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FOREWORD

The IAEA’s statutory role is to “seek to accelerate and enlarge the 
contribution of atomic energy to peace, health and prosperity throughout the 
world”. Among other functions, the IAEA is authorized to “foster the exchange 
of scientific and technical information on peaceful uses of atomic energy”. One 
way this is achieved is through a range of technical publications including the 
IAEA Nuclear Energy Series.

The IAEA Nuclear Energy Series comprises publications designed to 
further the use of nuclear technologies in support of sustainable development, 
to advance nuclear science and technology, catalyse innovation and build 
capacity to support the existing and expanded use of nuclear power and nuclear 
science applications. The publications include information covering all policy, 
technological and management aspects of the definition and implementation of 
activities involving the peaceful use of nuclear technology. While the guidance 
provided in IAEA Nuclear Energy Series publications does not constitute 
Member States’ consensus, it has undergone internal peer review and been made 
available to Member States for comment prior to publication.

The IAEA safety standards establish fundamental principles, requirements 
and recommendations to ensure nuclear safety and serve as a global reference for 
protecting people and the environment from harmful effects of ionizing radiation.

When IAEA Nuclear Energy Series publications address safety, it is ensured 
that the IAEA safety standards are referred to as the current boundary conditions 
for the application of nuclear technology.

More than 95% of the hydrogen used today is produced from fossil 
resources (primarily gas, but also oil and coal), with adverse effects such as 
carbon dioxide emissions and resource depletion. Nuclear energy as a low 
carbon energy source has the potential to replace fossil fuels for supplying 
the forecasted increasing demand for hydrogen. There are several ongoing 
and planned demonstration projects worldwide to produce hydrogen using 
operational nuclear power plants, as well as developments related to advanced 
reactor technologies, including high temperature reactors. Various hydrogen 
generation options are under consideration worldwide for coupling with nuclear 
reactors, including conventional electrolysis, high temperature steam electrolysis 
and thermochemical cycles. Steam methane reforming is also being considered in 
view of lowering fossil fuel consumption by using nuclear reactors to provide the 
necessary energy input for the process.

The safety and licensing of nuclear hydrogen production projects is an 
important issue to be explicitly addressed during all phases of the licensing, 
from siting to design to safety assessment. Hydrogen production may represent 
a hazard to the nuclear island in terms of the potential for explosive gases, 
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fire and/or projectiles, thus special emphasis is given to those cogeneration 
facilities that are coupled with the nuclear island and to the safety analysis to 
be developed in the licence application after a detailed safety assessment. 
Similarly, plant performance, reliability and sustained economic viability will 
have to be addressed, since the introduction of hydrogen production, especially 
in the context of currently operating plants, could necessitate plant modifications, 
procedure revisions, new or revised maintenance practices and additional training. 
These changes have to be fully understood from perspectives of technical plant 
integration and of the development of a commercial business case and cost 
recovery within the plant’s remaining operational lifetime. Developing a roadmap 
for commercial deployment of nuclear hydrogen production would benefit 
interested Member States, providing a useful management tool for evaluating, 
planning and strategizing the development of nuclear hydrogen projects.

The IAEA officers responsible for this publication were A. Constantin and 
F. Ganda of the Division of Nuclear Power and A. Van Heek of the Division of 
Planning, Information and Knowledge Management.

EDITORIAL NOTE

Although great care has been taken to maintain the accuracy of information contained 
in this publication, neither the IAEA nor its Member States assume any responsibility for 
consequences which may arise from its use.

This publication does not address questions of responsibility, legal or otherwise, for acts 
or omissions on the part of any person.

Guidance and recommendations provided here in relation to identified good practices 
represent expert opinion but are not made on the basis of a consensus of all Member States.

The use of particular designations of countries or territories does not imply any 
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of 
their authorities and institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as 
registered) does not imply any intention to infringe proprietary rights, nor should it be construed 
as an endorsement or recommendation on the part of the IAEA.

The IAEA has no responsibility for the persistence or accuracy of URLs for external or 
third party Internet web sites referred to in this book and does not guarantee that any content 
on such web sites is, or will remain, accurate or appropriate.



