://www.soluforce.com/track-record/a-global-first-hydrogen-application-of-flexible-composite-pipe.html
https://www.pipelife.com/infrastructure/hydrogen-transportation.html
https://longpipes.com/clean-energy-for-the-future
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Hydrogen blending 
Blends of natural gas and hydrogen are already being used in several town gas 
networks in Singapore, Hong Kong and Hawaii, which plan to eventually replace 
fossil-based hydrogen with low-emission hydrogen.64  

Since the GHR 2022, a few hydrogen blending demonstration projects have 
entered operation around the world (Table 4.3); nevertheless, hydrogen blending 
in distribution networks may sometimes meet strong local opposition. For 
instance, the United Kingdom’s first hydrogen village trial proposal is no longer 
under consideration by the government due to a lack of support from residents.  

 Hydrogen blending projects in gas distribution pipelines entering operation 
between Q3 2022 and Q2 2023 

Project name Country Location Blending 
volume Announced size 

ATCO Community 
Blending project 

Australia Cockburn 2-5% 2 700 customers 

ATCO Alberta 
blending project 

Canada Fort 
Saskatchewan 5% 2 100 customers 

Gasvalpo Energas 
Coquimbo 

Chile Coquimbo 5-20% 2 000 customers 

NTPC-GGL in 
Surat 

India Surat 5% 200 customers 

Floene Seixal Portugal Seixal 20% 82 customers 

20HyGrid project – 
Delgas Grid 

Romania Dârlos 20% 75 customers 

Dominion Energy 
Utah 

United States Delta 5% 1 800 customers 

 
Hydrogen blending in the transmission network is also being considered, as it 
could enable the co-utilisation of the existing network until dedicated infrastructure 
is in place, if deblending and purification technologies become available and cost-
efficient. This would likely require a system of guarantees of origin, such as that 
in place in the Netherlands. In February 2023, Kogas (Korea) selected DNV to 
assess the feasibility of blending hydrogen into the country’s 5 000 km 
transmission network, as it aims to achieve 20% blending by 2026. In March 2023, 
the European Union altered the EU Gas Proposal, so that the maximum blending 
of hydrogen into the natural gas transmission system would be 2% instead of 5% 
to ensure a harmonised quality of gas. In April 2023, China National Petroleum 
Corporation announced that it had transported blended hydrogen (24%) using a 
397 km gas pipeline in Ningxia for 100 days. In May 2023, Xcel Energy 
(United States) awarded Worley a study to assess the feasibility of injecting 

 
 

64 A list of hydrogen blending projects and their status can be accessed through the IEA Hydrogen Infrastructure Database 
(October 2023 release). 

https://www.hvnplus.co.uk/news/whitby-no-longer-under-consideration-to-host-uk-hydrogen-village-13-07-2023/
https://www.hvnplus.co.uk/news/whitby-no-longer-under-consideration-to-host-uk-hydrogen-village-13-07-2023/
https://www.atco.com/content/dam/web/atco-australia/projects/atco-fact-sheet-hydrogen-blending-project.pdf
https://www.atco.com/content/dam/web/atco-australia/projects/atco-fact-sheet-hydrogen-blending-project.pdf
https://gas.atco.com/en-ca/community/projects/fort-saskatchewan-hydrogen-blending-project.html
https://gas.atco.com/en-ca/community/projects/fort-saskatchewan-hydrogen-blending-project.html
https://www.revistaei.cl/2022/12/16/primera-vez-en-america-latina-gasvalpo-inicia-inyeccion-de-hidrogeno-verde-a-su-red-de-gas-natural-en-coquimbo/
https://www.revistaei.cl/2022/12/16/primera-vez-en-america-latina-gasvalpo-inicia-inyeccion-de-hidrogeno-verde-a-su-red-de-gas-natural-en-coquimbo/
https://pib.gov.in/PressReleasePage.aspx?PRID=1888334
https://pib.gov.in/PressReleasePage.aspx?PRID=1888334
https://floene.pt/en/green-pipeline-project/
https://www.green-forum.eu/energy/20230808/methane-gas-is-losing-ground-to-hydrogen-in-sibiu-county-495
https://www.green-forum.eu/energy/20230808/methane-gas-is-losing-ground-to-hydrogen-in-sibiu-county-495
https://news.dominionenergy.com/2023-04-03-Dominion-Energy-Utah-Starts-Hydrogen-Blending
https://news.dominionenergy.com/2023-04-03-Dominion-Energy-Utah-Starts-Hydrogen-Blending
https://hyxchange.nl/2022/10/24/field-test-leads-launch-first-greenhydrogen-certificates-europe/
https://www.dnv.com/news/dnv-to-assess-the-viability-of-blending-hydrogen-into-south-korea-s-gas-transmission-network-238562
https://www.dnv.com/news/dnv-to-assess-the-viability-of-blending-hydrogen-into-south-korea-s-gas-transmission-network-238562
https://www.consilium.europa.eu/en/press/press-releases/2023/03/28/gas-package-member-states-set-their-position-on-future-gas-and-hydrogen-market/
https://mp.weixin.qq.com/s/tzboVfTcgQiszxMinjG0mg
https://mp.weixin.qq.com/s/tzboVfTcgQiszxMinjG0mg
https://www.worley.com/news-and-media/2023/leading-a-hydrogen-blending-study-in-the-us
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blended hydrogen in its 58 000 km distribution pipelines and 3 500 km 
transmission pipelines, including the assessment of blending rates. In June 2023, 
Portugal’s REN announced that it had started adapting its high-pressure natural 
gas grid (1 375 km) to allow it to carry up to 10% hydrogen. However, deblending 
technology is not yet available on a large scale. In January 2022, Linde 
commissioned the world's first full-scale demonstration plant in Dormagen 
(Germany), which can produce hydrogen with a very high purity from blends of 5-
60% using membrane separation followed by pressure swing adsorption. 

Underground hydrogen storage  
As hydrogen supply expands, underground geological facilities could be needed 
for storage to balance supply fluctuations caused by variable renewable electricity 
used in electrolysers and from seasonal changes in demand, as well as to bolster 
energy security. Salt caverns have been utilised for hydrogen storage in Teesside 
(United Kingdom) since 1972 and in the Gulf Coast in Texas (United States) since 
1983, primarily for chemical and petrochemical processes, with a total capacity of 
500 GWh. 

New salt cavern facilities for hydrogen storage have been announced and some 
have made a degree of progress on planning, but none of them have reached FID 
yet. A detailed list of project announcements for the construction of new 
underground hydrogen storage facilities or the repurposing of natural gas storage 
facilities for hydrogen can be found in the IEA Hydrogen Infrastructure Database.65 

In 2023, for the first time, several calls have been conducted to confirm and 
quantify interest in underground hydrogen storage facilities (Table 4.4). These 
calls provide valuable input for estimating facility sizing and ultimately reaching 
the FID. They are often organised in at least two phases, starting with a non-
binding phase, followed by a binding phase if there is sufficient interest. The UK 
government’s proposals for hydrogen storage business models suggest a 
minimum annual revenue floor for storage providers with contracts negotiated 
bilaterally between the storage providers and the subsidy provider, protecting 
against the demand risk.  

 Calls for interest for underground hydrogen storage projects 

Organiser Country Call date Phase Description 

Géométhane France 
February-
March 
2023 

Non-
binding 

Assess interest in hydrogen storage 
in two potential salt caverns 
(200 GWh of hydrogen) in 
Manosque. 

 
 

65 For release in October 2023. 

https://www.worley.com/news-and-media/2023/leading-a-hydrogen-blending-study-in-the-us
https://www.pipeline-journal.net/news/ren-looking-adapt-its-1375-km-pipeline-network-carry-green-hydrogen
https://www.pipeline-journal.net/news/ren-looking-adapt-its-1375-km-pipeline-network-carry-green-hydrogen
https://www.engineering.linde.com/hiselect-for-hydrogen
https://www.linde-engineering.com/en/news_and_media/press_releases/news20220120.html
https://www.linde-engineering.com/en/news_and_media/press_releases/news20220120.html
https://www.gov.uk/government/consultations/proposals-for-hydrogen-transport-and-storage-business-models#full-publication-update-history
https://www.storengy.com/en/medias/news/launch-call-expressions-interest
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Organiser Country Call date Phase Description 

HyStock 
(subsidiary 
of Gasunie) 

Netherlands June-July 
2023 

Non-
binding 

Call to reserve capacity (fixed 
proportion of injection, withdrawal, 
and storage capacity) in the A5 
hydrogen salt cavern (216 GWh) in 
Zuidwending. Reservations exceed 
the capacity offered, and an auction 
will allocate capacity. 

Teréga France 
June-
October 
2023 

Non-
binding 

Assess interest in hydrogen storage 
in a salt cavern (500 GWh) within the 
HySoW project (Hydrogen South 
West Corridor of France). 

 
Furthermore, several salt cavern hydrogen storage projects are progressing. In 
June 2022, the Advanced Clean Energy Storage project in Utah (United States) 
secured a conditional Department of Energy (DOE) loan guarantee of 
USD 504 million. Although FID has not yet been reached, WSP completed drilling 
and mechanical integrity testing of two salt caverns wells (300 GWh) in May 2023. 
From November 2022, the H2CAST project conducted a two-month leak test in 
Etzel (Germany), confirming the tightness of the salt cavern and the use of bore 
hole equipment with high-pressure hydrogen. The H2CAST project plans to test 
the conversion of a first salt cavern, formerly used for natural gas storage, for 
hydrogen storage by the end of 2023. Meanwhile, the HyPSTER project (Etrez, 
France) aims to demonstrate the impact of hydrogen cyclic storage in salt caverns. 
In March 2023, it started work to replace the existing equipment in the salt cavern 
with hydrogen-compatible equipment in preparation for upcoming tests.  

In addition to salt caverns, hydrogen might also be stored underground in porous 
media formations such as depleted oil and gas reservoirs or saline aquifers, 
although they have not yet been proved for pure hydrogen storage. Hydrogen 
reactivity has been observed in porous reservoirs when town gas was injected, 
sometimes resulting in very high consumption of stored hydrogen. However, it 
remains to be assessed whether these findings would also apply to pure hydrogen 
storage. 

In 2016, in the Underground Sun Storage pilot project (Austria), 115 000 Nm3 of 
gas containing 10% H2 was injected into a depleted gas field for 3 months. About 
18% of the hydrogen was not recovered due to diffusion, mixing, dissolution and 
conversion, while identified methane-producing bacteria converted 3% of the 
hydrogen. In April 2023, 2 years after the start of the Underground Sun Storage 
2030 project, the facility to test the storage of pure hydrogen in a depleted gas 
field entered into operation in Gampern (Austria), with a capacity of 4.2 GWh of 
electricity storage (i.e. approx. 2.5 GWh of hydrogen storage). Snam (Italy) 
verified the possibility of storing up to 100% hydrogen in a lab test unit of two 
depleted gas fields, and plans to conduct further tests throughout 2023. In 
September 2023, in the HyStorage project, Uniper will carry out the first hydrogen 

https://www.hystock.nl/en/news/hystock-starts-the-open-season-for-the-first-cavern-for-hydrogen-storage
https://www.hystock.nl/en/news/successful-open-season-ample-interest-in-hydrogen-storage-first-salt-cavern-hystock
https://www.hystock.nl/en/news/successful-open-season-ample-interest-in-hydrogen-storage-first-salt-cavern-hystock
https://www.terega.fr/en/26-juin-13-octobre-2023-participez-a-lappel-a-manifestation-dinteret-ami#:%7E:text=From%2026%20June%20to%2013,or%20carbon%20dioxide%20(CO2).
https://www.energy.gov/articles/doe-announces-first-loan-guarantee-clean-energy-project-nearly-decade
https://www.energy.gov/articles/doe-announces-first-loan-guarantee-clean-energy-project-nearly-decade
https://www.wsp.com/en-us/news/2023/advanced-clean-energy-hub-drilling-completed-utah
https://www.wsp.com/en-us/news/2023/advanced-clean-energy-hub-drilling-completed-utah
https://h2cast.com/news/detail/successful-completion-of-first-leak-test-with-hydrogen-at-cavern-in-etzel
https://h2cast.com/news/detail/successful-completion-of-first-leak-test-with-hydrogen-at-cavern-in-etzel
https://h2cast.com/news/detail/hydrogen-days-northwest-2023-have-started-1
https://cordis.europa.eu/project/id/101006751
https://hypster-project.eu/wp-content/uploads/2023/04/2023-04-03-Workover-VDEF-EN.pdf
https://doi.org/10.3389/fenrg.2023.1145978
https://www.underground-sun-storage.at/en/
https://doi.org/10.1016/j.ijhydene.2020.12.058
https://doi.org/10.1016/j.ijhydene.2020.12.058
https://www.uss-2030.at/en/
https://www.uss-2030.at/en/
https://www.uss-2030.at/en/public-relations-/-publications/press/details/article/underground-sun-storage-worlds-first-geological-hydrogen-storage-facility-goes-into-operation.html
https://www.snam.it/en/media/news-and-press-releases/comunicati-stampa/2023/snam-2022-2026-strategy-plan.html
https://www.uniper.energy/hystorage
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injections, testing different methane-hydrogen mixtures with 5%, 10% and 25% 
hydrogen content and storing them for 3 months in a porous rock formation at the 
Bierwang underground gas storage facility (Germany). In the United States, the 
DOE is providing USD 6.75 million in funding for the Subsurface Hydrogen 
Assessment, Storage, and Technology Acceleration (SHASTA) project. SHASTA, 
running from 2022 to 2024, aims to assess the feasibility of storing pure hydrogen 
and hydrogen blends in porous reservoirs. In addition, in 2023 the DOE awarded 
funding for fundamental research to assess the feasibility of using depleted oil and 
gas fields in Oklahoma, North Dakota and the Appalachian region for hydrogen 
storage. 

Figure 4.7 Global underground geological storage capacity for hydrogen in the Net 
Zero Emissions by 2050 Scenario and announced projects, 2020-2050 

 
IEA. CC BY 4.0. 

Notes: bcm = billion cubic metres; TWh = terawatt-hour; NZE = Net Zero Emissions by 2050 Scenario. The NZE Scenario 
assumes that storage capacity equals 3% of total annual hydrogen demand in 2030 and 10% in 2050. “Announced 
projects” are projects that are not yet operational, including those under construction, with a final investment decision, 
under feasibility assessment and projects that have been publicly announced, e.g. through a press release or a 
memorandum of understanding. The year 2050 illustrates announced projects without a specified start year. 
Source: IEA Hydrogen Projects, (Database, October 2023 release). 

The long lead times associated with underground hydrogen storage projects mean that 
accelerated action is urgently required to get on track with the NZE Scenario. 

Despite recent announcements, the capacity of underground hydrogen storage 
facilities projects – 5 TWh by 2030 and 30 TWh by 2050 – falls well short of what is 
required in the NZE Scenario (Figure 4.7). In addition, due to hydrogen’s low 
density, storing an equivalent amount of energy as hydrogen requires three to four 
times the volume compared to natural gas at the same pressure. In the NZE 
Scenario, 74 TWh (26 bcm at normal conditions) of underground hydrogen storage 
would be needed by 2030, compared to 4 800 TWh (490 bcm) of underground 
natural gas storage today. By 2050, underground hydrogen storage needs would 
increase almost twenty-fold, and this substantial rise in physical storage needs 
would bring them to a level comparable (in terms of volume) to the long-standing 
underground natural gas storage facilities developed over more than half a century. 
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https://edx.netl.doe.gov/shasta/
https://edx.netl.doe.gov/shasta/
https://www.energy.gov/fecm/additional-selections-funding-opportunity-announcement-2400-clean-hydrogen-production-0
https://www.energy.gov/fecm/additional-selections-funding-opportunity-announcement-2400-clean-hydrogen-production-0
https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database
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Infrastructure for shipping 
For long distances of more than 2 500 km, the transport of hydrogen or hydrogen 
carriers by tanker can be a cost-effective option. In addition to the ships, this would 
require dedicated infrastructure at ports, including access to deep-water 
infrastructure and facilities to convert hydrogen into hydrogen carriers, in some 
cases at the exporting port, and, in some instances, facilities for reconversion back 
to hydrogen at the importing port. Hydrogen can be transported as ammonia, 
methanol or synthetic fuels, using an LOHC or in the form of liquefied hydrogen 
(LH2).  

Infrastructure at ports 
Currently, export infrastructure for natural gas and ammonia, such as liquefaction 
plants, is mainly located in regions with abundant natural gas resources. In contrast, 
import infrastructure such as regasification plants is more widespread, due to there 
being more importing countries than exporting countries. Worldwide, there are more 
than 100 natural gas liquefaction plants in more than 40 ports and more than 160 
natural gas regasification plants in nearly 150 ports. Approximately 150 terminals 
and ports can handle ammonia (Figure 4.8).  

Figure 4.8 Existing and announced port infrastructure projects for hydrogen and 
hydrogen-based fuels trade 

 
IEA. CC BY 4.0. 

Notes: LOHC= liquid organic hydrogen carriers. 

Almost 150 terminals for ammonia already exist and – while ammonia dominates the new 
project announcements – port facilities for other carriers are also being planned. 
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Although the existing ammonia infrastructure could already be used for hydrogen-
based fuel trade, current global ammonia trade is around 20 Mt, equivalent to 
around 3.5 Mt H2. This is well below the announced 12 Mt H2 by 2030 for ammonia-
based projects (Figure 4.1). Meeting this demand would require a tripling of existing 
ammonia trade infrastructure within this decade. While some capacity could be 
integrated into existing plants, potentially replacing fossil-based ammonia trading, 
or increasing annual plant utilisation with minor adjustments, realising the full 
potential of announced trade projects would require significant expansion. In 
addition, countries with good renewable energy resources that have not previously 
played a role in energy or ammonia trade may begin to do so, requiring not only 
new ammonia storage tanks but also new deep-water ports and berthing facilities. 

Some projects are exploring the possibility of exporting compressed or liquefied 
hydrogen, which will require novel infrastructure that is not yet commercially 
available. Bringing such innovations to scale in the near future will require significant 
innovation efforts. In addition, other trade projects are considering the use of 
alternative carriers, such as LOHCs or methanol, which could use the more 
abundant oil-related infrastructure in ports, thereby minimising investment 
requirements for new infrastructure. 

Based on announced projects, around 50 terminals and port infrastructure for the 
trade of hydrogen and ammonia could be realised by the end of the decade. More 
than half are new ammonia export terminals, of which more than ten could be 
located in Australia. In Europe, particularly in the Netherlands, Belgium and 
Germany, several ammonia import terminals have been announced. In the port of 
Rotterdam, OCI reached FID for the expansion of its existing ammonia terminal 
(June 2022) and it is assessing the feasibility of building a new storage tank, 
Gunvor contracted McDermott for the Front-End Engineering Design (FEED) of a 
new ammonia import terminal (September 2022), and other new ammonia import 
terminals under consideration in the port are ACE Terminal and Koole Terminals. 
Some liquefied natural gas (LNG) regasification terminals have announced their 
interest in importing synthetic methane. In July 2023, the European Union 
approved EUR 40 million support for a land-based LNG terminal in Brunsbüttel 
(Germany), to replace the current floating one, on the condition that the terminal 
be converted to import renewable energy carriers by 2043 at the latest. A detailed 
list of low-emission hydrogen infrastructure projects at ports can be found in the 
IEA Hydrogen Infrastructure Database.66 

In addition to related port infrastructure, several large-scale ammonia cracking 
projects have been announced, although the technology is not yet proven on a 
commercial scale. Facilities are being considered in Wilhelmshaven, Rostock and 
Brunsbüttel (Germany), in the port of Antwerp (Belgium), in the ports of Liverpool 

 
 

66 For release in October 2023. 

https://oci-global.com/news-stories/press-releases/oci-n-v-to-expand-port-of-rotterdam-ammonia-import-terminal-to-meet-emerging-large-scale-low-carbon-hydrogen-and-ammonia-demand-in-the-energy-transition/
https://www.offshore-technology.com/news/mcdermott-feed-gunvors-terminal/
https://www.aceterminal.nl/en
https://koole.com/announcement-ammonia-storage-letter-of-intent/
https://ec.europa.eu/commission/presscorner/detail/en/ip_23_3612
https://ec.europa.eu/commission/presscorner/detail/en/ip_23_3612
https://www.bp.com/en/global/corporate/news-and-insights/press-releases/bp-reveals-plans-to-evaluate-expansion-of-germany-green-energy-port-with-new-hydrogen-hub.html
https://www.enbw.com/company/press/feasibility-study-for-ammonia-cracker-in-rostock.html
https://www.rwe.com/en/research-and-development/project-plans/brunsbuettel-project-location/
https://www.newcast.com/en/Media_News/News/Archive_Business_News/Ammonia_cracker_in_the_port_of_Antwerp_comes_from_Air_Liquide#:%7E:text=In%20the%20port%20of%20Antwerp%2C%20the%20French%20gas%20group%20Air,with%20an%20optimized%20carbon%20footprint.
https://www.stanlowterminals.co.uk/stanlow-terminals-at-the-heart-of-global-hydrogen-energy-transition-with-development-of-open-access-green-ammonia-import-terminal/
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and Immigham (United Kingdom), as well as two facilities in the port of Rotterdam 
(Netherlands), which could crack ammonia to supply around 1.5 Mt H2 by 2030.  

Tankers for hydrogen transport 
Existing tankers can carry low-emission hydrogen-based fuels and LOHCs, apart 
from LH2. Ammonia, a gas at ambient temperature, requires liquefied gas tankers, 
while methanol, synthetic fuels and LOHCs, being liquids, can be shipped in 
chemical (including dedicated methanol tankers) or oil product tankers. Currently, 
around 40 tankers exclusively transport ammonia, along with up to 200 gas 
tankers capable of carrying ammonia. However, meeting the potential tripling of 
ammonia trade in this decade would require a significant increase in the number 
of gas tankers. This may be hampered by the relative technical complexity of 
liquefied gas tankers, with only few shipbuilding yards in Korea, Japan and China 
building these tankers. This could potentially create bottlenecks in the short term. 
In addition, addressing maritime decarbonisation remains a challenge for all 
tankers, as the carbon intensity of low-emission hydrogen must account for 
emissions from possible transport. In 2016, the first dual-fuel methanol tankers 
that can run on their methanol cargo were introduced, and by early 2023, there 
were 23 dual-fuel methanol tankers. Existing fleets can potentially be adapted for 
low-emission marine fuels, contingent on the space needed for new tanks and 
additional equipment. The decarbonisation of ammonia, chemical and product 
tankers must progress in parallel with the growth of low-emission hydrogen trade. 

There are currently no commercially available tankers for shipping liquefied 
hydrogen. The Suiso Frontier, with a capacity of 1 250 m3 (~75 tonnes [t] of LH2), 
was the only demonstration project, with an LH2 shipment from Australia to Japan 
in 2022. However, a valve malfunction in the gas combustion unit for hydrogen 
boil-off resulted in a fire while the ship was berthed in Australia. Lessons learned 
from this incident will be incorporated into a new design of the gas combustion unit 
for a larger 20 000 m3 tanker (~1 200 t LH2). Given the critical aspect of dealing 
with hydrogen boil-off gas, Shell signed an MoU with Alfa Laval in December 2022 
to develop a gas combustion unit for excess hydrogen boil-off. Several companies 
are developing liquefied hydrogen tankers, expected to be operational by 2030, 
with a hydrogen cargo capacity of up to 160 000 m3 (~9 600 t LH2) (Table 4.5). In 
addition, efforts to use hydrogen to power ships may have positive spill-over 
effects, as the technologies could be applied to LH2 tankers to allow part of the 
cargo to be used as fuel. 

 

 

 

https://www.ammoniaenergy.org/articles/air-products-targets-ammonia-imports-at-uk-port/
https://www.waterstofnet.eu/en/nieuws-enkel-voor-wic-leden/plans-for-lohc-plant-and-second-ammonia-cracker-in-port-of-rotterdam
https://www.aceterminal.nl/en/newsroom/large-scale-ammonia-cracker-to-enable-1-million-tons-of-hydrogen-imports-via-port-of-rotterdam
https://www.iea.org/reports/energy-technology-perspectives-2023
https://www.iea.org/reports/energy-technology-perspectives-2023
https://www.mol.co.jp/en/iroiro_fune_e/ships/02_tanker.html#:%7E:text=Product%20tankers%20carry%20petroleum%20products,classes%20of%20product%2Fchemical%20tankers.
https://www.mol.co.jp/en/pr/2023/23006.html
https://www.hydrogenenergysupplychain.com/supply-chain/the-suiso-frontier/
https://www.atsb.gov.au/publications/investigation_reports/2022/mair/mo-2022-001
https://maritime-executive.com/article/failed-solenoid-caused-burst-of-flame-on-hydrogen-tanker-s-foredeck
https://www.alfalaval.com/media/news/2022/shell-signs-agreement-with-alfa-laval-to-develop-a-gas-combustion-unit-gcu-for-hydrogen-boil-off-gas/
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Compressed hydrogen shipping is being considered alongside liquefied hydrogen 
as an option for shipping hydrogen, particularly at smaller scales. In December 
2022, Provaris Energy (Australia) received design Approval in Principle from the 
American Bureau of Shipping (ABS) for a 26 000 m3 (250 bar, 430 t H2) hydrogen 
tanker called H2Neo, with first units expected by 2026, and is developing a larger 
120 000 m3 tanker, H2Max (2 000 t H2). In the German OffsH2ore project, 
Kongstein has developed a concept for a compressed hydrogen tanker for the 
offshore wind industry. Hydrogen produced offshore could be compressed to 
500 bar, loaded onto a 400-tonne H2-tanker and shipped to shore. 

 Announced designs for liquefied hydrogen tankers expected to be 
commercial before 2030 

Company H2 cargo 
containment Country Approval in 

principle* 
Volume 

(m3) 
Korea Shipbuilding & 
Offshore Engineering 

(KSOE), Hyundai Mipo 
Dockyard 

Spherical Korea Korean Register 
of Shipping (KRS) 20 000 

Samsung Heavy Industries Type C Korea ABS 20 000 

Houlder, Shell, CB&I Spherical United 
Kingdom 

DNV (H2 
containment) 

20 000 

C-Job Naval Architects, LH2 
Europe 

Spherical Netherlands - 37 500 

TotalEnergies, GTT, LMG 
Marin, Bureau Veritas 

Membrane France Expected from 
Bureau Veritas 150 000 

Kawasaki Heavy Industries 
(KHI) 

Spherical 
(technological 
development 
completed) 

Japan Nippon Kaiji 
Kyokai (ClassNK) 160 000 

Samsung Heavy Industries Membrane Korea Lloyd’s Register 160 000 
* An Approval in Principle is an independent assessment of conceptual and innovative shipbuilding within an agreed 
framework, confirming that the ship design is feasible and that no significant obstacles exist to prevent the concept from 
being realised. 
Note: m3 = cubic metre. 

Carbon intensity of hydrogen transport 
The complexities of transporting low-emission hydrogen over long distances may 
result in a potentially higher carbon footprint compared to natural gas, if the energy 
inputs required to transport hydrogen are not decarbonised.  

Emissions from hydrogen transmission by pipeline depend on the electricity used 
for compression, and emission factors are likely to be lower when compression 
takes place near the production site, as low-emission electricity should already be 
available when producing electrolytic hydrogen, for example. However, if the 
pipeline crosses different regions and countries, low-emission electricity may not 
always be available along the pipeline route, so the electricity used for 

https://www.marinelog.com/technology/provaris-energy-moves-ahead-with-compressed-h2-carrier-plans/
https://gcaptain.com/compressed-hydrogen-carrier-moving-to-shipyard-selection-after-class-approval/
https://smallcaps.com.au/provaris-energy-abs-design-approval-h2neo-compressed-hydrogen-carrier/
https://www.german-energy-solutions.de/GES/Redaktion/EN/News/2022/20221221-OffsH2ore.html
https://fuelcellsworks.com/news/offsh2ore-kongstein-develops-a-compressed-gaseous-hydrogen-carrier-vessel-for-the-offshore-wind-industry/
https://www.offshore-energy.biz/korea-shipbuilding-gets-aip-for-liquefied-hydrogen-carrier-design/
https://www.offshore-energy.biz/korea-shipbuilding-gets-aip-for-liquefied-hydrogen-carrier-design/
https://www.offshore-energy.biz/korea-shipbuilding-gets-aip-for-liquefied-hydrogen-carrier-design/
https://www.offshore-energy.biz/korea-shipbuilding-gets-aip-for-liquefied-hydrogen-carrier-design/
https://www.offshore-energy.biz/samsung-heavy-wins-design-approval-for-liquefied-hydrogen-carrier/
https://www.houlderltd.com/news/houlder-completes-liquid-hydrogen-vessel-design-and-related-studies-for-shell
https://www.mcdermott-investors.com/news/press-release-details/2023/CBI-Receives-Approval-for-Liquid-Hydrogen-Cargo-Containment-System-for-Gas-Carriers-from-DNV/default.aspx
https://www.mcdermott-investors.com/news/press-release-details/2023/CBI-Receives-Approval-for-Liquid-Hydrogen-Cargo-Containment-System-for-Gas-Carriers-from-DNV/default.aspx
https://c-job.com/projects/liquid-hydrogen-tanker/#:%7E:text=C%2DJob%20developed%20the%20initial,Europe%20as%20demand%20will%20increase.
https://c-job.com/projects/liquid-hydrogen-tanker/#:%7E:text=C%2DJob%20developed%20the%20initial,Europe%20as%20demand%20will%20increase.
https://gtt.fr/news/gtt-totalenergies-lmg-marin-and-bureau-veritas-join-forces-develop-large-scale-lh2-carrier
https://gtt.fr/news/gtt-totalenergies-lmg-marin-and-bureau-veritas-join-forces-develop-large-scale-lh2-carrier
https://www.classnk.or.jp/hp/en/hp_news.aspx?id=7923&type=press_release&layout=1
https://www.classnk.or.jp/hp/en/hp_news.aspx?id=7923&type=press_release&layout=1
https://global.kawasaki.com/en/corp/newsroom/news/detail/?f=20230606_4159
https://global.kawasaki.com/en/corp/newsroom/news/detail/?f=20230606_4159
https://global.kawasaki.com/en/corp/newsroom/news/detail/?f=20230606_4159
https://www.lr.org/en/about-us/press-room/press-release/approval-in-principle-for-shi-liquefied-hydrogen-carrier/
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intermediate compression stages may significantly increase the emissions for 
hydrogen transport. Using, for example, electricity with an emission factor of 
540 g CO2-eq/kWh (world average emission factor for natural gas-based 
electricity generation, including upstream emissions) to compress hydrogen for 
5 000 km in a 48-inch pipeline (operating at 100% of its design capacity) would 
result in emissions of 1 kg CO2-eq/kg H2. Alternatively, compressors may be 
powered by hydrogen from the pipeline, i.e. driven by hydrogen turbines instead 
of electrical motors, minimising the emissions associated with transmission to 
those associated with the low-emission hydrogen used for compression. 

For long-distance transport, hydrogen can be converted into a denser form, either 
by liquefaction or conversion into a more easily transportable chemical carrier, 
such as ammonia or an LOHC. The transport of hydrogen via tanker can lead to 
two types of emissions: emissions from converting hydrogen into hydrogen 
carriers as well as reconverting it back into hydrogen, and emissions from the fuel 
used by the tanker (Figure 4.9). 

If hydrogen is liquefied, most of the energy is consumed at the point of export, and 
in the case of electrolytic hydrogen, this means it could potentially have access to 
low-emission electricity, unless the export port is far away from the production site. 
However, if hydrogen is transported as a chemical carrier (ammonia or LOHC), its 
reconversion to pure hydrogen (if required) would result in significant energy 
consumption at the import location. If ammonia cracking and LOHC 
dehydrogenation processes use some of the low-emission hydrogen being 
transported to meet their heat requirements, the resulting emissions depend on 
the emissions associated with the low-emission hydrogen transported and the 
electricity consumption at the facility. For example, if hydrogen with an emission 
intensity of 1 kg CO2-eq/kg H2 is transported (using zero-emission marine fuel), 
the impact of ammonia cracking and LOHC dehydrogenation would be slightly less 
than 1 kg CO2-eq/kg H2 in addition to the emissions associated with production. 
However, if the emission factor for electricity is 600 g CO2-eq/kWh, the emissions 
associated with the reconversion to hydrogen could rise to 2 kg CO2-eq/kg H2. 
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Figure 4.9 Emissions of hydrogen transport by pipeline and tanker depending on the 
distance and the grid emission factor of the importing region 

 
IEA. CC BY 4.0. 

Notes: ASU = air separation unit; LH2 = liquefied hydrogen; LOHC = liquid organic hydrogen carrier; MWh = megawatt-
hour; NH3 = ammonia. The illustrative analysis is based on an emission intensity of hydrogen production of 1 kg CO2-eq/kg 
H2, an emission intensity of electricity of 20 kg CO2-eq/MWh at the export port and different grid emission factors at the 
importing location. Illustrated values are cumulative, e.g. if the importing region has a grid emission factor of 400 kg CO2-
eq/MWh, those areas below that value (0 and 200 kg CO2-eq/MWh) should also be considered. Hydrogen transport by 
pipeline assumes a 48-inch pipeline used at 100% of its nominal capacity. Cargo fuel refers to using the shipped cargo as 
fuel in the case of LH2 and ammonia. Zero-emission fuel represents a shipping fuel with zero direct greenhouse gas 
emissions. For the use of marine fuel oil, the direct emissions are included, but not any upstream and midstream emissions 
related to oil production and refining. Emissions include conditioning, i.e. the conversion of hydrogen into other carriers at 
the export port and the reconversion back into hydrogen at the import port. Ammonia cracking is assumed to burn imported 
ammonia to provide process heat, while LOHC dehydrogenation is assumed to use dehydrogenated hydrogen for process 
heat. The areas "Ammonia cracking, marine fuel oil" and "Dehydrogenation, marine fuel oil" illustrate the emissions 
associated with the transport of the fuel by ship, i.e. ammonia or dehydrogenated hydrogen used to provide process heat 
for the ammonia cracking and LOHC dehydrogenation processes, respectively, without being delivered to the consumer. 
Emissions from unburned boil-off hydrogen or fugitive emissions of hydrogen are not considered. 

Hydrogen transport can have a significant carbon footprint, and the maritime sector is not 
yet decarbonised, especially with regards to lower density shipping technologies. 
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The emissions from the tanker transport will depend on the fuel used for the 
voyage. If LH2 is used as a marine fuel, the associated emissions would remain 
small and proportional to the emissions associated with the production of the 
transported hydrogen, the transport distance, the amount of unburned boil-off 
hydrogen and other fugitive emissions. Shipping hydrogen in tankers that do not 
use low-emission fuels, particularly using marine fuel oil, would result in a high 
carbon footprint. For instance, shipping ammonia or LOHC over 15 000 km would 
result in emissions of 1.2 kg CO2-eq/kg H2 or 3.9 kg CO2-eq/kg H2, respectively. 
These emissions take into consideration that some of the hydrogen is used 
internally in the reconversion process, i.e. it is transported to the import port but 
will not be delivered to a final consumer.  

As the emissions associated with imported hydrogen increase as marine fuel oil 
is consumed during the voyage, the emissions from the use of that 
ammonia/hydrogen in the ammonia cracking or LOHC dehydrogenation process 
also increase, adding to the total emissions associated to shipping. 

Ensuring the decarbonisation of tanker transport itself is therefore crucial to enable 
the delivery of low-emission hydrogen over long distances without significantly 
increasing the carbon footprint, and may pose a challenge for compliance with 
regulatory frameworks with well-to-point of delivery (or well-to-tank) and well-to-
wheel system boundaries, such as the 3.4 kg CO2-eq/kg H2 of the EU Renewable 
Energy Directive II. With hydrogen being an indirect GHG, it is also important to 
better understand and account for potential leakages along the hydrogen supply 
chain, including storage, loading/unloading and transport (Box 4.3). 

 

Box 4.3 Hydrogen leakage monitoring 

Hydrogen is not a direct GHG, but it interacts with other compounds in the 
atmosphere, affecting the concentration of the GHGs methane, tropospheric ozone 
and stratospheric water vapour. While hydrogen does not have an 
Intergovernmental Panel on Climate Change (IPCC)-defined global warming 
potential (GWP), the latest scientific estimates suggest that hydrogen could have 
a GWP over a 100-year time horizon of 11.6 ± 2.8 kg CO2-eq/kg H2. Hydrogen has 
a short atmospheric lifetime, and estimates suggest that its global warming 
potential over a 20-year horizon would be more than three times higher than its 
100-year impact. Given hydrogen’s small molecule size, high diffusivity and low 
viscosity, leakage can occur throughout its value chain, with transport and storage 
posing higher risks. However, quantitative information on hydrogen leakage 
remains limited. Mitigating potential climate impacts will require further research to 

https://energy.ec.europa.eu/news/renewable-hydrogen-production-new-rules-formally-adopted-2023-06-20_en
https://energy.ec.europa.eu/news/renewable-hydrogen-production-new-rules-formally-adopted-2023-06-20_en
https://doi.org/10.1038/s43247-023-00857-8
https://doi.org/10.1038/s43247-023-00857-8
https://www.energypolicy.columbia.edu/publications/hydrogen-leakage-potential-risk-hydrogen-economy/#:%7E:text=By%202050%2C%20green%20hydrogen%20production,the%20major%20sources%20of%20leakage.
https://www.energypolicy.columbia.edu/publications/hydrogen-leakage-potential-risk-hydrogen-economy/#:%7E:text=By%202050%2C%20green%20hydrogen%20production,the%20major%20sources%20of%20leakage.
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develop technologies and operational practices that minimise leaks, as well as 
robust leak detection and repair mechanisms. 

To assess hydrogen leakage, new regulations must prioritise detection and 
monitoring, particularly in transport and storage. However, partly due to a lack of 
such regulation, only a few technologies exist for hydrogen leakage detection. 
These are currently insufficient as they focus on identifying large, potentially 
explosive leaks for safety reasons, and lack the speed and sensitivity to measure 
smaller leaks. Despite the lack of commercially available technology, several 
projects are underway: 

 In March 2023, US company Aerodyne Research, in collaboration with the 
Environmental Defence Fund and with funding from the DOE’s Small Business 
Innovation Research Program, unveiled a hydrogen sensor using laser 
spectroscopy capable of detecting leaks as low as 10 ppb within a second. 
However, the sensor remains expensive (estimated at around USD 100 000 
per sensor, compared to devices for methane that can cost a few thousand 
dollars) and has not yet reached commercialisation.  

 In March 2023, US company NETL was granted a patent for an optic hydrogen 
sensor capable of measuring hydrogen at underground storage facilities at the 
ppm level, utilising multiple sensing points. 

 In 2023, the US DOE announced USD 2.2 million funding for improving the 
understanding of hydrogen as an indirect GHG and USD 8.6 million for R&D 
activities to develop ppb-level hydrogen sensors. 

 In January 2023, the Green2TSO-OPTHYCS project started, with a 
EUR 2.5 million grant from the EU Horizon Clean Hydrogen Joint Undertaking 
programme, led by Spanish Enagás. The project aims to develop new optical 
fibre sensors for continuous hydrogen leak detection in production, transport 
and storage processes. 

 

 

https://explore.mission-innovation.net/wp-content/uploads/2023/07/MI_CHM_HydrogenSafetyDetectionReport2023FinalENG.pdf
https://explore.mission-innovation.net/wp-content/uploads/2023/07/MI_CHM_HydrogenSafetyDetectionReport2023FinalENG.pdf
https://www.edf.org/media/climate-concerns-about-hydrogen-energy-grow-new-tech-unveiled-ceraweek-delivers-unprecedented
https://www.edf.org/media/climate-concerns-about-hydrogen-energy-grow-new-tech-unveiled-ceraweek-delivers-unprecedented
https://www.emergingtechbrew.com/stories/2022/09/08/clean-hydrogen-has-a-leak-problem-and-the-tech-to-monitor-it-is-nascent
https://www.emergingtechbrew.com/stories/2022/09/08/clean-hydrogen-has-a-leak-problem-and-the-tech-to-monitor-it-is-nascent
https://netl.doe.gov/node/12415
https://netl.doe.gov/node/12415
https://doi.org/10.3030/101101415
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Chapter 5. Investment, finance and 
innovation 

Investments in the hydrogen sector 

Investment in projects in operation and under 
construction 

Government policies and the plans of project developers are translating into an 
expanding flow of capital into the low-emission hydrogen sector. Based on projects 
in operation and construction, we estimate that spending on electrolyser 
installations hit a new record in 2022, at USD 0.6 billion globally, double the 2021 
value (Figure 5.1). An additional USD 0.5 billion was spent in 2022 on projects 
under construction to produce low-emission hydrogen with carbon capture, 
utilisation and storage (CCUS). Reaching the USD 41 billion of spending on 
electrolyser installations in 2030 envisaged in the Net Zero Emissions by 2050 
Scenario (NZE Scenario) would require 70% annual investment growth for the 
remainder of this decade. 

Since 2021, investment in hydrogen production has been dominated by a 
relatively small number of very large projects. Several final investment decisions 
(FIDs) in 2022 mobilised an unprecedented level of spending, even though the 
capacity that entered operation in 2022 was lower than in 2021, when a single, 
very large 150 MW installation started operation. Among these FIDs, the largest 
were for the 2 GW NEOM Green Hydrogen project in Saudi Arabia and 320 MW 
Green Hydrogen and Green Ammonia project in Oman, both aiming to produce 
ammonia for exports from 2026. These were followed by a 260 MW facility at a 
refinery in Xinjiang, China, which entered operation in June 2023 and sets a new 
benchmark for the scale of an operational plant. Another 80 MW project in China 
was commissioned in June 2023 for use in a coal-to-chemicals facility. In Europe, 
Shell’s Holland Hydrogen I in the Netherlands (200 MW) will have a capacity ten 
times that of Europe’s largest existing plant, and is aiming to supply an existing 
refinery by 2025. In Sweden, H2 Green Steel drew closer to an FID for an 
electrolyser of over 700 MW and a new steel production plant: it has secured 
EUR 3.5 billion (~USD 3.7 billion) of debt and EUR 1.8 billion (~USD 1.9 billion) of 
equity since 2022. 

 

https://www.acwapower.com/news/neom-green-hydrogen-company-completes-financial-close-at-a-total-investment-value-of-usd-84-billion-in-the-worlds-largest-carbon-free-green-hydrogen-plant/
https://energy.economictimes.indiatimes.com/news/renewable/acme-group-secures-rs-4000-cr-loan-from-rec-for-oman-green-hydrogen-project/102027696?redirect=1
https://energy.economictimes.indiatimes.com/news/renewable/acme-group-secures-rs-4000-cr-loan-from-rec-for-oman-green-hydrogen-project/102027696?redirect=1
http://www.sinopecgroup.com/group/en/Sinopecnews/20230704/news_20230704_299217593563.shtml
http://www.sinopecgroup.com/group/en/Sinopecnews/20230704/news_20230704_299217593563.shtml
https://www.chinadaily.com.cn/a/202306/30/WS649e36c8a310bf8a75d6c825.html
https://www.shell.com/media/news-and-media-releases/2022/shell-to-start-building-europes-largest-renewable-hydrogen-plant.html
https://www.h2greensteel.com/latestnews/h2-green-steel-raises-15-billion-in-equity-to-build-the-worlds-first-green-steel-plantnbsp
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 Investment in electrolyser installations by region (left) and intended use 
(right), and Net Zero Emissions by 2050 Scenario requirements, 2019-2030 

 
IEA. CC BY 4.0. 