CONTENTS

1.	 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 1

1.1.	 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 1
1.2.	 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                          	 3
1.3.	 Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             	 3
1.4.	 Structure  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                          	 4

2.	 THE HYDROGEN ECONOMY AND THE NET ZERO GOALS 	 5

2.1.	 Global energy issues, climate change and the need for low 
carbon energy transition  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                              	 5

2.2.	 Applications of hydrogen in a decarbonized world . . . . . . . . . 	 7
2.3.	 Estimates of hydrogen demand for net zero . . . . . . . . . . . . . .               	 11
2.4.	 Current routes to hydrogen production . . . . . . . . . . . . . . . . . .                   	 12
2.5.	 Opportunities, challenges and uncertainties of the 

hydrogen economy  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                  	 14
2.6.	 Macroeconomic impacts of commercial hydrogen energy 

system deployment  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                  	 16

3.	 COMMERCIAL DEPLOYMENT ASPECTS . . . . . . . . . . . . . . . . .                  	 17

3.1.	 Opportunities for the nuclear industry in the hydrogen  
market . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                            	 18

3.2.	 Cost considerations for nuclear hydrogen production . . . . . . .        	 30
3.3.	 Economic perspectives of collocation and coupling of the 

hydrogen production plant with the nuclear power plant . . . .     	 35
3.4.	 Possible business models  . . . . . . . . . . . . . . . . . . . . . . . . . . . .                             	 43
3.5.	 Financing of nuclear hydrogen projects  . . . . . . . . . . . . . . . . .                  	 45
3.6.	 Revenues from a nuclear hydrogen project . . . . . . . . . . . . . . .                	 46
3.7.	 Barriers and enablers for the nuclear industry in the 

hydrogen market . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                    	 49

4.	 TECHNOLOGIES FOR NUCLEAR HYDROGEN  
PRODUCTION  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                          	 57

4.1.	 Electrolysis  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 57
4.2.	 Nuclear hydrogen in hybrid energy systems . . . . . . . . . . . . . .               	 71
4.3.	 Technical aspects of hydrogen transporation and storage . . . .     	 72
4.4.	 Nuclear hydrogen demonstration  . . . . . . . . . . . . . . . . . . . . . .                       	 74



5.	 SAFETY AND REGULATORY ASPECTS  . . . . . . . . . . . . . . . . . .                   	 80

5.1.	 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 80
5.2.	 Hydrogen properties and safety relevant phenomena . . . . . . .        	 82
5.3.	 Regulations, codes and standards, and best practices . . . . . . .        	 84
5.4.	 Hydrogen safety assessment methodologies . . . . . . . . . . . . . .               	 89
5.5.	 Coupling and collocating nuclear and chemical facilities  

for hydrogen production, storage and transport  . . . . . . . . . . .            	 92
5.6.	 International expertise in hydrogen safety and targeted 

pre-normative research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                               	 98
5.7.	 Gaps in regulations, codes and standards for hydrogen 

production plants coupled or collocated with nuclear 
power plants  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                       	 99

6.	 STAKEHOLDER ENGAGEMENT . . . . . . . . . . . . . . . . . . . . . . . . .                          	 101

6.1.	 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 101
6.2.	 Stakeholder engagement in nuclear hydrogen projects . . . . . .       	 106
6.3.	 Stakeholder identification and engagement in nuclear 

hydrogen projects  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                   	 109
6.4.	 Key considerations for stakeholder engagement in  

nuclear hydrogen deployment . . . . . . . . . . . . . . . . . . . . . . . . .                          	 113

7.	 ROADMAP FOR THE COMMERCIAL DEPLOYMENT  
OF NUCLEAR HYDROGEN PRODUCTION  . . . . . . . . . . . . . . .                	 114

7.1.	 Concept and features of roadmaps  . . . . . . . . . . . . . . . . . . . . .                      	 114
7.2.	 Examples of roadmaps in the nuclear and hydrogen  

sectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                            	 115
7.3.	 Considerations for a nuclear hydrogen roadmap . . . . . . . . . . .            	 122
7.4.	 Deployment indicators for nuclear hydrogen 

production projects  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                  	 124
7.5.	 Linkage with other decarbonization roadmaps . . . . . . . . . . . .             	 132
7.6.	 Nuclear hydrogen roadmap project . . . . . . . . . . . . . . . . . . . . .                      	 132
7.7.	 Considerations and concluding remarks . . . . . . . . . . . . . . . . .                  	 145

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                	 147

ANNEX:	 EXAMPLES OF NATIONAL ROADMAPS FOR THE 
COMMERCIAL DEPLOYMENT OF NUCLEAR 
HYDROGEN PRODUCTION . . . . . . . . . . . . . . . . . . . . . . . .                         	 167



ABBREVIATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             	 175
CONTRIBUTORS TO DRAFTING AND REVIEW . . . . . . . . . . . . . . . . . .                   	 177
STRUCTURE OF THE IAEA NUCLEAR ENERGY SERIES  . . . . . . . . .          	 180





1

1.  INTRODUCTION

1.1.	 BACKGROUND

Achieving clean energy, decarbonization and net zero is a generational 
challenge that requires a comprehensive and holistic view of the global energy 
transition. In this context, hydrogen has been acknowledged as a key enabler of 
decarbonization for its versatility, for its use as feedstock for industrial processes, 
and for its potential as a clean energy vector and synthetic fuel [1–3]. Currently, 
various Member States are seeking an improved understanding of how to 
transition to a hydrogen based energy infrastructure. To truly unlock the potential 
of hydrogen, its production, distribution, transport and use have to be clean, but 
also cost-competitive, making use of renewable sources and other low carbon 
electricity and heat sources, such as nuclear power.