Notes: NZE = Net Zero Emissions by 2050 Scenario. 2022 values are estimated annualised spending on projects that are 
under construction and due to enter operation in 2023. Estimates are based on capital cost assumptions and announced 
capacities of electricity input or hydrogen output volumes per project, and include electrolysers for hydrogen supply used 
for energy purposes or as an alternative to fossil fuel use in industry (such as chemical production and oil refining). 
“Mobility” includes projects for which the hydrogen output is intended for use in vehicles; hydrogen intended for conversion 
to hydrogen-based fuels is included in “Other”. These estimates supersede those published in IEA World Energy 
Investment 2023. 

Investment in electrolysers is growing fast, but would require 70% annual growth until 2030 
to get on track with the NZE Scenario. 

Two projects for producing hydrogen from natural gas equipped with CCUS also 
took FIDs in 2022. Together, their hydrogen capacity will be three times larger 
than all the installed electrolysers in the world today. In the United States, financial 
close was reached in February 2023 on a facility in Texas to produce 0.2 Mt of 
hydrogen for fertiliser production from 2025, with over 90% of the CO2 captured 
and sent to dedicated geological storage. The capacity is equivalent to around 
0.8 GW of electrolysis running 90% of the time. A hydrogen energy complex is 
under construction in Canada to produce around 0.15 Mt of hydrogen from 2024 
to be used in refining, petrochemicals, transportation and power generation, with 
95% of the CO2 captured and sent to dedicated geological storage. The capacity 
is equivalent to 0.6 GW of electrolysis running 90% of the time. It has grant funding 
from the Federal and a provincial government (Alberta). While several similar 
projects are well advanced in Europe and the Middle East, the more favourable 
investment environment in North America has made it the leader in hydrogen 
production with CCUS. 

As spending on these electrolysis- and CCUS-related hydrogen projects flows 
along the value chain to suppliers and contractors, the total market size for low-
emission hydrogen is expanding accordingly (Box 5.1). 

https://www.iea.org/reports/world-energy-investment-2023
https://www.iea.org/reports/world-energy-investment-2023
https://oci-global.com/news-stories/press-releases/oci-n-v-breaks-ground-on-1-1-mtpa-blue-ammonia-site-in-texas-usa/
https://www.airproducts.com/company/news-center/2022/11/1108-air-products-receive-475-million-cad-net-zero-hydrogen-complex-funding
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Box 5.1 Sizing the global market for low-emission hydrogen 

As demand for low-emission hydrogen and hydrogen-based fuels grows, annual 
capital investments in projects will converge towards total spending in the value 
chains of these projects. Money that stems from hardware purchases and 
installation contracts will flow to suppliers and fund their procurement of inputs. 
The sum of these sales represents the market value of the hydrogen and 
hydrogen-based fuels sector. In 2022, the USD 1 billion spent on projects to 
produce low-emission hydrogen in the same year may not have perfectly matched 
the full market value of the sector because some outlay on equipment and 
component factories must precede project spending. By 2030, however, project 
spending on production, transport and conversion to hydrogen-based fuels should 
be a reliable proxy for market size. In 2030 in the Stated Policies Scenario 
(STEPS), market size rises to USD 12 billion, equivalent to the spending on 
offshore wind in Europe in 2022. In the NZE Scenario, it rises much more quickly, 
to USD 117 billion, roughly the size of the market for rooftop solar PV installations 
in the Asia-Pacific region in 2022. 

Billion USD (2022) 2022 
2030 

STEPS NZE 

Electrolysis installations 0.7 4.7 41 

CCUS-equipped plants 0.5 0.6 16 

Infrastructure 0.2 5.5 36 
Hydrogen-based fuels 
production 0 2.0 25 

Total 1.4 12 117 

Equivalent part of the 
energy sector in 2022 

LNG 
infrastructure in 

Africa and Europe 

Offshore wind in 
Europe 

Rooftop solar PV 
installations in 
Asia-Pacific 

Notes: LNG = Liquefied natural gas; NZE = Net Zero Emissions by 2050 Scenario; STEPS = Stated Policies Scenario. 

 

It is more challenging to project the total market value of the hydrogen and 
hydrogen-based fuels produced from installed assets in 2030 for several reasons. 
Production costs in 2030 will depend to a large extent on uncertain electricity costs 
for electrolyser operators, or fuel and CO2 prices for operators of CCUS-equipped 
plants. The share of these costs that is borne by taxpayers and consumers will 
depend on policy decisions that are not yet fully formulated. Finally, costs may bear 
little relationship to low-emission hydrogen prices, for which the means of market 
discovery remain highly speculative. In some sectors, hydrogen prices may be 
pegged to the price of the fuel they substitute, such as natural gas or diesel. Where 
long-term contracts are available, such as those underwritten by governments, 
prices may follow levelised costs plus the cost of hydrogen transport, storage and 
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a profit margin. In other situations, prices may reflect the prices of low-emission 
alternatives, such as bioenergy, direct electrification or low-emission fuel imports. 
For hydrogen-based fuels, prices for meeting target shares of sustainable aviation 
and maritime fuels may be set by the marginal international production cost.  

These alternatives could lead to wide differences: if the average global price for 
delivered hydrogen (including transport, storage and distribution) were USD 3/kg 
in 2030, the total market value in the NZE Scenario would be USD 200 billion; if it 
were USD 7.5 per kg in 2030, this would rise to USD 500 billion. 

 

Policy support for new investments 
Looking ahead, additional large FIDs are widely expected in Europe and North 
America as a result of major policy initiatives and associated funding, which have 
been strengthened due to the ongoing energy crisis and regional ambitions to 
secure value chains. The biggest boost to investment is likely to stem from the 
2022 US Inflation Reduction Act, coupled with the Hydrogen Hubs initiative 
launched in 2021 and an expansion of the budget of the Loans Programme Office. 
The pay-for-performance approach and magnitude of the tax credit system 
compared to project-based funding competitions has led to speculation that the 
Act might lead to the relocation of projects to the United States, especially 
electrolyser and component factories. This concern was partly fuelled by 
uncertainty about the environmental requirements for hydrogen to qualify for EU 
incentives, which has since been mostly resolved. While many new US projects 
have recently been announced, there is only anecdotal evidence to date that these 
developers’ other projects outside the United States no longer have their full 
commitment. More clarity is expected by the end of 2023, when the environmental 
requirements to qualify for US tax credits are likely to be finalised. 

Among support measures in the European Union, the most notable is the 
establishment in March 2023 of the European Hydrogen Bank, a European 
Commission funding instrument. Its initial mandate will be “reverse auctions” that 
award funding from the existing Innovation Fund to the lowest bidders for support 
per unit of hydrogen meeting the European Union’s environmental criteria. The 
budget for the first auction will be EUR 800 million (~USD 842 million). The 
European Commission is exploring whether it could also carve out a budget to 
help potential external exporters of hydrogen into the European Union, as well as 
to support electrolyser manufacturers. This would complement support from 
member states via the Important Projects of Common European Interest (IPCEI) 
provisions, approved in 2022. Also in Europe, the United Kingdom’s March 2023 
budget promised GBP 20 billion (~USD 25 billion) over 20 years to CCUS-

https://www.congress.gov/bill/117th-congress/house-bill/5376/text
https://www.energy.gov/articles/biden-harris-administration-jumpstart-clean-hydrogen-economy-new-initiative-provide-market
https://www.energy.gov/oced/regional-clean-hydrogen-hubs
https://www.energy.gov/lpo/hydrogen
https://www.iea.org/reports/world-energy-investment-2023
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=COM%3A2023%3A156%3AFIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3AOJ.L_.2023.157.01.0011.01.ENG&toc=OJ%3AL%3A2023%3A157%3ATOC
https://climate.ec.europa.eu/news-your-voice/news/upcoming-eu-hydrogen-bank-pilot-auction-european-commission-publishes-terms-conditions-2023-08-30_en
https://single-market-economy.ec.europa.eu/industry/strategy/hydrogen/ipceis-hydrogen_en
https://www.gov.uk/government/publications/spring-budget-2023/spring-budget-2023-html
https://www.gov.uk/government/publications/spring-budget-2023/spring-budget-2023-html
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equipped facilities, and 408 MW of electrolysis projects were shortlisted in March 
2023 as part of GBP 240 million (~USD 296 million) available funding. 

Several investments have been made into hydrogen-related infrastructure. These 
include an FID by fertiliser company OCI to expand by 200% its 0.4 Mt ammonia 
import terminal in the Netherlands by the end of 2023. Also in the Netherlands, 
Dutch gas transmission operator Gasunie took an FID for more than 
USD 110 million into 30 km of hydrogen pipeline to be operational by 2025. 

Some concerns have been raised that the substantial public funding available for 
hydrogen-related investments in Europe and North America might place projects 
in emerging markets and developing economies (EMDEs) at a disadvantage. This 
is because, in some cases, project developers might prioritise projects in locations 
where public support leads to the highest profits. Some developers may also seek 
to establish and ensure access to domestic value chains, for example in light of 
the US Inflation Reduction Act incentives. However, there are also reasons to 
believe that this need not preclude investment elsewhere. Unlike for other energy 
technologies, the US hydrogen tax credits have no local content requirements, 
and hydrogen incentives proposed by the EU Net Zero Industry Act are not highly 
restrictive in this regard. In addition, a range of multilateral and bilateral sources 
of funds have been announced since 2022 to address fundamental investment 
challenges in EMDEs (see below). Instruments such as the German H2Global 
programme have been designed to offer stable contracts for purchase of low-
emission hydrogen from overseas. 

Cost inflation for new low-emission hydrogen projects 
Inflation has gripped the global economy since 2022, significantly increasing the 
prices of equipment and interest rates on loans. Within the energy sector, these 
factors particularly raise costs for developers of capital-intensive energy supplies 
such as those from renewable electricity generation, batteries or electrolysis 
hydrogen. Some hydrogen projects with feasibility studies that were conducted 
before mid-2022 have had to rework their cost estimates and re-evaluate their 
financial plans to accommodate cost increases of more than 50%. While most 
intense in Europe and least consequential in China, cost inflation is depressing 
investment activity around the world. It increases the gap between available public 
support and production costs, it means that public funds cannot be shared across 
as many projects and it creates a much larger financial package to be financed for 
each project. However, this recent reversal in the trend towards lower costs for 
low-emission hydrogen plants is not expected to be permanent and, with costs 
rising more slowly now, the main impact may be delays to FIDs rather than 
cancellations. 

  

https://www.gov.uk/government/publications/hydrogen-production-business-model-net-zero-hydrogen-fund-shortlisted-projects/hydrogen-business-model-net-zero-hydrogen-fund-shortlisted-projects-allocation-round-2022
https://oci-global.com/news-stories/press-releases/oci-n-v-to-expand-port-of-rotterdam-ammonia-import-terminal-to-meet-emerging-large-scale-low-carbon-hydrogen-and-ammonia-demand-in-the-energy-transition/
https://www.gasunie.nl/en/news/dutch-national-hydrogen-network-launches-in-rotterdam
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There are several different sources of cost inflation: 

• higher equipment costs 

• higher labour costs for installation and operation 

• higher interest rates for debt (also known as the cost of capital) 

• more competition to work with a small number of engineering, procurement, and 
construction (EPC) contractors that can offer guarantees that enable borrowing at 
a lower cost of capital 

• higher fuel and electricity prices. 

For electrolyser installations, the impacts of these factors can be especially 
harmful (Figure 5.2). Like renewable electricity plants, such as solar PV and wind, 
electrolyser costs are largely borne upfront, with low operational costs after 
construction if dedicated renewable electricity capacity is installed to supply the 
electrolyser. An increase in the cost of capital from, for example, 5% to 8% (in line 
with a 3 percentage-point rise in risk-free rates), raises today’s project cost by 
nearly one-third. However, electrolyser installation and operation are unlike those 
for solar PV due to the need for pipework, pressurised equipment, specialist gas 
handling expertise, interfaces between electrical, chemical and moving parts and 
other elements that require sophisticated engineering.67 The higher labour inputs 
for electrolyser installations have meant higher recent cost increases compared 
with solar PV, for example. 

These cost increases exacerbate an existing tension in the sector caused by a 
disconnect between policy targets, cost expectations and the status of 
manufacturing today, especially in Europe and North America. In many cases, 
prospective buyers of electrolysers ask for prices that reflect the anticipated costs 
of an established, mass-manufactured electrolyser sector. Such prices are often 
needed to meet investors’ required rates of returns, given the magnitude of public 
incentives available. However, with considerable competition between suppliers 
of promising electrolyser technologies, some are not yet manufacturing their most 
efficient designs at sufficient scale to meet buyers’ cost expectations. 
Furthermore, they are unable to provide standard industry performance 
guarantees as the experience is not yet available. Without such guarantees, the 
cost of capital for a project is higher. 

Cost increases for hydrogen production projects have coincided with a relaxation 
of natural gas prices, particularly in Europe. Spot gas prices across north-east 
Asian, North American and European markets dropped by close to 60% between 
mid-December 2022 and the end of the first quarter of 2023. While low-emission 

 
 

67 While it is foreseeable that some of the onsite complexity of installation could be reduced in future with integrated and 
standardised equipment packages, these so-called “balance of plant” costs will remain higher than for purely electrical 
systems and higher operations and maintenance costs can likewise not be eliminated. 
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hydrogen competes with natural gas in all potential applications, in existing 
hydrogen applications it often competes with hydrogen from unabated reforming 
of natural gas. The brief window in which some hydrogen projects had claimed 
cost parity between their proposed hydrogen production and spot natural gas 
prices has closed for now, though low-emission hydrogen costs below those for 
hydrogen from unabated fossil fuels may still be realised in coming years in 
regions relying on LNG imports for natural gas. 

 Factors that could contribute to cost inflation for an electrolyser installation 
since 2021 

 
IEA. CC BY 4.0. 

Notes: BOP = balance of plant; EPC = engineering, procurement and construction; O&M = operational expenditures and 
maintenance costs; WACC = weighted average cost of capital. 
Sources: IEA analysis based on input from McKinsey & Company, the Hydrogen Council and various company contacts. 

Rising costs due to inflation, particularly an increase in the cost of capital, are having a 
strong impact on the costs of hydrogen production from proposed electrolysis projects. 

Multilateral financial commitments are growing 
Multilateral development banks stepped up their financial commitments in the area 
of hydrogen in 2022 and so far this has continued apace in 2023 (Figure 5.3). 
Nine-tenths of the funds have been made available as loans to governments of 
EMDEs. This money can be used for project feasibility studies, capacity building 
and support to project developers. A much smaller share, less than 1%, has been 
committed as technical assistance grants or project equity. Among funders, the 
European Investment Bank (EIB) and World Bank have made the largest 
commitments, notably to India, Brazil and Chile. Moreover, the World Bank Group 
launched in November 2022 a Hydrogen for Development Partnership (H4D) to 
foster capacity building and regulatory solutions, business models, and 
technologies towards the rollout of low-emission hydrogen in developing 
countries. 
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https://www.worldbank.org/en/news/press-release/2022/11/15/hydrogen-for-development-partnership-h4d-launch
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Multilateral finance can assist the implementation of hydrogen strategies in 
countries that have fewer resources to invest in this area. In particular, some of 
the finance has been directed to countries that are exploring opportunities to 
export hydrogen. For example, the EIB has committed around USD 1 billion from 
EU countries – some of which could become hydrogen importers – to Brazil, and 
over USD 0.5 billion to Namibia. It has also committed more than USD 1 billion to 
India. 

 Financial commitments to hydrogen by multilateral development banks, by 
source and partner country, by year of announcement, 2021-2023* 

 
IEA. CC BY 4.0. 

Notes: 2023* = year to July 2023 only; EIB = European Investment Bank; IDB = Inter-American Development Bank; 
EBRD = European Bank for Reconstruction and Development; ADB = Asian Development Bank; Türkyie = Republic of 
Türkiye. 

Multilateral development banks are increasing financial commitments with EMDEs in the 
area of hydrogen. 

There has also been an increase in bilateral financial commitments between 
governments. Among the most active bilateral financiers is the German 
development bank KfW, which has created a credit fund for hydrogen 
development projects in EMDEs, and allocated USD 100 million to Chile in 2023. 
In June 2023, Invest International, an agency of the Dutch government, granted 
USD 44 million to create a fund for hydrogen projects in Namibia and 
USD 50 million to a similar initiative in South Africa. 

Financial performance of hydrogen firms 
Unprecedented levels of investment in hydrogen companies have been mobilised 
as near-term expectations for hydrogen projects have risen. To track this trend, 
we assembled a portfolio of publicly traded companies whose success depends 
on demand for low-emission hydrogen growing.68 These companies span a range 

 
 

68 To try to be as representative as possible the portfolio has been expanded from 33 to 43 members since the Global 
Hydrogen Review 2022. 
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of sectors, including electrolyser and fuel cell manufacturing, low-emission 
hydrogen and ammonia project development, hydrogen distribution infrastructure 
and hydrogen-fuelled vehicles.  

The total market capitalisation of the portfolio tracks some of the major clean 
energy trends since 2019: initial hopes for high growth were buoyed through the 
Covid-19 pandemic by expectations that governments would ensure a quick 
recovery, but rising interest rates in 2022 were compounded by the energy crisis 
and this led investors to withdraw equity from sectors struggling to meet 
shareholder requirements (Figure 5.4). By the end of August 2023, amid project 
and contract delays, the market capitalisation of the portfolio had dropped back to 
its level in July 2020. It would have been lower without the addition of 
thyssenkrupp nucera in July 2023 via market listing that raised over USD 3 billion. 
Meanwhile, while the monthly investor returns and revenues of this portfolio 
performed very strongly up to 2021 and remain almost three times higher than five 
years ago, they are now following the downward trend of more general cleantech 
indices rather than the recent uptick enjoyed by established and less hardware-
intensive technology firms (as represented by the NASDAQ). 

 Monthly returns (left) and market capitalisation (right) of hydrogen 
companies, hydrogen funds and relevant benchmarks, 2017-2023 

 
IEA. CC BY 4.0. 

Notes: ETFs = exchange-traded funds; portfolio member tickers: 288620 KS, 336260 KS, 702 HK, ADN US, AFC LN, 
ALHAF FP, ALHRS FP, AMMPF US, BE US, BLDP CN, CASAL SW, CI SS, CPH2 LN, CWR LN, F3C GY, FCEL US, 
FHYD CN, GNCL IT, GREENH DC, H2O GY, HDF FP, HTOO US, HYON NO, HYPRO NO, HYSR US, HYZN US, HZR 
AU, IMPC SS, ITM LN, LHYFE FP, MCPHY FP, NCH2 GY, NEL NO, NHHH CV, NXH CN, PCELL SS, PHE LN, PLUG US, 
PPS LN, PV1 AU, SPN AU, TECO NO, VYDR US. 
Source: IEA calculations based on Bloomberg (2023). 

Since mid-2022, returns from a portfolio of 43 low-emission hydrogen firms have stabilised, 
but their market capitalisation has fallen in line with lower valuations for technology firms. 

Even as the value of listed hydrogen companies has been adjusted downwards, 
publicly traded dedicated hydrogen funds have largely maintained their value. 
These funds are established to invest equity in a blend of private companies and 
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projects that are scaling up low-emission hydrogen supply and use. Since 2022 
these funds have shifted their attention towards projects, which they now expect 
to yield higher returns relative to technology companies in the medium term. 

Venture capital investment 
Start-ups working on hydrogen-related technologies and businesses raised record 
amounts of early- and growth-stage equity in 2022. At USD 670 million, early-
stage deals69 matched the outstanding performance in 2021, which was almost 
five times higher than in 2020 (Figure 5.5). Growth-stage funding, which requires 
more capital but funds less risky innovation, more than doubled to USD 3.1 billion. 
This is an even more impressive achievement in light of only a 1% increase overall 
in growth-stage equity funding for energy firms (to USD 34.4 billion). However, the 
macroeconomic conditions that have reduced the amount of capital available for 
venture investments across the global economy in 2023 are likely to affect growth-
stage funding in particular, and this year’s level is set to be lower than in 2022. 

 Venture capital investment in energy start-ups in hydrogen-related areas, 
for early-stage and growth-stage deals, 2010-2023 

 
IEA. CC BY 4.0. 

Notes: Early-stage deals are defined as seed and Series A deals; very large deals in these categories – above a value 
equal to the 90th percentile growth equity deals in that sector and year – are excluded and reclassified as growth-stage 
investments; “Other mobility” includes aviation and maritime; “Other” includes storage, other infrastructure and industrial 
applications. 
Sources: IEA analysis based on Cleantech Group (2023) and Crunchbase (2023). 

Hydrogen firms achieved higher venture capital fundraising growth than other sectors in 
2022, but a wider slowdown in venture capital has dimmed prospects for continued growth 
in 2023. 

 
 

69 Equity investments that provide funds to support entrepreneurs with technology testing and design in return for a stake in 
the start-up. These deals play a critical role in honing good ideas and adapting them to market opportunities. 
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Notable early-stage deals since mid-2022 included those for: Hysata, an 
Australian electrolyser developer raising USD 29 million; Hygenco, an Indian 
project developer raising USD 27 million; Levidian, a British developer of methane 
cracking raising USD 15 million; and Fabrum, a New Zealand designer of 
liquefaction equipment, raising USD 14 million. The largest growth-stage deal, at 
over USD 300 million, was for Monolith, a US developer of methane pyrolysis. 

Start-ups in the United States have been the main recipients of venture capital 
deals in hydrogen-related technologies, apart from in two areas: fuel cells, an area 
in which Chinese start-ups have dominated fundraising; and project development, 
an area led by European start-ups (Figure 5.6). 

As the size of hydrogen projects grows, the share of start-ups that are project 
developers, not technology owners, has risen. However, growth-stage investment 
and acquisitions still tend to favour technology owners. In an analysis of 391 start-
ups founded since 1990 with activities related to hydrogen, 70% were found to 
hold at least one patent application. More than 80% of the growth-stage 
investment in hydrogen start-ups since 2000 was in companies that had already 
filed a patent application. Overall, 55% of all venture capital funding for hydrogen 
start-ups went to the 117 companies that had filed patent applications in the period 
2011-2020. 

 Early- and growth-stage equity investment in energy start-ups in hydrogen-
related areas by region, 2018-2022 

 
IEA. CC BY 4.0. 

Sources: IEA analysis based on Cleantech Group (2023) and Crunchbase (2023). 

US hydrogen start-ups have been the main recipients of venture capital deals in all areas 
except for fuel cells (dominated by Chinese firms) and project development (by European 
firms). 
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https://hysata.com/news/hysatas-series-a-funding-exceeds-40-million/
https://timesofindia.indiatimes.com/neev-fund-invests-gbp-22-million-in-green-hydrogen-company-hygenco/articleshow/95203001.cms
https://www.levidian.com/recent-press2/levidian-secures-international-investment
https://fabrum.nz/fabrum-raises-23m-series-a-from-global-giants-to-advance-hydrogen-technologies-to-decarbonise-the-economy/
https://www.iea.org/reports/hydrogen-patents-for-a-clean-energy-future
https://i3connect.com/
https://about.crunchbase.com/products/crunchbase-pro/
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Innovation in hydrogen technologies 
Innovation in clean energy technologies needs to accelerate for hydrogen to play 
its role in the clean energy transition. The level of maturity of hydrogen-related 
technologies varies widely across the supply chain, with technologies for low-
emission hydrogen supply much more developed than for end uses (except for 
established applications in refining and the chemical industry). 

Technologies for the production of low-emission hydrogen are well developed and 
innovation continues to make major breakthroughs (Figure 5.7). Alkaline and 
proton exchange membrane (PEM) electrolysers are commercially available, but 
manufacturers have a strong innovation focus to keep decreasing equipment 
costs. Reducing critical material loads is a good example and this year H2U 
Technologies announced the development of a 200 kW iridium-free PEM 
electrolyser. Solid oxide electrolysers (SOEC), the most efficient electrolysis 
technology, are quickly approaching commercialisation. The two largest 
demonstration SOEC started operating in 2023, one by Sunfire (2.6 MW) and the 
other by Bloom Energy (4 MW). Anion exchange membrane (AEM) electrolysers 
are at an earlier stage of development, but the technology is also evolving rapidly 
and Enapter launched the world’s first megawatt AEM electrolyser in May 2023. 
In addition, direct electrolysis of seawater was demonstrated for the first time in 
an offshore platform in China in June 2023. In August 2023 Hysata opened its new 
electrolyser manufacturing facility, where it will build a demonstrator (5 MW) of its 
advanced alkaline capillary-fed electrolyser – claiming up to 95% efficiency – with 
the view to reach commercial-scale units by 2025. 

The production of low-emission hydrogen from natural gas with CCUS requires 
the achievement of very high CO2 capture rates at plant level. This technology is 
set to be demonstrated at commercial scale for the first time soon, as two large 
projects have begun construction since the release of the Global Hydrogen 
Review 2022 (GHR 2022). These new plants are expected to become operational 
in 2024 and 2025, and are designed to produce low-emission hydrogen via 
autothermal reforming, which reduces the cost of raising capture rates above 90%. 
This will represent a significant improvement compared with existing CCUS-
equipped hydrogen plants, which only capture around 60% of the CO2 coming 
from a steam methane reformer (SMR). This lower level reflects the relative ease 
of capturing CO2 from the natural gas used as a feedstock at an SMR, compared 
with the much higher cost of capturing the remaining 40% that comes from the 
combustion of natural gas to generate the heat required in the process. 
Meanwhile, Topsoe is pursuing innovations for the electrification of the heat for 
the SMR, which would eliminate the need to burn natural gas for the SMR and 
therefore only require capturing the feedstock-related CO2. In 2022, Topsoe 
 
 

https://www.h2utechnologies.com/post/h2u-technologies-announces-hydrogen-industry-s-first-commercial-scale-non-iridium-pem-electrolyzer
https://www.h2utechnologies.com/post/h2u-technologies-announces-hydrogen-industry-s-first-commercial-scale-non-iridium-pem-electrolyzer
https://www.sunfire.de/en/news/detail/renewable-hydrogen-project-multiplhy-worlds-largest-high-temperature-electrolyzer-from-sunfire-successfully-installed
https://newsroom.bloomenergy.com/news/bloom-energy-demonstrates-hydrogen-production-with-the-worlds-largest-and-most-efficient-solid-oxide-electrolyzer
https://www.enapter.com/newsroom/enapter-ag-unveils-the-worlds-first-megawatt-class-aem-electrolyser
https://www.offshore-energy.biz/china-tests-hydrogen-production-through-direct-seawater-electrolysis-at-xinghua-bay-owf/
https://hysata.com/news/hysata-opens-new-electrolyser-manufacturing-facility-in-port-kembla-with-23m-vote-of-confidence-from-australian-and-queensland-governments/
https://www.iea.org/reports/global-hydrogen-review-2022
https://www.iea.org/reports/global-hydrogen-review-2022
https://majorprojects.alberta.ca/details/Air-Products-Hydrogen-Production-and-Liquefaction-Facility/4461
https://www.linde.com/news-media/press-releases/2023/linde-to-invest-1-8-billion-to-supply-clean-hydrogen-to-oci-s-world-scale-blue-ammonia-project-in-the-u-s-gulf-coast
https://www.topsoe.com/our-resources/knowledge/our-products/equipment/ereact-hydrogen
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signed a EUR 45 million (~USD 47 million) loan agreement with the EIB 
specifically to support R&D investments in such early-stage hydrogen 
technologies. 

Most technologies for hydrogen transport and storage are mature, although still at 
small scale. Innovation and demonstration efforts are underway to bring these 
technologies to the scale needed to facilitate the adoption of hydrogen as a clean 
energy vector. In April 2023, the world’s first pure hydrogen storage facility in an 
underground porous reservoir started operation (~3 GWh of hydrogen). 

In end-use technologies, the situation is different: the technologies in sectors in 
which emissions are hard to abate, where hydrogen is expected to play a more 
important role for decarbonisation, are much less mature and innovation is taking 
place at a slower pace (Figure 5.8). Nevertheless, there are some positive signs 
of progress, such as in industry, where RD&D in the use of hydrogen for high-
temperature heat in ancillary processes moved forward last year. In 2023, 
30 international partners from 12 European countries launched HyInHeat to 
demonstrate the use of hydrogen in ancillary processes in aluminium and steel. 
The Japanese utility Tokyo Gas and building materials manufacturer Lixil tested 
hydrogen instead of natural gas for heat treatment of aluminium70, finding that this 
seemed to have no adverse effect on the quality of products. The European Union-
funded H2GLASS project also started in 2023, bringing together 23 partners from 
around Europe to create a new technology to use 100% hydrogen in high-
temperature heating processes in glass and aluminium manufacturing. In 2022, 
the results of a pilot project using up to 40% hydrogen (on an energy basis) in the 
main kiln burner at Hanson Cement's Ribblesdale site (United Kingdom) were 
published, showing no significant impact on the kiln burner or clinker quality. In 
the transport sector, limited progress has been observed in the past year, although 
a noteworthy milestone was achieved in March 2023 when the world’s first 
hydrogen ferry entered into operation in Norway. In July 2023, MAN Energy 
Solutions announced that it had completed the first successful combustion test of 
a two-stroke ammonia marine engine at its research centre in Copenhagen 
(Denmark). 

 

 
 

70 FuelCellWorks (2023), Tokyo Gas working with LIXIL on technological verification in the use of hydrogen in the 
manufacturing process. 

https://ec.europa.eu/commission/presscorner/detail/en/ip_22_281
https://www.rag-austria.at/en/public-relations/pr-information/detail/article/underground-sun-storage-worlds-first-geological-hydrogen-storage-facility-goes-into-operation-1.html
https://www.rag-austria.at/en/public-relations/pr-information/detail/article/underground-sun-storage-worlds-first-geological-hydrogen-storage-facility-goes-into-operation-1.html
https://hyinheat.eu/
https://fuelcellsworks.com/subscribers/japan-tokyo-gas-working-with-lixil-on-technological-verification-in-the-use-of-hydrogen-in-the-manufacturing-process/
https://fuelcellsworks.com/subscribers/japan-tokyo-gas-working-with-lixil-on-technological-verification-in-the-use-of-hydrogen-in-the-manufacturing-process/
https://cordis.europa.eu/project/id/101092153
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1119898/phase_3_state_of_the_art_fuel_mix_for_UK_cement_production_to_test_the_path_for_net_zero.pdf
https://www.marineinsight.com/shipping-news/worlds-first-hydrogen-ferry-mf-hydra-sailing-on-zero-emission-liquid-hydrogen-put-into-operation/
https://www.marineinsight.com/shipping-news/worlds-first-hydrogen-ferry-mf-hydra-sailing-on-zero-emission-liquid-hydrogen-put-into-operation/
https://www.man-es.com/company/press-releases/press-details/2023/07/13/groundbreaking-first-ammonia-engine-test-completed
https://www.man-es.com/company/press-releases/press-details/2023/07/13/groundbreaking-first-ammonia-engine-test-completed
https://fuelcellsworks.com/subscribers/japan-tokyo-gas-working-with-lixil-on-technological-verification-in-the-use-of-hydrogen-in-the-manufacturing-process/
https://fuelcellsworks.com/subscribers/japan-tokyo-gas-working-with-lixil-on-technological-verification-in-the-use-of-hydrogen-in-the-manufacturing-process/
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 Technology readiness levels of production of low-emission hydrogen and synthetic fuels, and infrastructure 

 
IEA. CC BY 4.0. 

Notes: AEM = anion exchange membrane; ALK = alkaline; ATR = autothermal reformer; CCUS = carbon capture, utilisation and storage; CH4 = methane; DME = dimethyl ether; GHR = gas-
heated reformer; LOHC = liquid organic hydrogen carrier; NH3 = ammonia; PEM = proton exchange membrane; SOEC = solid oxide electrolyser cell. Biomass refers to both biomass and waste. 
Arrows show changes in technology readiness level as a consequence of progress in the past year. For technologies in the CCUS category, the technology readiness level refers to the overall 
concept of coupling production technologies with CCUS and high CO2 capture rates. Pipelines refer to onshore transmission pipelines. Storage in depleted gas fields and aquifers refers to pure 
hydrogen and not to blends. LOHC refers to hydrogenation and dehydrogenation of liquid organic hydrogen carriers. Ammonia cracking refers to low-temperature ammonia cracking. Technology 
readiness level classification based on Clean Energy Innovation (2020). 
Sources: IEA Clean Tech Guide (2023); IEA Hydrogen Technology Collaboration Programme. 

Several hydrogen production technologies are already commercial, and others are maturing fast, while more innovation is needed in transport 
and storage technologies. 

https://www.iea.org/reports/clean-energy-innovation
https://www.iea.org/data-and-statistics/data-tools/etp-clean-energy-technology-guide
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 Technology readiness levels of hydrogen end uses by sector 

 
IEA. CC BY 4.0. 

Notes: BF = blast furnace; DRI = direct reduced iron; FC = fuel cell; HRS = hydrogen refuelling station; HD = heavy-duty; HT = high throughput; ICE = internal combustion engine; LD = light-
duty; MeOH = methanol; NH3 = ammonia; PEM FC = proton exchange membrane fuel cell; SOFC = solid oxide fuel cell; VRE = variable renewable electricity. “Other” in industry includes all 
industrial sectors except methanol, ammonia and iron and steel production. “Other” in transport includes rail and aviation. Arrows show changes in technology readiness level as a consequence 
of progress in the last year. Cogeneration refers to the combined production of heat and power. Technology readiness level classification based on Clean Energy Innovation (2020). 
Source: IEA Clean Tech Guide (2023); IEA Hydrogen Technology Collaboration Programme. 

Few key end-use hydrogen technologies are commercial, and innovation is progressing slowly on most fronts. 

https://www.iea.org/reports/clean-energy-innovation
https://www.iea.org/data-and-statistics/data-tools/etp-clean-energy-technology-guide


Global Hydrogen Review 2023       Chapter 5. Investment, finance and innovation 

PAGE | 144 I E
A.

 C
C

 B
Y

 4
.0

. 

Tracking patent applications 
In January 2023, the IEA and the European Patent Office (EPO) released the joint 
report Hydrogen patents for a clean energy future, assessing trends in hydrogen 
patents from 2000 to 2020. This section presents an update of the analysis 
including data from 2021, which is the latest data available from the EPO. 

 Patenting trends on hydrogen technologies in the main world regions, 2001-
2021 

 
IEA. CC BY 4.0. 

Notes: IPFs = international patent families. The calculations are based on the country of the IPF applicants, using fractional 
counting in the case of co-applications. “Established” refers to well-established processes in the chemicals and refining 
sectors and “Climate” refers to emerging technologies that could help mitigate climate change by making hydrogen a clean 
energy product for a much wider range of sectors that would otherwise use fossil fuels. 
Source: IEA analysis based on data from the European Patent Office. 

Global hydrogen patenting surges as climate-motivated technologies take the lead, with the 
European Union and Japan at the forefront. 

Since the 2000s, global hydrogen patenting, as measured by international patent 
families (IPFs), has surged at a compound annual growth rate of 5%.71 The 
European Union and Japan are leading the growth, accounting for 28% and 24%, 
respectively, of all IPFs filed between 2011 and 2021. In the European Union, 
Germany (12% of the global total), France (6%) and the Netherlands (3%) lead 
the way (Figure 5.9). Meanwhile, the United States, with 19% of all hydrogen-
related patents, is the only major innovation centre with a decline in IPFs over the 
last decade across all elements of the hydrogen value chain. Korea accounts for 
8% of all IPFs filled from 2011 to 2021, with a remarkable compound annual 

 
 

71 An international patent family represents an invention for which patent applications have been filed at two or more patent 
offices worldwide. It is used as a means of identifying higher-value patents. 
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growth rate of 14% since 2001. China’s international patenting activity remains 
modest (4%) but is on the rise, while the United Kingdom (3%), Switzerland (2%) 
and Canada (2%) also make noteworthy contributions to global patenting. 

The number of IPFs in hydrogen end-use technologies, although smaller than for 
production technologies, has already been boosted by technologies which are 
motivated by climate concerns. However, only in the past decade has there been 
a significant shift in hydrogen production technologies, moving away from 
traditional unabated fossil-based methods towards new technologies with the 
potential to produce low-emission hydrogen. For production technologies, the 
transition from established technologies to climate-motivated ones has been 
driven primarily by the rapid growth of electrolysis technologies. Accordingly, more 
than two-thirds of the IPFs in the hydrogen value chain now come from low-
emission technologies. 

Over the last decade, IPFs for electrolysis have more than doubled (Figure 5.10). 
IPFs for alkaline electrolysis have increased but remain lower than for PEM or 
SOEC, reflecting the greater maturity of the technology. While IPFs for PEM have 
generally been higher than those for SOEC, there was a shift in 2021, when the 
number of IPFs for SOEC overtook those for PEM. IPFs for AEM electrolysis, 
although still moderate, have shown steady growth, especially in the last two 
years.  

 Patenting trends in hydrogen production by technologies, 2001-2021 

  

 
IEA. CC BY 4.0. 

Note: CLI = Climate technologies; EST = Established technologies; IPFs = international patent families. 
Source: IEA analysis based on data from the European Patent Office. 

Hydrogen production technologies are experiencing rapid growth in patenting, boosted by 
the rise of electrolysis and natural gas-based pathways with CCUS. 
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Patenting in hydrogen production from unabated fossil fuels peaked in 2009 and 
since then there has been a moderate decline in IPFs. However, recent years 
have seen a rise in innovation in natural gas-based technologies driven by climate 
concerns (i.e. explicitly including the possibility of CO2 capture and storage), with 
a growth between 2019 and 2021 of over 70%, and with the United States playing 
a major role.72 

 Patenting trends in technologies that consume hydrogen, 2001-2021 

 
IEA. CC BY 4.0. 

Notes: HCs = hydrocarbons. IPFs = international patent families. LOHC = liquid organic hydrogen carrier. Synthetic liquid 
hydrocarbons include synthetic diesel and synthetic kerosene production. 
Source: IEA analysis based on data from the European Patent Office. 

Patenting activity for key hydrogen-consuming technologies that enable decarbonisation in 
sectors in which emissions are hard to abate remains remarkably low. 

In hydrogen end-use technologies, around 90% of IPFs were driven by climate 
concerns. Patents for hydrogen use in the automotive sector continue to grow at 
very high rates, led by Japan (38% of IPFs from 2011 to 2021) and Europe (25%) 
(Figure 5.11). Aviation and shipping have lower levels of innovation, despite record 
annual growth of 10% over the last two decades, with Europe (40%) and the 
United States (33%) dominating aviation and Europe (37%) and Japan (20%) 
leading shipping. However, other industrial applications with limited 
decarbonisation alternatives, such as steel production or hydrogen- and 
hydrogen-based fuels turbines, lack significant innovation. Patenting for hydrogen 

 
 

72 Further insights on geographical trends by technology type are presented in the report Hydrogen patents for a clean energy 
future. 
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use in buildings has declined since the 2010s, suggesting a lack of interest due to 
more suitable decarbonisation options. 

Patent data show an increase in innovation for established hydrogen applications 
in methanol and ammonia production since the late 2000s. Europe (50% of the 
IPFs from 2011 to 2021, including 14% from Switzerland) and Japan (22%) lead 
in ammonia production patenting, while Europe (65%) dominates in methanol 
production. Over the past decade, patenting for liquid organic hydrogen carriers 
(LOHCs) and ammonia cracking technologies experienced moderate growth. 
However, innovation in the development of hydrogen-based fuels, such as 
synthetic kerosene, synthetic diesel or synthetic methane lost momentum, and 
efforts led by Europe (36%) and the United States (22%) have stagnated. 

While there are overall positive signals for growth of IPFs in hydrogen 
technologies, this is largely driven by a focus on hydrogen production, particularly 
on electrolysis. However, there remains a significant innovation gap on end-use 
technologies, especially in sectors where decarbonisation alternatives are limited. 
Governments must target innovation efforts accordingly, as there is a risk of a 
mismatch between supply and demand technologies. Recognising that the 
hydrogen value chain is only as strong as its weakest link, it is critical to address 
this gap. 
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Chapter 6. Policies 

Strategies and targets 
Since the release of the Global Hydrogen Review 2022 (GHR 2022), 
4 governments have updated their hydrogen strategies and a further 
15 governments – mostly from emerging markets and developing economies 
(EMDEs) – have adopted new national hydrogen strategies. A total of 
41 governments, accounting for nearly 80% of global energy-related CO2 
emissions, have now adopted hydrogen strategies (Table 6.1). 

Table 6.1 National hydrogen roadmaps and strategies since September 2022 

Government Description 

Algeria Target to produce and export 30-40 TWh of hydrogen and hydrogen-based fuels by 2040. 
Focus on pilot projects until 2030 to start up the sector. 

Brazil 

The 2023-2025 Triennial Work Plan of the National Hydrogen Program defines the 
strategy of the country, with three timeframes: by 2025, deploy low-carbon hydrogen pilot 
plants across the country; by 2030, consolidate Brazil as a competitive low-carbon 
hydrogen producer; and by 2035 consolidate low-carbon hydrogen hubs in Brazil. 

Costa Rica 
Target to install 0.15-0.50 GW of electrolysis capacity, to replace 8-10% of liquefied 
petroleum gas (LPG) with “green” hydrogen and to deploy 100-250 fuel cell electric 
vehicles (FCEVs) and 200-600 fuel cell heavy-duty trucks by 2030. 

Ecuador Target to install 3 GW of electrolysers by 2040 and establish regulations for domestic 
hydrogen use and potentially for export to international markets. 

India 
Target to produce 5 Mt of “green” hydrogen by 2030 (with associated 125 GW of 
renewable capacity additions) with additional potential to reach 10 Mt/yr with exports. 
Interest in developing a domestic electrolyser manufacturing industry. 

Israel Plans explore options to integrate hydrogen into the national energy mix, along with 
consideration of underground storage. 

Kenya 
Target to install 150-250 MW of electrolysers and to produce 300-400 kt of nitrogen 
fertilisers by 2032. Aim to develop a local “green” fertiliser industry to decrease 
dependency on imported fertilisers. 

Namibia Target to produce 1-2 Mt of “green” hydrogen by 2030 and 10-15 Mt by 2050. Aims to 
develop three hydrogen valleys* to start production and use. 

Panama In transport, the country aims to increase hydrogen and derivatives for maritime fuels 
bunkering to 5% by 2030. Target to produce 0.5 Mt of hydrogen by 2030. 

Singapore 
Aim to transform Singapore into a hub for hydrogen and hydrogen fuels in the Pacific. 
Strong focus on electricity generation, with an estimate that hydrogen could meet up to 
50% of electricity demand in 2050, as well as aviation and maritime. 

Sri Lanka Roadmap includes plans to export hydrogen derivatives by 2030. 

Türkiye Target to install 2 GW of electrolysers by 2030, 5 GW by 2035 and 70 GW by 2053. 
Support for demonstration projects for “blue” hydrogen production. 

United Arab 
Emirates 

Strategy includes a forecast for the production of 1.4 Mt of hydrogen by 2030, 7.5 Mt by 
2040 and 15 Mt by 2050, through a mix of electrolysis powered with renewable and 
nuclear electricity, and natural gas with carbon capture, utilisation and storage (CCUS). 

United States Target to produce 10 Mt of “clean” hydrogen by 2030, 20 Mt by 2040 and 50 Mt by 2050. 
Update every 3 years (required by the Bipartisan Infrastructure Law). 

Uruguay Target to install 1-2 GW of electrolysers by 2030 and 10 GW by 2040, with initial focus on 
domestic demand in the short term and exports in the long term. 

https://www.iea.org/reports/global-hydrogen-review-2022
https://www.hydrogeninsight.com/policy/algeria-aims-to-supply-europe-with-10-of-its-clean-hydrogen-needs-by-2040-in-new-national-h2-roadmap/2-1-1426265
https://www.gov.br/mme/pt-br/assuntos/noticias/PlanodeTrabalhoTrienalPNH2.pdf
https://energia.minae.go.cr/wp-content/uploads/2020/04/Estrategia-Nacional-de-H2-Verde-Costa-Rica.pdf
https://www.recursosyenergia.gob.ec/ecuador-presento-la-hoja-de-ruta-y-la-estrategia-para-la-produccion-de-hidrogeno-verde/
https://www.pib.gov.in/PressReleasePage.aspx?PRID=1888545
https://www.gov.il/he/departments/news/news-150523-2
https://www.eeas.europa.eu/sites/default/files/documents/2023/GREEN%20HYDROGEN%20EXEC_0209_0.pdf
https://www.ensafrica.com/uploads/newsarticles/0_namibia-gh2-strategy-rev2.pdf
https://www.gacetaoficial.gob.pa/pdfTemp/29771_B/98196.pdf
https://www.mti.gov.sg/Industries/Hydrogen
https://api.greenstat.no/uploads/Sri_Lanka_Roadmap_Final_5b7d4aff51.pdf?updated_at=2023-08-02T14:11:03.276Z
https://enerji.gov.tr/Media/Dizin/SGB/tr/Kurumsal_Politikalar/HSP/ETKB_Hidrojen_Stratejik_Plan2023.pdf
https://u.ae/en/about-the-uae/strategies-initiatives-and-awards/strategies-plans-and-visions/environment-and-energy/national-hydrogen-strategy
https://u.ae/en/about-the-uae/strategies-initiatives-and-awards/strategies-plans-and-visions/environment-and-energy/national-hydrogen-strategy
https://www.hydrogen.energy.gov/clean-hydrogen-strategy-roadmap.html
https://www.gub.uy/ministerio-industria-energia-mineria/comunicacion/noticias/hoja-ruta-hidrogeno-verde-uruguay
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Government Description 

Belgium 
(update) 

Vision structured around four pillars: become an import/transit hub for renewable 
hydrogen in Europe, expand technology leadership, establish a robust domestic market 
and international co-operation. 

Germany 
(update) 

Target to install 10 GW of electrolysers by 2030, and increased demand in industry and 
transport to replace larger shares of natural gas, with over 1 800 km of pipeline 
infrastructure. 

Japan 
(update) 

Interim target for 12 Mt of hydrogen demand by 2040 (complementing previous targets for 
3 Mt by 2030 and 20 Mt by 2050) and to meet 1% of the gas supply in existing networks 
with synthetic methane by 2030, increasing to 90% by 2050. Target to install 15 GW of 
electrolysis globally. Shift focus from FCEVs to the use of hydrogen in applications, 
notably in steel and petrochemical industries. 

Korea 
(update) 

Updated target to reach 2.1% of total electricity production with hydrogen and ammonia 
by 2030, and 7.1% by 2036. Creation of a framework for a Clean Hydrogen Certification 
Mechanism to be released by the end of 2023. 

*A hydrogen valley is a geographical area – a city, region, island or industrial cluster – where several hydrogen applications 
are combined together into an integrated hydrogen ecosystem that consumes a significant amount of hydrogen, improving 
the economics behind the project. 
Notes: “Update” refers to strategies and roadmaps published for the first time before September 2022 that have since been 
updated. See Explanatory notes annex for the use of the terms “green”, “blue” and “clean” hydrogen in this report. 
 

These announcements of hydrogen strategies serve as the biggest driver of 
government funding. India’s National Green Hydrogen Mission includes nearly 
INR 2 billion (Indian rupees) (~USD 25 million) subsidy to produce 5 Mt of 
hydrogen for domestic consumption and 10 Mt of hydrogen for exports by 2030. 
The United States adopted the US National Clean Hydrogen Strategy and 
Roadmap, revising their strategy to accord with recent carbon capture, utilisation 
and storage (CCUS), renewables, and sustainable aviation fuel (SAF) production 
tax credits and funding opportunities. In addition, Belgium, Germany, Japan and 
Korea have updated their existing hydrogen strategies, and a number of countries, 
particularly in Europe, are in the process of revising their strategies.  

The new and updated strategies show an increase in global ambitions to deploy 
hydrogen technologies, as reflected in government targets for low-emission 
hydrogen73 production, which now account for 27 to 35 Mt, compared with 15 to 
22 Mt at the time the GHR 2022 was released (Figure 6.1). The biggest 
contributors to this increase are the targets of the United States (10 Mt of “clean” 
hydrogen), India (5 Mt of “green” hydrogen) and Namibia (1-2 Mt of “green” 
hydrogen).74  

On the demand side, however, there has been no increase in ambition, and only 
two significant developments. In the European Union there has been a political 
agreement to set binding targets for the use of renewable fuels of non-biological 
origin (RFNBO) in industry, transport and aviation by 2030, though some targets 
were less ambitious than those proposed in the Fit for 55 package in 2021 (e.g. 
42% of hydrogen demand to be met with renewable hydrogen, compared to an 

 
 

73 See Explanatory notes annex for low-emission hydrogen definition in this report. 
74 See Explanatory notes annex for the use of the terms “green” and “clean” hydrogen in this report. 

https://economie.fgov.be/sites/default/files/Files/Energy/View-strategy-hydrogen.pdf
https://economie.fgov.be/sites/default/files/Files/Energy/View-strategy-hydrogen.pdf
https://www.bmwk.de/Redaktion/DE/Publikationen/Energie/fortschreibung-nationale-wasserstoffstrategie.html
https://www.bmwk.de/Redaktion/DE/Publikationen/Energie/fortschreibung-nationale-wasserstoffstrategie.html
https://www.meti.go.jp/shingikai/enecho/shoene_shinene/suiso_seisaku/pdf/20230606_2.pdf
https://www.meti.go.jp/shingikai/enecho/shoene_shinene/suiso_seisaku/pdf/20230606_2.pdf
https://www.korea.kr/common/download.do?fileId=197154657&tblKey=GMN
https://www.motie.go.kr/common/download.do?fid=bbs&bbs_cd_n=81&bbs_seq_n=167453&file_seq_n=1
https://www.motie.go.kr/common/download.do?fid=bbs&bbs_cd_n=81&bbs_seq_n=167453&file_seq_n=1
https://www.pib.gov.in/PressReleasePage.aspx?PRID=1888545
https://www.hydrogen.energy.gov/clean-hydrogen-strategy-roadmap.html
https://www.hydrogen.energy.gov/clean-hydrogen-strategy-roadmap.html
https://economie.fgov.be/sites/default/files/Files/Energy/View-strategy-hydrogen.pdf
https://www.bmwk.de/Redaktion/DE/Publikationen/Energie/fortschreibung-nationale-wasserstoffstrategie.html
https://www.meti.go.jp/shingikai/enecho/shoene_shinene/suiso_seisaku/pdf/20230606_2.pdf
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initial target of 50%). Binding targets of this kind can send a clear signal to industry 
about a future marketplace for low-emission hydrogen and hydrogen-based fuels. 
In Japan, the updated Basic Hydrogen Strategy includes a target to meet 1% of 
the gas supply in existing networks with synthetic methane by 2030.  

Figure 6.1 Global targets for low-emission hydrogen production, use in industry and 
fuel cell electric vehicles by 2030 

 
IEA. CC BY 4.0. 

Notes: GHR = Global Hydrogen Review. For countries that do not have a production target, the low-emission hydrogen 
production is estimated from the capacity targets assuming a capacity factor of 57% and an energy efficiency (LHV) of 69% 
for electrolysers and 90% for fossil-based technologies. The dashed area represents the ranges of policy targets.  

Global targets for low-emission hydrogen production keep growing, whereas targets for 
end use remain stalled. 

Demand creation 
Policy action is an important driver of demand for low-emission hydrogen to both 
replace hydrogen produced with unabated fossil fuels in existing applications and 
to replace fossil fuels in new applications. Action on this front, however, is 
significantly lagging behind what is needed to achieve climate goals (see Chapter 
2 Hydrogen use).  

Policy efforts in this area have so far been limited, and despite some signs of 
progress, the past year was no exception. In 2022, the number of policies for 
demand creation that governments either announced or implemented remained 
almost the same as in 2021, with activity has slightly accelerating until August 
2023. However, this may soon change following the political agreement of the 
European Commission, Council and Parliament to adopt mandatory targets for 
member states on hydrogen demand in industry and transport, and mandates for 
synthetic fuels in aviation. In addition, the FuelEU Maritime initiative includes the 
possibility of introducing a target for 2% of RFNBO in maritime fuels from 2034 if 
these fuels have not reached a 1% share by 2031. These agreements are already 
having an effect, with Romania’s parliament passing in June 2023 a law that sets 
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https://www.consilium.europa.eu/en/press/press-releases/2023/03/30/council-and-parliament-reach-provisional-deal-on-renewable-energy-directive/
https://www.consilium.europa.eu/en/press/press-releases/2023/04/25/council-and-parliament-agree-to-decarbonise-the-aviation-sector/
https://www.consilium.europa.eu/en/press/press-releases/2023/04/25/council-and-parliament-agree-to-decarbonise-the-aviation-sector/
https://data.consilium.europa.eu/doc/document/PE-26-2023-INIT/en/pdf
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mandates for renewable hydrogen use in industry and transport, including 
penalties for non-compliant companies. In the same month, the Netherlands 
announced plans to introduce subsidies on the demand side during 2024 and 
obligations for renewable hydrogen in industry (by 2026) and transport (by 2025).  

There have also been developments outside of Europe. India announced in 2021 
intentions to adopt quotas for refining, fertilisers and steel, which were finally not 
included in the National Green Hydrogen Mission, but remain under discussion 
and could be adopted in the near future. New Zealand launched a consultation on 
a consumption rebate scheme to be implemented from 2025, and the United 
States announced a USD 1 billion plan to stimulate demand for low-emission 
hydrogen, although details will not be released until later this year. The states of 
Colorado and Illinois have already passed bills with a tax credit for companies that 
use low-emission hydrogen to replace fossil fuels. 

Supporting demand creation in different sectors 
Most policies to support demand creation that have either been announced or put 
into place thus far target transport applications (Figure 6.2), such as subsidies for 
purchasing FCEVs and for the development of hydrogen refuelling stations (HRS), 
and more recently quotas and mandates. Despite industry and refining accounting 
for practically all the demand for hydrogen today, the number of policies to create 
demand for low-emission hydrogen in these sectors is very low. The low-carbon 
fuel standard in California is today the only policy to have been implemented that 
targets the stimulation of low-emission hydrogen demand in refining, but the 
European Union-agreed mandatory target for the use of RFNBOs in transport 
(which also includes use in refining) is expected to lead to the implementation of 
policies in member states. In the case of electricity generation, policy action has 
been concentrated in Southeast Asia, with Japan and Korea leading 
developments. Korea introduced the world’s first hydrogen power bidding market, 
with the first tender winners announced in August. Japan announced capacity 
auctions for low-carbon technologies, including hydrogen and ammonia co-firing 
at fossil fuel power plants, with the first auction expected by October 2023. 

 

 

 

 

 

https://direct.argusmedia.com/newsandanalysis/article/2461613
https://www.argusmedia.com/news/2463053-netherlands-to-mandate-renewable-h2-use-by-202526?amp=1
https://energy.economictimes.indiatimes.com/news/renewable/india-to-make-green-hydrogen-mandatory-for-user-industries/85088531?redirect=1
https://www.india.gov.in/spotlight/national-green-hydrogen-mission
https://energy.economictimes.indiatimes.com/news/renewable/govt-likely-to-come-out-with-a-mandate-on-green-hydrogen-usage-mnre-secretary/101586872?action=profile_completion&utm_source=Mailer&utm_medium=newsletter&utm_campaign=etenergy_news_2023-07-08&dt=2023-07-08&em=a2FwaWxuYXJ1bGE3NEBnbWFpbC5jb20=
https://energy.economictimes.indiatimes.com/news/renewable/govt-likely-to-come-out-with-a-mandate-on-green-hydrogen-usage-mnre-secretary/101586872?action=profile_completion&utm_source=Mailer&utm_medium=newsletter&utm_campaign=etenergy_news_2023-07-08&dt=2023-07-08&em=a2FwaWxuYXJ1bGE3NEBnbWFpbC5jb20=
https://www.energy.gov/articles/biden-harris-administration-jumpstart-clean-hydrogen-economy-new-initiative-provide-market
https://www.hydrogeninsight.com/policy/world-first-colorado-approves-clean-hydrogen-tax-credit-of-up-to-1-kg-for-usage-in-hard-to-abate-sectors/2-1-1448364.
https://www.illinois.gov/news/press-release.26755.html
https://www.argusmedia.com/en/news/2432689-s-korea-on-track-to-open-hydrogen-power-bidding-market
https://www.kpx.or.kr/board.es?mid=a11201000000&bid=0042&act=view&list_no=70241
https://www.kpx.or.kr/board.es?mid=a11201000000&bid=0042&act=view&list_no=70241
https://www.meti.go.jp/shingikai/enecho/denryoku_gas/denryoku_gas/seido_kento/pdf/077_03_01.pdf
https://www.meti.go.jp/shingikai/enecho/denryoku_gas/denryoku_gas/seido_kento/pdf/077_03_01.pdf
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Figure 6.2 Number of policies to support hydrogen demand creation announced and 
entering in force by sector, 2021-2023 

 
IEA. CC BY 4.0. 

Notes: “Other” includes use in buildings, electricity generation and grid blending. 2023* = year to August 2023 only. 

Policies for demand creation remain limited and highly concentrated in the transport 
sector. 

Mitigating investment risks  
While demand targets have remained low this year, governments have adopted 
various financial tools to provide medium- to long-term stability across the whole 
value chain. Grants and subsidies are already commonly employed to reduce 
CAPEX (Table 6.2), and some governments have established other types of 
incentives to bolster hydrogen production:Table 6.2 

• Tax incentives: The US Inflation Reduction Act (IRA) passed in 2022 included 
numerous tax credits for the production of hydrogen and hydrogen-based fuels 
(Box 6.1), and Canada announced a Clean Hydrogen Investment Tax Credit. In 
2023, Egypt also introduced tax rebates for projects producing hydrogen and 
hydrogen-based fuels from renewable electricity.  

• Contracts for Difference (CfD): The United Kingdom adopted a CfD scheme 
through the UK Low Carbon Hydrogen Business Model. In 2023, Germany 
established Carbon Contracts for Difference (CCfD) for energy-intensive 
industries, which companies using low-emission hydrogen to decrease GHG 
emissions can participate in. Conversely, Japan will introduce a CfD scheme 
based on the difference between the price of renewable and fossil fuel-based 
hydrogen without the carbon price bench. More jurisdictions have also announced 
plans to follow suit with CfDs, including Canada and the European Commission. 

• Competitive bidding schemes for hydrogen production: Countries such as 
India, the Netherlands and Denmark have implemented schemes to provide direct 
payments per kilogramme of hydrogen produced over a certain number of years.  
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https://www.whitehouse.gov/wp-content/uploads/2022/12/Inflation-Reduction-Act-Guidebook.pdf
https://www.canada.ca/en/environment-climate-change/news/2023/04/minister-guilbeault-highlights-the-big-five-new-clean-investment-tax-credits-in-budget-2023-to-support-sustainable-made-in-canada-clean-economy.html
https://sis.gov.eg/Story/180518/Cabinet-approves-bill-on-incentives-of-projects-of-green-hydrogen%2C-its-derivatives?lang=en-us
https://www.gov.uk/government/publications/hydrogen-production-business-model
https://www.bmwk.de/Redaktion/DE/Wasserstoff/Foerderung-National/018-pilotprogramm.html
https://ec.europa.eu/commission/presscorner/detail/en/ip_23_3967
https://ec.europa.eu/commission/presscorner/detail/en/ip_23_323
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• Other policies: the creation of one-stop-shops to co-ordinate policy 
implementation and regulatory procedures can reduce administrative burdens for 
project developers. In 2022, Oman created Hydrogen Oman (HYDROM) with this 
purpose, and just one year later, HYDROM announced the results of the first 
auction for land allocation to renewable hydrogen projects. The H2Global initiative, 
which presents a novel double-auction support mechanism, has received a 
significant boost in government funding from Germany and the Netherlands.  

Emerging markets and developing economies (EMDEs) have emphasised the 
importance of international partnerships and finance. Concessional finance, 
foreign loans and crowdsourced loans can reduce upfront costs and signal political 
commitment to hydrogen, potentially further reducing risks for investors. Advanced 
economies have committed funds through bilateral finance and multilateral 
development banks to respond to EMDEs’ requests and facilitate hydrogen 
developments in these countries (see Chapter 5 Investment, finance and 
innovation).  

 

Box 6.1 Financial incentives in the Inflation Reduction Act 

In August 2022, the US Inflation Reduction Act (IRA) entered into force. The Act contains 
numerous incentives to accelerate the deployment of a wide range of clean energy 
technologies, including hydrogen. The most relevant incentive for hydrogen production is 
the new Clean Hydrogen Production Tax Credit (45V), which grants a tax credit for a 
period of ten years for projects that are placed in service before January 2033 and 
produce “clean hydrogen” (see Explanatory notes annex for the use of the term “clean” 
hydrogen in this report). The amount of the tax credit varies from USD 0.12 to USD 0.6 
per kilogramme of hydrogen produced depending on the emissions intensity of the 
hydrogen production. The value of these credits is multiplied by five if the facility meets 
certain labour conditions. 

Value of the tax credit granted by the Clean Hydrogen Production Tax Credit 

Carbon intensity of hydrogen  
(kg CO2-equivalent/kg H2) 

Tax credit (USD/kg H2) 

Base credit Meeting labour conditions 

<0.45 0.60 3.00 

0.45-1.5 0.20 1.00 

1.5-2.5 0.15 0.75 

2.5-4.0 0.12 0.60 

 

In addition to the 45V tax credit, the Act contains other tax incentives which stakeholders 
involved in projects for hydrogen production, investments or associated equipment 

https://hydrom.om/
https://www.h2-global.de/project/h2g-mechanism
https://www.whitehouse.gov/wp-content/uploads/2022/12/Inflation-Reduction-Act-Guidebook.pdf
https://www.whitehouse.gov/cleanenergy/inflation-reduction-act-guidebook/
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manufacturing may be able to claim. While guidance for many of these incentives is 
forthcoming, statutory language in the Act already states that in some circumstances 
these credits can be combined, improving the economic feasibility of a project. For 
instance, a project developer that produces hydrogen using electricity from renewable or 
nuclear electricity may be able to claim the hydrogen production tax credit, while the clean 
electricity could qualify for production or investment tax credits as well. In other cases, 
the project developer will need to opt for either the 45V or another incentive. For example, 
projects producing hydrogen from fossil fuels with CCUS are prohibited from claiming 
both the hydrogen production tax credit and the CCUS credit. 

Tax incentives available for “clean” hydrogen and hydrogen-based fuels 

Incentive  Description  
Credit amount  

Base  Bonus  

Clean Energy Technologies  

45 – 45Y  
Tax credit for facilities producing 

renewable (45) or clean (45Y) 
electricity  

USD 0.003/kWh of electricity 
produced  

x5 for labour standards  
+10% for domestic 

content   
+10% if in an energy 

community  48 – 48E  
Tax credit for investment in 

renewable energy (48) or clean 
electricity (48E) projects  

6% of qualified investment  

48C  
Tax credit for investments in 

advanced energy projects, as 
defined in 26 USC § 48C(c)(1)  

USD 10 billion of allocations for 
investments in advanced 

energy projects   
-  

45U  Tax credit for qualified facilities 
producing nuclear electricity  

USD 0.003/kWh of electricity 
produced  x5 for labour standards  

Transportation fuels  

40B  
Tax credit for SAF with GHG 

emissions <50% than fossil-based 
jet fuel  

USD 1.25/gallon  
USD 00.50/gallon 

(depending on GHG 
reduction)  

45Z  Tax credit for production of clean 
transport fuels, including SAF  

USD 0.20/gallon (nonSAF)  
USD 0.35/gallon (SAF),  

multiplied by emissions factor 
of fuel  

x5 for labour standards  

Carbon sequestration  

45Q  Tax credit for CO2 sequestration 
coupled with permitted end uses.  

USD 17/t CO2 (stored)  
USD 12/t CO2 (used in EOR)  

USD 26-36/t CO2 (DAC 
facilities)  

x5 for labour standards  

Notes: DAC = direct air capture; EOR = enhanced oil recovery; SAF = sustainable aviation fuels. 40B will be replaced by 45Z from 
2025.  

The cost of producing hydrogen from renewable electricity in the United States is in the 
range of USD 2.9-5.2/kg H2. However, the 45V and 45Y tax credits combined can reach 
up to USD 1.5/kg H2 of subsidy over the 25-year life of a project, which can lower the 
production cost to USD 1.4/kg H2 in the regions with the most abundant wind and solar 
resources. This production cost is within the range of the production cost of hydrogen 
from unabated natural gas. Projects using natural gas with CCUS to produce hydrogen 
which choose either the 45Q or 45V subsidy could reach a levelised cost of production in 
the same range as that of the unabated production route (or even lower in the case of a 

https://uscode.house.gov/view.xhtml?req=(title:26%20section:48%20edition:prelim)
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retrofitted plant and cheap natural gas prices). The IRA tax credits can also have an 
impact on the production of synthetic liquid fuels, such as synthetic kerosene used in 
aviation. In this case, producers may be able to claim the 45Z tax credit, although it 
applies for a shorter timeframe than 45V. The impact of this tax credit could help to reduce 
the production cost of synthetic kerosene by around USD 10/bbl, but this is still far from 
current kerosene prices (USD 90-130/bbl at an oil price of USD 75-85/bbl). 

Impact of IRA subsidies on the levelised cost of hydrogen and synthetic kerosene 
production 

  
IEA. CC BY 4.0. 

Notes: SMR = steam methane reforming; CCS= carbon capture and storage. Assuming the plant enters into operation in 2025, 
with a lifetime of 25 years, and assuming full compliance with prevailing wage and registered apprenticeship requirements. Left 
chart: Subsidies 45Q, 45V and 45Y assumed to last for 10 years. Natural gas price of USD 1.5-7.3/MBtu. Assuming a 95% capture 
rate for SMR with carbon capture, utilisation and storage (CCUS), and a retrofitted SMR plant for the lower value of the range. The 
range for renewable-based hydrogen refers to locations with different capacity factors. Right chart: Subsidies 45V, 45Y assumed 
to last for 10 years; subsidy 45Z for 3 years. Current prices of jet and bio-jet kerosene refer to the period May-August 2023. 

Despite the financial support provided by IRA incentives, there is still considerable 
uncertainty around how these credits will be implemented, and – in some cases – which 
projects will be eligible for what level of credit. Further details are expected to be provided 
by the US Department of the Treasury in the coming months. In addition, there is also 
uncertainty around the concrete details of the methodology to assess the carbon intensity 
of hydrogen production (e.g. the temporal correlation between the use of grid electricity 
and renewable electricity fed into the grid), which are also expected to be clarified by the 
US Department of Energy in the coming months. Clarity about the implementation of the 
subsidies and the carbon intensity accounting methodology will provide the certainty that 
developers require to take firm investment decisions.  

In addition to the tax incentives, the Act includes numerous programmes with grants to 
support clean energy technologies, which projects for the production of “clean” hydrogen 
and hydrogen-based fuels may be eligible for, and to support adoption of end-use 
hydrogen technologies. 
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https://www.irs.gov/newsroom/treasury-and-irs-issue-proposed-regulations-on-prevailing-wage-and-apprenticeship-requirements-for-increased-energy-credit-or-deduction-amounts
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Table 6.2 Policy measures to mitigate investment risks in hydrogen projects in force or announced since August 2022 

Policy Country Status Description 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Grants 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Australia In force In the 2023-24 Federal Budget the government announced the Hydrogen Headstart programme with AUD 2 billion 
(Australian dollars) (~USD 1.4 billion) to support large-scale renewable hydrogen projects. 

Belgium In force In October 2022, the federal government approved EUR 6 million (~USD 6.3 million) to support the development of 
“green” steel projects, using resources from the federal Recovery and Transition Plan. 

Canada In force 
The Canada Infrastructure Bank launched in September 2022 the Zero-Emission Vehicle (ZEV) Charging and Hydrogen 
Refuelling Infrastructure Initiative, a CAD 500 million (Canadian dollars) (~USD 384 million) programme to accelerate 
the private sector’s rollout of large-scale ZEV chargers and hydrogen refuelling stations. 

Canada In force In November 2022, the government granted CAD 475 million (~USD 365 million) to Air Products to support the 
development of its Net-Zero Hydrogen Energy Complex in Alberta. 

Estonia In force 

In January 2023 the government opened a new subsidy to promote the introduction of “green” hydrogen in hard-to-
electrify sectors. The programme counts a total budget of EUR 49 million (~USD 52 million) for the development of 
projects covering the whole supply chain of “green” hydrogen, with maximum support of up to EUR 20 million 
(~USD 21 million) per project.  

European 
Union In force In November 2022 the European Commission announced a EUR 3 billion (~USD 3.2 million) call to support large-scale 

projects aiming to further innovative technologies, including with relation to hydrogen. 

EU member 
states 

In force 
and 
announced 

After the first set of Important Projects of Common European Interest (IPCEI) were approved in July 2022, in September 
2022 the second IPCEI “Hy2Use” was approved, and EUR 5.2 billion (~USD 5.5 billion) will be used to fund 35 projects 
for the production, storage, transport and use of renewable hydrogen in innovative industrial applications. 

Germany In force 
In 2023, the Commission approved a EUR 550 million (~USD 579 million) direct grant and conditional payment 
mechanism of up to EUR 1.45 billion (~USD 1.53 billion) to support ThyssenKrupp Steel Europe in decarbonising its 
steel production and accelerating renewable hydrogen uptake. 

Italy In force 
In April 2023, within the Temporary Crisis and Transition Framework, the European Commission approved an Italian 
EUR 450 million (~USD 474 million) scheme to support projects for the production of renewable hydrogen in brownfield 
industrial areas and in sectors in which emissions are hard to abate. 

Italy In force EUR 230 million (~USD 242 million) to support the deployment of HRS in motorways and EUR 300 million 
(~USD 316 million) to support the deployment of HRS for rail applications 

Japan In force In 2023, NEDO committed JPY 220 billion (Japanese yen) (~USD 1.7 billion) to support the next phase of a liquefied 
hydrogen supply chain project between Australia and Japan. 

Morocco Announced In 2023, Morocco's state-owned chemical company OCP announced an investment of USD 7 billion in an ammonia 
plant that uses renewable-based hydrogen. 

Netherlands In force In 2022, the Netherlands’ Ministry of Economic Affairs and Climate cleared EUR 784 million (~USD 826 billion) in 
national subsidies for electrolyser projects linked to the Hy2Use IPCEI. 

New 
Zealand Announced In the 2023 Budget and in the Interim Hydrogen Roadmap, an NZD 30 million (New Zealand dollars) (~USD 19 million) 

Clean Heavy Vehicles Grant was announced for zero emission heavy vehicles, including fuel cell heavy-duty vehicles. 

https://arena.gov.au/funding/hydrogen-headstart/
https://www.tinnevanderstraeten.be/federale_regering_steunt_productie_groen_staal_in_belgi
https://www.tinnevanderstraeten.be/federale_regering_steunt_productie_groen_staal_in_belgi
https://cib-bic.ca/en/medias/articles/cib-launches-500-million-charging-and-hydrogen-refuelling-infrastructure-initiative/
https://cib-bic.ca/en/medias/articles/cib-launches-500-million-charging-and-hydrogen-refuelling-infrastructure-initiative/
https://fuelcellsworks.com/news/air-products-to-receive-approximately-475-million-cad-in-funding-for-alberta-canada-net-zero-hydrogen-energy-complex-from-government-energy-transition-programs/?mc_cid=47fbff2b40&mc_eid=da4624d261
https://fuelcellsworks.com/news/air-products-to-receive-approximately-475-million-cad-in-funding-for-alberta-canada-net-zero-hydrogen-energy-complex-from-government-energy-transition-programs/?mc_cid=47fbff2b40&mc_eid=da4624d261
https://mkm.ee/uudised/riik-toetab-vesinikuprojekte-49-miljoni-euroga
https://mkm.ee/uudised/riik-toetab-vesinikuprojekte-49-miljoni-euroga
https://climate.ec.europa.eu/eu-action/funding-climate-action/innovation-fund/large-scale-calls_en
https://climate.ec.europa.eu/eu-action/funding-climate-action/innovation-fund/large-scale-calls_en
https://single-market-economy.ec.europa.eu/industry/strategy/hydrogen/ipceis-hydrogen_en
https://ec.europa.eu/commission/presscorner/detail/en/ip_22_5676
https://ec.europa.eu/commission/presscorner/detail/en/ip_23_3928
https://ec.europa.eu/commission/presscorner/detail/es/ip_23_2044
https://www.mit.gov.it/nfsmitgov/files/media/notizia/2022-07/DECRETO%20.0000199.30-06-2022.pdf
https://www.gazzettaufficiale.it/eli/id/2022/08/01/22A04299/sg
https://www.hydrogenenergysupplychain.com/japan-commits-aud2-35-billion-to-establish-liquefied-hydrogen-supply-chain/
https://www.atalayar.com/en/articulo/economy-and-business/ocp-and-morocco-commit-to-renewable-energies/20230622115026187067.html#:%7E:text=Morocco's%20state%2Downed%20chemical%20company,greater%20commitment%20to%20the%20environment.
https://www.europoortkringen.nl/7835-miljoen-voor-waterstofproductie/
https://www.mbie.govt.nz/dmsdocument/26911-interim-hydrogen-roadmap-pdf
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Policy Country Status Description 

 
 
 
 
 
 

Grants 
(continued) 

Poland In force In April 2023, the European Commission approved a EUR 158 million (~USD 166 billion) grant from the government of 
Poland to support LOTOS Green H2, for the production of renewable hydrogen to be used in refining. 

Saudi Arabia  In force In 2023, the government committed USD 2.75 billion through the National Development Fund and the Saudi Industrial 
Development Fund to the NEOM “green” hydrogen and ammonia project. 

Spain In force 
In June 2023, the government approved an addendum to the Spanish Recovery and Resilience Plan which included an 
increase of nearly EUR 5.5 billion (~USD 5.8 billion) in funding provided for the Strategic Project for Recovery and 
Economic Transformation on Renewable Energy, Hydrogen and Storage.  

Spain In force In April 2023, the government approved funding for EUR 450 million (~USD 474 million) to support a hydrogen project of 
Arcelor Mittal for the production of “green” steel. 

United 
Kingdom In force The UK government allocated GBP 38 million (~USD 47 million) for the front-end engineering and demand (FEED) and 

CAPEX of 15 low-carbon hydrogen projects. 
United 
States In force In September 2022 the government opened the call for the Regional Clean Hydrogen Hubs, which includes up to 

USD 7 billion to establish 6 to 10 regional “clean” hydrogen hubs.  

Competitive 
bidding 

schemes for 
hydrogen 
production 

Denmark In force In 2023, the Commission approved a EUR 170 million (~USD 179 million) Danish scheme to support renewable 
hydrogen production. 

India In force 

In 2023, the government approved INR 175 billion (~USD 2.2 billion) for the Strategic Interventions for Green Hydrogen 
Transition programme, which will support domestic production of electrolysers and production of renewable-based 
hydrogen. The scheme can provide an incentive with an upper cap of INR 50/kg (USD 0.64/kg) for the first year, 
INR 40/kg (USD 0.51/kg) for the second year and INR 30/kg (USD 0.38/Kg) for the third year of production. 

Netherlands In force In 2023, the Commission approved a EUR 246 million (~USD 259 million) scheme to support renewable hydrogen 
production in the Netherlands. 

 
 
 
 
 
 
 
 

Tax incentives 
 
 
 
 
 
 
 

Canada Announced 

In the 2022 Fall Economic Statement and Budget 2023, the government announced several tax credits to support the 
deployment of hydrogen technologies: 

• Clean Hydrogen Investment Tax Credit to support 15-40% of eligible costs of projects for hydrogen production, 
with higher support for those with emission intensity under 0.75 kg CO2/kg H2. The 15% tax credit was 
extended to low-carbon ammonia production. 

• CCUS Investment Tax Credit to provide a 50% credit for equipment associated with point-source CCUS 
projects, declining in 2030 and 2040 to incentivise early adoption. 

The proposal was in public consultation until June 2023 and the details of the design of the investment tax credit are 
expected soon. 

Egypt In force 
In 2023, a bill on incentives for projects for “green” hydrogen and its derivatives was approved. Under the law, such 
projects will get a cash investment incentive ranging between 33% and 55% of the value of taxes to be paid. Incentives 
also include exemption from value added taxes for equipment, raw materials and means of transportation. 

United 
States Announced As part of the IRA, the US government offers a Hydrogen Production Tax Credit of USD 0.6-3/kg H2 based on the 

carbon intensity of hydrogen production (Box 6.1). 

https://ec.europa.eu/commission/presscorner/detail/en/ip_23_2143
https://www.saudiexchange.sa/wps/portal/saudiexchange/newsandreports/issuer-news/issuer-announcements/issuer-announcements-details/!ut/p/z1/lVDLcuIwEPyVzYFjmDEUxpubArsOKRIbDAH7kpLFxLjKtlyyDIGvjwzspshzV6WDptXdMz0QwRKigm_ShOtUFjwzdRjZjz1mY-fGQQ9vZgO0MXDt-cyxhh0bFucE5861cXLPJl6n30P3ASH6Lz0Gfg8nv_277hin6KL9b3r85LBv-wdUGI_onOaxn30zxe21OxqzrmP33xI-iPmm0fscB8IXg95ClGQyPi6dFXHXSSBS9ESKVLtWBl5rXVZXLWzhdrttJ1ImGbWFzFv4kWQtKw3Lc-ZhXf1P9zGyYKGokrUSBNOENCsKWReCcir0OK30kGsOE8HFmsa0ocznCUHQZOOrTVpJVTUsCC-tBqtIaKmG5Wj1F9nlscwgbN6lkqta6NmuJAgH3tT3pmz262CmpWlEJ5ppEaR7U1l4NOVKrI8q6w_hvs5jUsP4BD0pmb868CaEaCKcVI_HYTQ96-DgBiEXW95gK6PySaXSjNz7sTO_UObz-fJ5lPr5wtGX4SDe0_llFxcvYOlduw!!/dz/d5/L0lHSklna0tDbEVLSUtVUW9ncFJBL29Od1FBRU1JQUFDRUVoZ0NLTTR6bEdDRklVbFF4Z1d0RzBaV2dBISEvNEpDaWpzWXBNaFRqVUUxdTBsc3BxYWEzYVMyTTFMSSEvWjdfNUE2MDJIODBPMEhUQzA2MFNHNlVUODFEUTYvWjZfNUE2MDJIODBPMEhUQzA2MFNHNlVUODFESTMvY29tcGFueVN5bWJvbC8yMDgyL2h0dHA6JTAlMHRhZGF3dWwlMC9hbm5DYXQvMS9hbklkLzcyMTk4/
https://planderecuperacion.gob.es/noticias/consejo-ministros-aprueba-adenda-ampliaci%C3%B3n-Plan-Recuperacion-Transformacion-Resiliencia-prtr
https://www.mincotur.gob.es/es-es/GabinetePrensa/NotasPrensa/2023/Paginas/El-Gobierno-aprueba-450-millones-de-euros-para-el-proyecto-de-hidrogeno-circular-de-Arcelor-en-Asturias.aspx
https://www.hydrogeninsight.com/policy/uk-allocates-grants-to-15-low-carbon-hydrogen-projects-and-unveils-shortlists-for-further-funding/2-1-1428396
https://www.energy.gov/oced/regional-clean-hydrogen-hubs
https://ec.europa.eu/commission/presscorner/detail/en/ip_23_323
https://www.seci.co.in/Upload/Tender/SECI000111-2344468-RfSforHydrogenProductionunderSIGHTprogram(Mode-1Tranche-I).pdf
https://www.seci.co.in/Upload/Tender/SECI000111-2344468-RfSforHydrogenProductionunderSIGHTprogram(Mode-1Tranche-I).pdf
https://www.seci.co.in/Upload/Tender/SECI000111-2344468-RfSforHydrogenProductionunderSIGHTprogram(Mode-1Tranche-I).pdf
https://www.seci.co.in/Upload/Tender/SECI000111-2344468-RfSforHydrogenProductionunderSIGHTprogram(Mode-1Tranche-I).pdf
https://ec.europa.eu/commission/presscorner/detail/en/ip_23_3967
https://www.canada.ca/en/environment-climate-change/news/2023/04/minister-guilbeault-highlights-the-big-five-new-clean-investment-tax-credits-in-budget-2023-to-support-sustainable-made-in-canada-clean-economy.html
https://sis.gov.eg/Story/180518/Cabinet-approves-bill-on-incentives-of-projects-of-green-hydrogen%2C-its-derivatives?lang=en-us
https://static1.squarespace.com/static/53ab1feee4b0bef0179a1563/t/62fd3b3b64d1955b55ed9a2b/1660762940190/Inflation+Reduction+Act+H2++FC+Factsheet.pdf
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Policy Country Status Description 

Tax incentives 
(continued) Italy Announced 

The government announced in the Legislative Decree 199/2021 the creation of a tariff mechanism for the promotion of 
renewable hydrogen, and is studying a mechanism to compensate producers for part of the operating costs of 
renewable hydrogen plants, also taking into account investment costs for the production plant. 

Contracts for 
Difference 

(CfD) 

Canada Announced As part of the Budget 2023, the government will consult on the development of carbon CfD as one of the investment 
instruments of the Canada Growth Fund, aimed at de-risking projects by providing predictability on prices.  

European 
Commission In force 

The European Commissions committed EUR 800 million (~USD 842 billion) from the EU Innovation Fund European 
Hydrogen Bank for the first auction to support projects for the domestic production of renewable hydrogen. The Bank 
aims to establish 10-year off-take agreements between the buyers and producers by paying a green premium of up to 
EUR 4.5/kg H2. The Bank announced that it will also provide support for projects outside of the European Union that aim 
to export to the region, but this may be implemented jointly with the H2Global Scheme. 

Germany In force 

In June 2023, the government announced a Carbon CfD scheme to support heavy industry shifting towards carbon-
neutral energy sources. Companies will bid in an auction based on the volume of emissions and the additional 
estimated cost incurred per tonne of CO2 avoided, which will be paid by government to successful bidders. Winners will 
receive a 15-year contract. Among other technologies, the programme will support both renewable and “blue” hydrogen, 
as long as they comply with the EU taxonomy for sustainable activities, although the level of support for renewable 
hydrogen will be higher. 

Japan Announced Japan will introduce a CfD on the difference between the price of renewable and fossil fuel-based hydrogen without the 
carbon price bench. The CfD will apply to companies supplying low-carbon hydrogen or ammonia. 

United 
Kingdom In force 

The shortlisted projects of the first Electrolytic Allocation Round were announced in March 2023 and the contracts with 
the finally awarded projects are expected to be finalised by the end of 2023. The second allocation round will follow by 
the end of 2023.  

Other 

Germany 
and the 
Netherlands 

In force 

In 2023, the German government committed EUR 4.9 billion (~USD 5.2 billion) to the H2Global initiative, in addition to 
the EUR 0.9 billion (~USD 1.1 billion) committed in 2021. Also in 2023, the Netherlands decided to join H2Global and 
provide EUR 0.3 billion (~USD 0.4 billion). H2Global combines a double-auction mechanism, with an intermediary 
functioning as a dedicated offtake vehicle that sets direct contractual agreements with both producers and buyers of 
hydrogen-based fuels, and absorbs existing regulatory uncertainties. The price gap between the low-emission and 
unabated fossil fuel-based hydrogen products is compensated with the available government funding. The bidding 
process started in December 2022, with deliveries expected for the end of 2024, although tender deadlines have 
recently been extended. 

India In force 
Renewable hydrogen and ammonia projects entering into operation before the end of 2030 will not pay electricity 
transmission charges. For projects being commissioned after 2030, the waiver will be gradually reduced until being 
removed for projects commissioned after January 2036. 

Oman In force 

In 2022, the government established Hydrogen Oman (HYDROM), a fully owned autonomous subsidiary of Energy 
Development Oman, with the mandate to structure large-scale “green” hydrogen projects, managing the auction 
process for allocating government-owned lands to projects, assisting in the development of common infrastructure and 
overseeing the execution of projects. In April 2023, HYDROM released the result of the first auction for land allocation to 
renewable hydrogen projects, with 6 projects worth USD 20 billion being awarded. 

Note: See Explanatory notes annex for the use of the terms “green”, “blue” and “clean” hydrogen in this report. 

https://www.mase.gov.it/sites/default/files/PNIEC_2023.pdf
https://www.budget.canada.ca/2023/pdf/budget-2023-en.pdf
https://energy.ec.europa.eu/news/commission-outlines-european-hydrogen-bank-boost-renewable-hydrogen-2023-03-16_en
https://energy.ec.europa.eu/news/commission-outlines-european-hydrogen-bank-boost-renewable-hydrogen-2023-03-16_en
https://climate.ec.europa.eu/system/files/2023-08/innovationfund_pilotauction_termsandconditions_en.pdf
https://www.bmwk.de/Redaktion/DE/Wasserstoff/Foerderung-National/018-pilotprogramm.html
https://www.bmwk.de/Redaktion/DE/Downloads/F/klimaschutzvertraege-foerderrichtlinie.pdf?__blob=publicationFile&v=2
https://finance.ec.europa.eu/sustainable-finance/tools-and-standards/eu-taxonomy-sustainable-activities_en
https://www.gov.uk/government/publications/hydrogen-production-business-model-net-zero-hydrogen-fund-shortlisted-projects/hydrogen-business-model-net-zero-hydrogen-fund-shortlisted-projects-allocation-round-2022
https://www.gov.uk/government/publications/hydrogen-production-business-model-net-zero-hydrogen-fund-shortlisted-projects/hydrogen-business-model-net-zero-hydrogen-fund-shortlisted-projects-allocation-round-2022
https://www.iwr.de/ticker/wasserstoff-ausschreibungen-bundesregierung-und-eu-kommission-machen-h2global-zum-europaeischen-wasserstoff-projekt-artikel5504
https://www.h2-global.de/
https://www.icis.com/explore/resources/news/2023/05/02/10881414/dutch-government-allocates-7-5bn-for-hydrogen-market-growth/
https://hydrom.om/
https://renewablesnow.com/news/oman-inks-deals-for-usd-20bn-of-green-hydrogen-projects-817437/
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Industrial policies to support domestic manufacturing of 
hydrogen technologies 
Governments are increasingly putting domestic clean technology manufacturing 
at the heart of their industrial strategies, with commitments to scale up investments 
and diversify supply chains. This is partly to avoid potentially risky levels of 
concentration in the supply chain, especially in the light of China’s outsize role in 
much clean energy technology manufacturing and in processing and refining 
many of the critical minerals required for a global clean energy transition.  

In addition to the US IRA, which is accompanied by new authority to use 
USD 500 million in funding from the Defense Production Act to increase 
production of key clean energy technologies including electrolysers, a number of 
other governments have announced and adopted policies to support domestic 
manufacturing of hydrogen technologies. 

Canada’s government announced in its 2022 Fall Economic Statement the 
creation of Clean Technology Manufacturing Investment Tax Credits to support 
Canadian companies that manufacture or process clean technologies and critical 
materials. This does not specifically support hydrogen technologies, but it 
supports the extraction, processing and recycling of critical minerals used in 
electrolysers and fuel cells. In March 2023, the European Commission announced 
the Net Zero Industry Act, which includes measures to strengthen manufacturing 
to achieve the objective of domestically manufacturing at least 40% of the 
technology required to achieve the European Union’s 2030 climate and energy 
goals. In May 2023, India announced the implementation of tenders to support 
15 GW of electrolysis manufacturing capacity in the country, with a first call (for 
1.5 GW) launched in June 2023. In the same month, the government of the 
Netherlands launched a consultation on a potential subsidy for manufacturers in 
the hydrogen supply chain, including for electrolysers, with a total budget of 
EUR 838 million (~USD 882 million). 

Promotion of RD&D and knowledge-sharing  
Government investment in RD&D in hydrogen technologies increased strongly in 
2022.75 This represents a continuation of the trend observed since the mid-2010s, 
which has accelerated in the past two years. The growing interest of governments 
in the development of hydrogen technologies is also represented by the increased 
share allocated to hydrogen in clean energy RD&D budgets, which reached its 
historical maximum at 7.5% in 2022 (Figure 6.3). 

 
 

75 The IEA has collected data on energy RD&D spending in member countries since 2004. Data on RD&D spending in Brazil 
has been collected since 2013. 

https://iratracker.org/programs/ira-section-30001-enhanced-use-of-the-defense-production-act-of-1950/#:%7E:text=IRA%20Section%2030001%20%E2%80%93%20Enhanced%20Use,available%20until%20September%2030%2C%202024.
https://www.canada.ca/en/environment-climate-change/news/2023/04/minister-guilbeault-highlights-the-big-five-new-clean-investment-tax-credits-in-budget-2023-to-support-sustainable-made-in-canada-clean-economy.html
https://single-market-economy.ec.europa.eu/industry/sustainability/net-zero-industry-act_en
https://mnre.gov.in/img/documents/uploads/file_f-1687964057675.pdf
https://mnre.gov.in/img/documents/uploads/file_f-1687964057675.pdf
https://www.rvo.nl/onderwerpen/consultatie-maakindustrie-waterstof#wat-is-het-doel-van-de-consultatie%3F
https://www.rvo.nl/onderwerpen/consultatie-maakindustrie-waterstof#wat-is-het-doel-van-de-consultatie%3F
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Figure 6.3 Government RD&D spending for hydrogen technologies by region, 2018-
2022 

 
IEA. CC BY 4.0. 

Note: Data includes IEA member countries and Brazil. 

Public budgets for RD&D on hydrogen are growing strongly, with the United States leading 
the growth in 2022. 

Beyond basic R&D, demonstration is a critical enabler for the scale-up of low-
emission hydrogen production and use. There have been a limited number of new 
(or extended) demonstration programmes compared with previous years (Table 
6.3), but governments have started to focus efforts on end-use applications, 
particularly in those applications where hydrogen can play a key role in a net zero 
future. This is especially true of heavy industry applications, which are responsible 
for the majority of the new demonstration programmes, in line with IEA 
recommendations.  

The increase in public RD&D investment results from a combination of the 
extension and new phases of previously announced programmes, as well as the 
implementation of new programmes. Practically all governments have increased 
their RD&D budgets, with the United States responsible for the largest share of 
growth in 2022. In September 2022, the Regional Clean Hydrogen Hub 
programme opened its first call for proposals to develop six to ten hubs. In 
addition, as part of the USD 8 billion of funding under the Bipartisan Infrastructure 
Bill, the US government earmarked an annual budget of USD 200-400 million for 
basic and applied R&D, USD 200 million for electrolyser RD&D, and 
USD 100 million for manufacturing and recycling RD&D. In addition to this budget, 
the United States allocated a total of USD 319 million in FY 2022 for hydrogen 
programmes led by the Hydrogen and Fuel Cell Technologies Office within the 
Office of Energy Efficiency and Renewable Energy. Elsewhere, another major 
announcement took place in July 2023, when India published an R&D “green” 
hydrogen roadmap, establishing priorities on manufacturing of hydrogen 
technologies and infrastructure, although this is not yet reflected in RD&D budgets. 
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https://www.iea.org/reports/clean-energy-innovation
https://www.iea.org/reports/clean-energy-innovation
https://oced-exchange.energy.gov/Default.aspx#FoaId4dbbd966-7524-4830-b883-450933661811
https://oced-exchange.energy.gov/Default.aspx#FoaId4dbbd966-7524-4830-b883-450933661811
https://www.h2-view.com/story/india-green-hydrogen-roadmap-charts-rd-pathways-to-overcoming-value-chain-challenges/
https://www.h2-view.com/story/india-green-hydrogen-roadmap-charts-rd-pathways-to-overcoming-value-chain-challenges/
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Table 6.3 Selected government programmes which include support for hydrogen 
technology demonstration projects since August 2022 

Government Programme Description 

Australia 
Hydrogen Direct 

Reduced Iron 
Production plant 

The Australian Renewable Energy Agency announced AUD 0.9 
million (Australian dollars) (~USD 0.7 million) funding to Calix Ltd. to 
evaluate a low-emission method for reducing iron. 

Belgium 
Grant to 

strengthen import 
strategy 

Launch of a EUR 10 million (~USD 10.5 million) call for projects 
concerning RD&D of infrastructure for hydrogen imports, financed 
under the federal Recovery and Transition Plan. 

Denmark ESAF-Aal project 
DKK 9.71 million (Danish kroner) (~USD 1.4 million) granted to 
demonstrate a technology to convert e-methanol to e-SAF in a single 
step, towards the aim of operating domestic SAF flights by 2025. 

European 
Union 

Clean Hydrogen 
Partnership 

EUR 195 million (~USD 205 million) funding to develop hydrogen 
technologies in different areas, including renewable hydrogen 
production, hydrogen valleys, storage, distribution and transport. 

Germany Reallabore der 
Energiewende 

The programme, which has a specific call for hydrogen, supports 
industrial demonstration with up to EUR 25 million (~USD 26 million), 
with up to EUR 15 million (~USD 16 million) per partner.  

Netherlands TSE Industrie 
studies 

Open for 1 year from April 2023, the scheme provides EUR 20 million 
(~USD 21 million) for feasibility and environmental studies for pilot 
and demonstration projects. 

Netherlands DEI+ The EUR 40 million (~USD 42 million) subsidy includes funding for 
hydrogen demonstration projects. 

New Zealand (unknown) 
In the Interim Hydrogen Roadmap, the government announced an 
allocation of NZD 7.5 million (~USD 4.8 million) toward a range of 
trial and demonstration initiatives. 

Korea 
R&D budget for 

hydrogen-related 
technologies 

The country earmarked KRW 205.9 billion (Korean won) 
(~USD 159 million) to develop technologies for electrolysis, fuel cells 
and low-carbon power generation, including an ammonia co-firing 
demonstration project from 2023-27. 

Spain H2 Pioneros 
The second call of the programme will allocate EUR 150 million 
(~USD 158 million) to 0.5 MW to 50 MW electrolysis demonstration 
projects for local consumption in sectors which are hard to abate. 

United 
Kingdom 

Clean Maritime 
Demonstration 

Competition 
Round 3 

To accelerate the design and manufacturing of clean maritime 
technologies, up to GBP 60 million (~USD 74 million) funding is being 
made available for demonstrations of on-vessel technologies or 
shoreside infrastructure. 

Hydrogen 
BECCS 

Innovation 
Programme 

Phase 2 of the GBP 25 million (~USD 31 million) programme will 
support the demonstration of hydrogen bioenergy with carbon 
capture and storage (BECCS) technologies. 

Red Diesel 
Replacement 
competition 

Phase 2 of the GBP 32.5 million (~USD 40 million) competition will 
demonstrate a low-carbon alternative to red diesel on a construction 
and mining or quarrying site and increase TRL to 7 upon completion. 

Industrial 
Hydrogen 

Accelerator (IHA) 
Programme 

Includes GBP 26 million (~USD 32 million) to finance the 
demonstration of end-to-end industrial fuel switching to hydrogen. 
Under Stream 2B, each demonstration project can apply for up to 
GBP 7 million (~USD 8.6 million).  

United States 

Support of 
Hydrogen Shot 

Through the H2@Scale Initiative, USD 47 million will be awarded for 
R&D areas including hydrogen carriers, onboard storage systems, 
transfer and fuelling for liquid hydrogen and membrane electrode 
assemblies. 

Clean Hydrogen 
Electrolysis, 

Manufacturing, 
and Recycling 

Provides USD 750 million over a period of 5 years to reduce the cost 
of hydrogen production to less than USD 2/kg by 2026, advance 
manufacturing and innovate the reuse and recycling of relevant 
technologies. 

https://arena.gov.au/news/new-iron-reduction-technology-targets-low-emissions-steel/
https://arena.gov.au/news/new-iron-reduction-technology-targets-low-emissions-steel/
https://arena.gov.au/news/new-iron-reduction-technology-targets-low-emissions-steel/
https://www.tinnevanderstraeten.be/belgie_waterstofpoort_naar_europa
https://www.tinnevanderstraeten.be/belgie_waterstofpoort_naar_europa
https://www.tinnevanderstraeten.be/belgie_waterstofpoort_naar_europa
https://eudp.dk/en/node/16640
https://www.clean-hydrogen.europa.eu/call-proposals-2023-closed_en
https://www.clean-hydrogen.europa.eu/call-proposals-2023-closed_en
https://www.energieforschung.de/im-fokus/reallabore-der-energiewende
https://www.energieforschung.de/im-fokus/reallabore-der-energiewende
https://www.rvo.nl/subsidies-financiering/tse-industrie-studies
https://www.rvo.nl/subsidies-financiering/tse-industrie-studies
https://www.rvo.nl/subsidies-financiering/dei/waterstof-en-groene-chemie
https://www.koreatimes.co.kr/www/tech/2023/07/129_344238.html
https://www.koreatimes.co.kr/www/tech/2023/07/129_344238.html
https://www.koreatimes.co.kr/www/tech/2023/07/129_344238.html
https://www.idae.es/ayudas-y-financiacion/programa-h2-pioneros-ayudas-para-proyectos-pioneros-y-singulares-de-hidrogeno
https://apply-for-innovation-funding.service.gov.uk/competition/1314/overview/bb00f64f-5a36-4413-b0a6-ca9ced0cb947#supporting-information
https://apply-for-innovation-funding.service.gov.uk/competition/1314/overview/bb00f64f-5a36-4413-b0a6-ca9ced0cb947#supporting-information
https://apply-for-innovation-funding.service.gov.uk/competition/1314/overview/bb00f64f-5a36-4413-b0a6-ca9ced0cb947#supporting-information
https://apply-for-innovation-funding.service.gov.uk/competition/1314/overview/bb00f64f-5a36-4413-b0a6-ca9ced0cb947#supporting-information
https://www.gov.uk/government/publications/hydrogen-beccs-innovation-programme
https://www.gov.uk/government/publications/hydrogen-beccs-innovation-programme
https://www.gov.uk/government/publications/hydrogen-beccs-innovation-programme
https://www.gov.uk/government/publications/hydrogen-beccs-innovation-programme
https://www.gov.uk/government/publications/red-diesel-replacement-competition-phase-2
https://www.gov.uk/government/publications/red-diesel-replacement-competition-phase-2
https://www.gov.uk/government/publications/red-diesel-replacement-competition-phase-2
https://www.gov.uk/government/publications/industrial-hydrogen-accelerator-programme#full-publication-update-history
https://www.gov.uk/government/publications/industrial-hydrogen-accelerator-programme#full-publication-update-history
https://www.gov.uk/government/publications/industrial-hydrogen-accelerator-programme#full-publication-update-history
https://www.gov.uk/government/publications/industrial-hydrogen-accelerator-programme#full-publication-update-history
https://eere-exchange.energy.gov/Default.aspx#FoaIda9a89bda-618a-4f13-83f4-9b9b418c04dc
https://eere-exchange.energy.gov/Default.aspx#FoaIda9a89bda-618a-4f13-83f4-9b9b418c04dc
https://eere-exchange.energy.gov/Default.aspx#FoaIda9a89bda-618a-4f13-83f4-9b9b418c04dc
https://eere-exchange.energy.gov/Default.aspx#FoaIda9a89bda-618a-4f13-83f4-9b9b418c04dc
https://eere-exchange.energy.gov/Default.aspx#FoaIda9a89bda-618a-4f13-83f4-9b9b418c04dc
https://eere-exchange.energy.gov/Default.aspx#FoaIda9a89bda-618a-4f13-83f4-9b9b418c04dc
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International co-operation 
International co-operation for hydrogen is increasing beyond finance (which is 
covered in Chapter 5 Investment, finance and innovation), most notably for trade, 
as a response to the energy crisis andChapter 5 Investment, finance and innovation 
growing concerns about energy security and diversification of supplies. Since the 
release of GHR 2022, 31 hydrogen-specific bilateral agreements for co-operation 
have been signed by governments around the world, 15 of which focus on trade. In 
addition, hydrogen is becoming a more common topic in general co-operation 
agreements. Since 2022, 31 bilateral co-operation agreements on energy topics 
have included hydrogen among the areas cited in the agreement (Figure 6.4).  

Figure 6.4 Co-operation agreements between governments on hydrogen since August 
2022. 

 
IEA. CC BY 4.0. 

Notes: “Projects” refers to co-operation agreements to develop hydrogen-related projects. “Technology” refers to co-
operation agreements to work on innovation, RD&D and technology development. “Trade” refers to co-operation 
agreements to develop international hydrogen supply chains. “Co-operation” refers to co-operation agreements with a 
different focus to the other categories. Only co-operation agreements specific to hydrogen and its derivatives are depicted 
in the figure.  
 

Co-operation among governments on hydrogen remains strong, with an important focus on 
the development of international supply chains. 
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The growing interest in hydrogen trade and in the creation of an international 
market for hydrogen and hydrogen-based fuels has pushed co-operation beyond 
bilateral agreements. In July 2023, in Goa (India), 14 governments signed a joint 
declaration for the creation of an International Hydrogen Trade Forum within the 
framework of the Clean Energy Ministerial Hydrogen Initiative. The aim is for the 
forum to become the main platform to foster dialogue between potential importing 
and exporting countries.  

Other multilateral co-operations have also strengthened their work on hydrogen. 
The G7, in its Climate, Energy and Environment Ministers’ Communiqué, 
committed to enhance efforts on the development of a global market, including 
reliable international standards and certification schemes, as well as building the 
enabling environment to encourage safe use of hydrogen, promoting relevant 
regulations, safety codes and standards. The G20, in the Energy Transitions 
Ministers’ Meeting Outcome Document and Chair’s Summary, agreed five High 
Level Voluntary Principles on Hydrogen to support the acceleration of production, 
utilisation and development of transparent and resilient global markets for 
hydrogen. At the 27th Conference of the Parties (COP 27), countries under the 
Breakthrough Agenda agreed to take action to strengthen demand signals, to 
accelerate and expand a co-ordinated programme of work to develop standards 
and associated certification schemes, to increase the number and geographical 
distribution of hydrogen demonstration projects and to facilitate access to 
increased concessional finance and other mechanisms for EMDEs. 

Standards, certification and regulations 

Standards, certification and regulation on the environmental 
attributes of hydrogen 
The establishment of standards, regulations and certification systems that address 
the environmental attributes of hydrogen and ensure compliance are of paramount 
importance to facilitate the adoption of low-emission hydrogen. Over the past few 
years, stakeholders – spearheaded by the International Partnership for Hydrogen 
and Fuel Cells in the Economy (IPHE) – have concentrated their efforts on 
developing a common global methodology for GHG emissions accounting 
throughout the life-cycle of hydrogen and its derivatives. 

The IPHE has finalised its Methodology for determining the GHG emissions 
associated with the production, conversion and transport of hydrogen. This 
document will play a crucial role in the development of an International Standard 
by the International Organization for Standardization (ISO). The ISO aims to 
publish a Technical Specification by the end of 2023 and subsequently a draft 
International Standard by the end of 2024. 

https://www.cleanenergyministerial.org/launch-of-the-international-hydrogen-trade-forum-to-accelerate-global-collaboration/
https://www.meti.go.jp/press/2023/04/20230417004/20230417004-1.pdf
https://pib.gov.in/PressReleaseIframePage.aspx?PRID=1941796
https://pib.gov.in/PressReleaseIframePage.aspx?PRID=1941796
https://racetozero.unfccc.int/system/breakthrough-agenda/?_gl=1*1us019n*_ga*MjAyODU5MTM2MC4xNjkwNzEwMjQ0*_ga_7ZZWT14N79*MTY5MDcxMDI0My4xLjEuMTY5MDcxMDI4MC4wLjAuMA..
https://www.iphe.net/_files/ugd/45185a_8f9608847cbe46c88c319a75bb85f436.pdf
https://www.iphe.net/_files/ugd/45185a_8f9608847cbe46c88c319a75bb85f436.pdf
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Governments worldwide are simultaneously taking steps to implement regulations 
and certification systems pertaining to the environmental attributes of hydrogen 
(Table 6.4). There are currently seven national and supranational governments 
with regulatory frameworks in place. A further six countries have announced 
forthcoming regulations, although the specific methodologies to demonstrate 
compliance with these frameworks are yet to be determined. 

While these certification systems and regulatory frameworks share certain 
similarities in terms of scope, system boundaries and eligibility criteria, there are 
also significant divergences. This variability poses challenges for project 
developers – particularly those aiming to participate in a potential global market – 
who need to undertake ad-hoc certification processes for each country they wish 
to access, resulting in increased transaction costs. 

Consequently, in the absence of greater interoperability in regulatory frameworks 
and certification, trade in hydrogen is likely to be limited to bilateral agreements, 
impeding the development of an international market. The establishment of a 
global hydrogen market could be greatly aided by collaboration and co-operation 
among governments to foster a certain level of interoperability among regulatory 
frameworks. A full harmonisation of these certification systems and regulatory 
frameworks seems infeasible in the short term, but enabling mutual recognition 
among the different certification schemes can be a first step to minimise market 
fragmentation. In July 2023, the IEA Hydrogen Technology Collaboration 
Programme started a new Task on Hydrogen Certification to work on technical 
matters of harmonisation of certification. The need for mutual recognition of 
certification schemes was also acknowledged in the G20 Energy Transitions 
Ministers’ Meeting Outcome Document and Chair’s Summary, and in the G7 
Climate, Energy and Environment Ministers’ Communiqué. Referencing the 
emissions intensity of hydrogen production, based on a joint understanding of the 
methodology employed for regulation and certification, can be a starting point to 
enable mutual recognition of certificates, facilitate smoother market access and 
support the growth of a thriving international hydrogen market. 

https://pib.gov.in/PressReleaseIframePage.aspx?PRID=1941796
https://pib.gov.in/PressReleaseIframePage.aspx?PRID=1941796
https://www.meti.go.jp/press/2023/04/20230417004/20230417004-1.pdf
https://www.meti.go.jp/press/2023/04/20230417004/20230417004-1.pdf
https://www.iea.org/reports/towards-hydrogen-definitions-based-on-their-emissions-intensity
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Table 6.4 Overview of existing and planned regulatory frameworks and certification systems for hydrogen and hydrogen-based fuels 

Government Name Purpose Product Status Criteria 

Australia Guarantee of Origin 
certificate scheme Voluntary Hydrogen, 

hydrogen carriers 
Under 

development 
No eligibility criteria. The only requirement is to implement an 

emissions accounting methodology for the hydrogen produced. 

Canada Clean Hydrogen 
Investment Tax Credit 

Regulatory, access 
to tax credits  

Hydrogen, 
ammonia 

Under 
development 

Production below certain emissions intensity levels (<0.75, 0.75-2, 
2-4 g CO2-eq/g H2). For ammonia, only one emissions intensity 

level is defined (<4 g CO2-eq/g H2-eq). 

Denmark Guarantee of Origin 
certificate scheme Voluntary 

Hydrogen, 
hydrogen-based 

fuels 
Operational Production from renewable electricity. 

European 
Union 

Renewable Energy 
Directive II 

Regulatory, count 
against renewable 

energy targets 

Hydrogen, 
hydrogen-based 

fuels 

Operational 
(certification 

under 
development) 

Production from renewable electricity (or grid electricity with 
<65 g CO2-eq/kWh) meeting criteria on temporal and geographical 

correlation and additionality of renewable generation. 

France France Ordinance 
No. 2021-167 

Regulatory, access 
to public support 

programmes 
Hydrogen Under 

development 

“Low-carbon hydrogen”: production with emissions intensity 
<3.38 g CO2-eq/g H2. “Renewable hydrogen”: production with 

emissions intensity <3.38 g CO2-eq/g H2 and renewable sources. 

Japan Basic Hydrogen 
Strategy 

Regulatory, access 
to public support  

Hydrogen, 
hydrogen-based 

fuels 

Under 
development Production with emissions intensity <3.4 g CO2-eq/g H2. 

Korea 
Clean Hydrogen 

Certification 
Mechanism 

Regulatory, access 
to public support  Hydrogen Under 

development Production with emissions intensity <4 g CO2-eq/g H2. 

India Green Hydrogen 
Standard for India 

Regulatory, access 
to public support Hydrogen Under 

development 
Production from renewable energy with emissions intensity 

<2 g CO2-eq/g H2. 

Italy Guarantee of Origin 
certificate scheme Voluntary 

Electricity and 
renewable gases 
(incl. hydrogen) 

Operational Production from renewable sources. 

Netherlands Guarantee of Origin 
certificate scheme Voluntary Hydrogen Operational Production from renewable electricity. 

Spain Guarantee of Origin 
certificate scheme Voluntary Renewable gases 

(incl. hydrogen) Operational Production from renewable electricity. 

https://www.cleanenergyregulator.gov.au/Infohub/Markets/guarantee-of-origin#:%7E:text=The%20Guarantee%20of%20Origin%20(GO,such%20as%20metals%20and%20biofuels.
https://www.cleanenergyregulator.gov.au/Infohub/Markets/guarantee-of-origin#:%7E:text=The%20Guarantee%20of%20Origin%20(GO,such%20as%20metals%20and%20biofuels.
https://www.budget.canada.ca/2023/report-rapport/chap3-en.html
https://www.budget.canada.ca/2023/report-rapport/chap3-en.html
https://ens.dk/presse/nu-er-det-muligt-handle-og-markedsfoere-brint-som-groen-energi
https://ens.dk/presse/nu-er-det-muligt-handle-og-markedsfoere-brint-som-groen-energi
https://ec.europa.eu/commission/presscorner/detail/en/IP_23_594
https://ec.europa.eu/commission/presscorner/detail/en/IP_23_594
https://www.legifrance.gouv.fr/jorf/id/JORFTEXT000043148001/
https://www.legifrance.gouv.fr/jorf/id/JORFTEXT000043148001/
https://www.meti.go.jp/shingikai/enecho/shoene_shinene/suiso_seisaku/pdf/20230606_2.pdf
https://www.meti.go.jp/shingikai/enecho/shoene_shinene/suiso_seisaku/pdf/20230606_2.pdf
https://www.argusmedia.com/en/news/2440217-s-korea-outlines-clean-hydrogen-certification-system#:%7E:text=The%20clean%20hydrogen%20certification%20system,and%20industry%20ministry%20(Motie).
https://www.argusmedia.com/en/news/2440217-s-korea-outlines-clean-hydrogen-certification-system#:%7E:text=The%20clean%20hydrogen%20certification%20system,and%20industry%20ministry%20(Motie).
https://www.argusmedia.com/en/news/2440217-s-korea-outlines-clean-hydrogen-certification-system#:%7E:text=The%20clean%20hydrogen%20certification%20system,and%20industry%20ministry%20(Motie).
https://mnre.gov.in/img/documents/uploads/file_f-1692368402544.pdf
https://mnre.gov.in/img/documents/uploads/file_f-1692368402544.pdf
https://www.mase.gov.it/bandi/decreto-del-ministro-n-224-del-14-luglio-2023-recante-attuazione-dellarticolo-46-del-decreto
https://www.mase.gov.it/bandi/decreto-del-ministro-n-224-del-14-luglio-2023-recante-attuazione-dellarticolo-46-del-decreto
https://hyxchange.nl/projects/#p2
https://hyxchange.nl/projects/#p2
https://www.enagas.es/en/technical-management-system/general-information/guarantees-origin/
https://www.enagas.es/en/technical-management-system/general-information/guarantees-origin/
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Government Name Purpose Product Status Criteria 

United 
Kingdom 

Low Carbon 
Hydrogen Standard; 
Certification Scheme 

Regulatory, access 
to public support  Hydrogen 

Operational 
(certification 

under 
development) 

Production with emissions intensity <2.4 g CO2-eq/g H2. 

United 
Kingdom 

Renewable Transport 
Fuel Obligation 

Regulatory, access 
to public support  

Hydrogen (use in 
transport) 

Under 
development 

Production from renewable energy (excluding bioenergy) with 
emissions intensity <4.0 g CO2-eq/g H2. 

United 
States 

Clean Hydrogen 
Production Standard; 

Tax Credit. 
Regulatory, access 

to public support  Hydrogen Under 
development 

Production below certain emissions intensity levels (<0.45, 
0.45-1.5, 1.5-2.5, 2.5-4 g CO2-eq/g H2) eligible for different levels 

of investment tax credits support. 

Note: the table only includes certification systems established by governments, but some private certification schemes have also been developed or are under development. See more details in 
Towards hydrogen definitions based on their emissions intensity. 
 

https://www.gov.uk/government/publications/uk-low-carbon-hydrogen-standard-emissions-reporting-and-sustainability-criteria#:%7E:text=Update%2021%20September%202022&text=The%20standard%20requires%20hydrogen%20producers,to%20the%20'point%20of%20production'
https://www.gov.uk/government/publications/uk-low-carbon-hydrogen-standard-emissions-reporting-and-sustainability-criteria#:%7E:text=Update%2021%20September%202022&text=The%20standard%20requires%20hydrogen%20producers,to%20the%20'point%20of%20production'
https://www.gov.uk/government/consultations/uk-low-carbon-hydrogen-certification-scheme
https://www.weltenergierat.de/wp-content/uploads/2022/01/dena_WEC_Harmonisation-of-Hydrogen-Certification_digital_final.pdf
https://www.weltenergierat.de/wp-content/uploads/2022/01/dena_WEC_Harmonisation-of-Hydrogen-Certification_digital_final.pdf
https://www.hydrogen.energy.gov/pdfs/clean-hydrogen-production-standard-guidance.pdf
https://www.hydrogen.energy.gov/pdfs/clean-hydrogen-production-standard-guidance.pdf
https://www.congress.gov/bill/117th-congress/house-bill/5376/text
https://www.iea.org/reports/towards-hydrogen-definitions-based-on-their-emissions-intensity


Global Hydrogen Review 2023 Chapter 6. Policies 

PAGE | 167 I E
A.

 C
C

 B
Y

 4
.0

. 

Operational and safety standards  
Beyond environmental attributes, the creation of hydrogen value chains requires 
the development of a comprehensive portfolio of international standards dealing 
with safety, technology compatibility and operational issues. 

The European Clean Hydrogen Alliance published in March 2023 a roadmap on 
hydrogen standardisation, providing a comprehensive overview of standardisation 
gaps, challenges and needs, and recommendations to streamline and accelerate 
the development of the standards required. The roadmap will help the European 
Commission to prepare a request to the European Standardisation Organisations 
for identified hydrogen standards. 

Regarding safety standards, the European Hydrogen Safety Panel (EHSP) has 
updated its guidance on Safety Planning and Management in EU hydrogen and 
fuel cell projects. The aim is to support EU projects to incorporate state-of-the-art 
practices on hydrogen safety by integrating safety learnings, expertise and 
planning. In addition, the EHSP has worked on a new document with the statistics, 
lessons learned and recommendations from an analysis of the Hydrogen Incident 
and Accidents Database.76 

There has also been progress on the development of standards for hydrogen 
operations, particularly for new hydrogen applications. SAE International, a 
standard-developing organisation based in the United States, announced that it is 
developing high-flow, general purpose prescriptive hydrogen fuelling protocols for 
the 35 and 70 MPa pressure classes, with a Technical Information Report 
expected in October 2023. The International Electrotechnical Commission 
published two new standards for performance testing of fuel cell/battery hybrid 
systems in excavators and power-to-methane energy systems based on solid 
oxide cells, and revised another two standards on safety and performance testing 
for fuel cell systems in trucks. The ISO has not published new standards since 
GHR 2022, but is currently working on five standards related to fuelling stations 
and protocols. In addition, in August 2023 China’s National Standards 
Commission released standard guidelines covering safety and operational 
aspects of hydrogen production, storage, transport and end use.  

A key area in which there has been no notable progress is in the development of 
hydrogen leakage measurement, reporting and verification protocols, and the 
development of methods and standards to detect and repair hydrogen leakage. 
Tapping into the full potential climate benefits of hydrogen technologies will require 
minimising hydrogen leakage (see Box 4.3 in Chapter 4 Trade and infrastructure), 
which in turn will depend on the development of such methods and standards. 

 
 

76 Access and download the full Hydrogen Incident and Accidents database set HIAD 2.0.  

https://single-market-economy.ec.europa.eu/industry/strategy/industrial-alliances/european-clean-hydrogen-alliance_en
https://ec.europa.eu/docsroom/documents/53721
https://ec.europa.eu/docsroom/documents/53721
https://www.clean-hydrogen.europa.eu/get-involved/european-hydrogen-safety-panel-0_en
https://www.clean-hydrogen.europa.eu/get-involved/european-hydrogen-safety-panel-0/reference-documents_en
https://www.sae.org/standards/content/j2601/5/
https://www.iec.ch/dyn/www/f?p=103:38:0::::FSP_ORG_ID,FSP_APEX_PAGE,FSP_PROJECT_ID:1309,109,103107
https://www.iec.ch/dyn/www/f?p=103:38:0::::FSP_ORG_ID,FSP_APEX_PAGE,FSP_PROJECT_ID:1309,109,103107
https://www.iec.ch/ords/f?p=103:38:1385690137812::::FSP_ORG_ID,FSP_APEX_PAGE,FSP_PROJECT_ID:1309,23,104638
https://www.iec.ch/ords/f?p=103:38:1385690137812::::FSP_ORG_ID,FSP_APEX_PAGE,FSP_PROJECT_ID:1309,23,104638
https://www.iec.ch/ords/f?p=103:38:1385690137812::::FSP_ORG_ID,FSP_APEX_PAGE,FSP_PROJECT_ID:1309,23,103810
https://webstore.iec.ch/publication/69730
https://www.h2-view.com/story/china-issues-standards-for-hydrogen-industry-construction/
https://www.nature.com/articles/s43247-022-00626-z
https://minerva.jrc.ec.europa.eu/en/shorturl/capri/hiadpt
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Regulations on infrastructure, permitting and other areas 
Governments have also adopted regulations unrelated to the environmental 
attributes of hydrogen, in areas such as infrastructure or permitting.  

With regards to infrastructure, the Australian government has extended the 
national gas regulatory framework to hydrogen and other renewable gases, 
allowing for a nationally consistent approach to gas pipeline regulation for all 
gases covered. At the end of 2021, the European Commission presented a 
proposal to revise EU gas market rules to facilitate the development of hydrogen 
infrastructure and regulate its use. In March 2023, the European Council took its 
position on this regulation and negotiations with the European Parliament have 
now begun, with the three institutions aiming to finalise these negotiations by the 
end of 2023. Also in Europe, in July 2023 Belgium passed its first Hydrogen Law 
to regulate the transport of renewable hydrogen through a network of pipelines, 
and introduced the function of a grid operator. 

Regarding permitting, in the European Union the newly agreed Renewable Energy 
Directive includes regulatory provisions to fast-track permitting for renewable 
energy projects. EU member states are starting to take action on this front, with 
some – like Denmark, Italy and Portugal – including hydrogen in this streamlining 
effort. 

In June 2023, the United Nations Economic Commission for Europe World Forum 
for Harmonization of Vehicle Regulations adopted amendments to the Global 
Technical Regulation No. 13, “Hydrogen and fuel cell vehicles” to improve test 
procedures, to extend the regulation to heavy vehicles, and to better reflect the 
state-of-the-art with respect to hydrogen vehicles. Acceptance of the draft 
amendments means that the first regulation for heavy-duty vehicles fuelled by 
hydrogen is now in place. 

 

https://www.energy.gov.au/news-media/news/extending-national-gas-regulatory-framework-hydrogen-and-other-renewable-gases
https://www.energy.gov.au/news-media/news/extending-national-gas-regulatory-framework-hydrogen-and-other-renewable-gases
https://www.consilium.europa.eu/en/press/press-releases/2023/03/28/gas-package-member-states-set-their-position-on-future-gas-and-hydrogen-market/
https://www.consilium.europa.eu/en/press/press-releases/2023/03/28/gas-package-member-states-set-their-position-on-future-gas-and-hydrogen-market/
https://www.icis.com/explore/resources/news/2023/07/25/10908647/belgium-passes-new-hydrogen-transmission-law/
https://energy.ec.europa.eu/topics/renewable-energy/renewable-energy-directive-targets-and-rules/renewable-energy-directive_en
https://energy.ec.europa.eu/topics/renewable-energy/renewable-energy-directive-targets-and-rules/renewable-energy-directive_en
https://ens.dk/presse/energistyrelsen-udgiver-vejledning-godkendelser-og-tilladelser-af-ptx-anlaeg
https://www.mase.gov.it/comunicati/dl-pnrr-mase-rinnovabili-piu-semplici-e-corsia-veloce-idrogeno-le-novita-ambiente-ed
https://www.reuters.com/business/sustainable-business/portugal-ends-mandatory-environmental-assessments-green-hydrogen-projects-2022-12-08/
https://unece.org/transport/vehicle-regulations/world-forum-harmonization-vehicle-regulations-wp29
https://unece.org/transport/vehicle-regulations/world-forum-harmonization-vehicle-regulations-wp29
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Annex 

Explanatory notes 

Projections and estimates 
Projections and estimates in this Global Hydrogen Review 2023 are based on 
research and modelling results derived from the most recent data and information 
available from governments, institutions, companies and other sources as of July 
2023. Updates will be included in the World Energy Outlook 2023 to be published 
in October 2023. 

Terminology relating to low-emission hydrogen  
In this report, low-emission hydrogen includes hydrogen which is produced 
through water electrolysis with electricity generated from a low-emission source 
(renewables, i.e. solar, wind turbines or nuclear). Hydrogen produced from 
biomass or from fossil fuels with carbon capture, utilisation and storage (CCUS) 
technology is also counted as low-emission hydrogen.  

Production from fossil fuels with CCUS is included only if upstream emissions are 
sufficiently low, if capture – at high rates – is applied to all CO2 streams associated 
with the production route, and if all CO2 is permanently stored to prevent its release 
into the atmosphere. The same principle applies to low-emission feedstocks and 
hydrogen-based fuels made using low-emission hydrogen and a sustainable 
carbon source (of biogenic origin or directly captured from the atmosphere). 

The IEA does not use colours to refer to the different hydrogen production routes. 
However, when referring to specific policy announcements, programmes, 
regulations and projects where an authority uses colours (e.g. “green” hydrogen), 
or terms such as “clean” or “low-carbon” to define a hydrogen production route, 
we have retained these categories for the purpose of reporting developments in 
this review. 

Terminology for carbon capture, utilisation and storage 
In this report, CCUS includes CO2 captured for use (CCU) as well as for storage 
(CCS), including CO2 that is both used and stored, e.g. for enhanced oil recovery 
or building materials, if some or all of the CO2 is permanently stored. When use of 
the CO2 ultimately leads to it being re-emitted to the atmosphere, e.g. in urea 
production, CCU is specified. 
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Scenarios used in this Global Hydrogen Review 
This Global Hydrogen Review relies on two scenarios to track progress on 
hydrogen production and use: 

 The Stated Policies Scenario (STEPS) explores how the energy system would 
evolve if current policy settings are retained. These include the latest policy 
measures adopted by governments around the world, such as the Inflation 
Reduction Act in the United States, but do not assume that aspirational or 
economy-wide targets will be met unless they are backed up with detail on how 
they are to be achieved. 

 The Net Zero Emissions by 2050 Scenario (NZE Scenario) is a normative scenario 
that sets out a pathway to stabilise global average temperatures at 1.5°C above 
pre-industrial levels. The NZE Scenario achieves global net zero energy sector 
CO2 emissions by 2050 without relying on emissions reductions from outside the 
energy sector. 

Currency conversions 
This report provides the stated values of programmes and projects in the currency 
stated in their announcement. These values, in many instances, are converted to 
US dollars for ease of comparison. The currency exchange rates used correspond 
to an average value for the year of the announcement based on OECD exchange 
rates.  

  

https://www.iea.org/reports/global-energy-and-climate-model/stated-policies-scenario-steps
https://www.iea.org/reports/global-energy-and-climate-model/net-zero-emissions-by-2050-scenario-nze
https://data.oecd.org/conversion/exchange-rates.htm
https://data.oecd.org/conversion/exchange-rates.htm


Global Hydrogen Review 2023 Annex 

PAGE | 171 I E
A.

 C
C

 B
Y

 4
.0

. 

Abbreviations and acronyms 
ABS  American Bureau of Shipping 
ADB  Asian Development Bank 
AEM  anion exchange membrane 
ALK  alkaline 
ASU  air separation unit 
ATR  autothermal reformer 
AUD  Australian dollars 
BECCS bioenergy with carbon capture and storage 
BEV  battery electric vehicle 
BF  blast furnace  
BOP  balance of plant 
CAD  Canadian dollar 
CAPEX capital expenditure 
CCfD  carbon contract for difference 
CCGT  combined-cycle gas turbine 
CCS  carbon capture and storage 
CCU  carbon capture and use  
CCUS  carbon capture, utilisation and storage 
CF  capacity factor  
CfD  contract for difference 
CH4  methane 
CHP  combined heat and power 
CO2  carbon dioxide 
COP  Conference of the Parties 
DAC  direct air capture 
DKK  Danish kroner 
DME  dimethyl ether 
DOE  Department of Energy (United States)  
DRI  direct reduced iron 
EBRD  European Bank for Reconstruction and Development 
EHSP  European Hydrogen Safety Panel 
EIB  European Investment Bank 
EMDE  Emerging markets and developing economies 
EOR  enhanced oil recovery  
EPA  Environmental Protection Agency (United States) 
EPC  engineering, procurement and construction 
EPO  European Patent Office 
ETF  exchange-traded fund 
ETS  Emissions Trading Systems 
EUR  Euro 
FC  fuel cell 
FCEV  fuel cell electric vehicles 
FEED  front-end engineering and design 
FID  final investment decision 
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FT  Fischer-Tropsch 
FY  fiscal year 
G7  Group of Seven  
G20  Group of Twenty 
GBP  British pound 
GHG  greenhouse gases 
GHR  gas-heater reformer 
GWP  global warming potential 
H2  Hydrogen 

H2I  the Hydrogen Initiative 
HC  hydrocarbon 
HD  heavy-duty 
HRS  hydrogen refuelling stations 
HT  high throughput 
HVAC  high voltage alternating current 
HVDC  high voltage direct current 
HYDROM Hydrogen Oman 
ICE   Internal Combustion Engine 
IDB  Inter-American Development Bank 
INR  Indian rupees 
IPCC  Intergovernmental Panel on Climate Change 
IPCEI  Important Projects of Common European Interest 
IPF  international patent family 
IPHE  International Partnership for Hydrogen and Fuel Cells in the   
  Economy 
IRA  Inflation Reduction Act (United States) 
IRENA  International Renewable Energy Agency 
ISO  International Organization for Standardization 
JPY  Japanese yen 
KRW  Korean won 
LCOA  levelised cost of ammonia  
LCOH  levelised cost of hydrogen  
LD  light-duty 
LH2  liquefied hydrogen 
LNG  liquefied natural gas 
LOHC  liquid organic hydrogen carrier  
LPG  liquefied petroleum gas 
MeOH  methanol 
MoU  memorandum of understanding 
N2O  nitrous oxide 
NASDAQ National Association of Securities Dealers Automated Quotations  
NG  natural gas 
NH3  ammonia   
NOx  nitrogen oxides 
NZD  New Zealand dollars 
NZE  Net Zero Emissions by 2050 Scenario 



Global Hydrogen Review 2023 Annex 

PAGE | 173 I E
A.

 C
C

 B
Y

 4
.0

. 

OPEX  operating expenditure 
O&M   operational expenditures and maintenance costs  
PEM  proton exchange membrane 
POX  partial oxidation 
PPA  power purchase agreement 
PV  photovoltaic 
RD&D  research, development and demonstration 
RFNBO renewable fuels of non-biological origin 
SAF  sustainable aviation fuel 
SHASTA Subsurface Hydrogen Assessment, Storage, and Technology Acceleration 
SMR  steam methane reformer 
SOEC  solid oxide electrolyser 
SOFC  solid oxide fuel cell 
STEPS Stated Policies Scenario 
SUV  sports utility vehicle 
TCP  Technology Collaboration Programme 
TEN-E  Trans-European Networks for Energy 
TRL  technology readiness level 
TTF  Title Transfer Facility 
USD  United States dollars 
VC  venture capital  
VRE   variable renewable electricity 
WACC  weighted average cost of capital 
ZETI  Zero-Emission Technology Inventory 
ZEV  zero emission vehicle 

Units 
° C   degree Celsius  
bar  metric unit of pressure 
bbl  barrel 
bcm  billion cubic metres 
CO2-eq carbon dioxide equivalent 
g  gramme 
gallon  gallon (United States) 
GJ  gigajoule 
GJcoal  gigajoule of coal 
GJNG  gigajoule of produced natural gas 

GW  gigawatt 
GWh  gigawatt-hour  
GW/yr  gigawatts per year 
inch  inch 
kg  kilogramme 
kg CO2-eq kilogramme of carbon dioxide equivalent 
km  kilometres  
kt   kilotonnes 
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ktpa  kilotonnes per year 
kW  kilowatt 
kWe  kilowatt electric 
L  litre 
MBtu  million British thermal units 
MPa  megapascal 
Mt  million tonnes 
Mt CO2  million tonnes of carbon dioxide 
Mt H2-eq million tonnes of hydrogen equivalent 
MW  megawatt 
MWh  megawatt-hour 
Nm3  normal cubic metre 
Nm3/h  normal cubic metres per hour 
ppb  parts per billion 
t  tonne 
t CO2  tonne of carbon dioxide 
TWh  terawatt-hour 
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