Large scale, low carbon hydrogen production can benefit from the unique 
attributes of existing nuclear reactors, and the fleet of new nuclear reactors 
worldwide. Nuclear reactors provide reliability as well as electricity and 
heat that can be coupled with existing and upcoming technologies for clean 
hydrogen generation.

Currently the technologies for producing hydrogen at a large scale using 
clean energy and electricity rely heavily on water electrolysis, but in the future 
thermochemical cycles might also be considered. Water electrolysis is a mature 
and readily deployable technology, but deployment of electrolysers at the scales 
required for global deep decarbonization would be challenging [4]. Large scale 
production of hydrogen also requires its interconnection with other chemical and 
metallurgical processes where hydrogen is or can be used in large amounts, such 
as in the production of ammonia, steel, petrochemicals and methanol. In doing 
so, hydrogen’s utility increases manyfold as it becomes an enabler of industrial 
growth and decarbonization and not just a commodity product.

Employment of large scale hydrogen production facilities has to consider 
the relevant safety aspects, including potential leaks, material embrittlement 
and possible fire hazards and explosions. However, it is important to note that 
hydrogen safety culture is mature and uses well established and peer reviewed 
codes and standards. When considering nuclear hydrogen production — that is, 
production of hydrogen using nuclear energy in the form of electricity, steam or 
heat — demonstration projects that couple a nuclear power plant with a hydrogen 
production facility are of crucial importance. These projects would analyse the 
feasibility of and the business opportunities and potential risks associated with 
larger scale projects. As in the case of hydrogen produced by renewables, the 
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opportunity for deployment of nuclear hydrogen projects is driven by market 
developments to address decarbonization policies.

Wide commercial deployment of nuclear hydrogen can be achieved by 
addressing the following key steps:

(1)	 Mapping demand and potential hydrogen end users at national, regional and 
international levels. This would also involve assessment of the potential for 
hydrogen import and export. Those areas with industrial needs for large 
scale hydrogen and hydrogen derived products are to be identified at this 
stage.

(2)	 Mapping the available and emerging nuclear technologies to reflect the 
nuclear assets that can be capitalized for nuclear hydrogen production. At 
this stage, it should be determined which nuclear assets are located or could 
be built in the near future in the vicinity of industrial regions or clusters with 
substantial hydrogen demand.

(3)	 Mapping currently available and emerging hydrogen production technologies 
to identify the optimal coupling with the nuclear assets identified in the 
previous step, to deploy nuclear hydrogen projects.

(4)	 Identifying and addressing the specificities, constraints, challenges and gaps 
for all dimensions involved for each nuclear hydrogen project. These include 
technology, business case, safety, licensing, human resource development, 
supply chain, stakeholder engagement and public acceptance.

(5)	 Establishing the optimal coupling of nuclear reactors with hydrogen 
production facilities.

(6)	 Establishing a safety and licensing framework for each nuclear hydrogen 
project through efficient interaction between the regulators of both the 
nuclear power plant and the hydrogen production plant and the other 
stakeholders involved.

(7)	 Developing a comprehensive business case for the projects that clearly 
determines the strategic context, the economic analysis, the commercial 
approach, the financial case and the management approach. This will 
establish the grounds for investments in the project and will be used in 
the interaction with relevant stakeholders, including decision makers and 
investors.

(8)	 Ensuring efficient stakeholder engagement and building solid partnerships 
that will support the deployment of the nuclear hydrogen projects.

(9)	 Securing the project funding by establishing contracts with the relevant 
stakeholders.

(10)	 Deploying demonstration projects to prove the synergistic, reliable and cost-
effective coupling of hydrogen production facilities with nuclear reactors.
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(11)	 Expanding the demonstration projects to large scale projects for the various 
uses of hydrogen, such as the production of ammonia, steel and synthetic 
fuels, and for energy storage and distribution, while maintaining market 
sector competitiveness by having high capacity factors, high reliability 
and energy independence secured by coupling with nuclear reactors. 
The deployment of nuclear hydrogen projects may be strengthened and 
facilitated by the introduction of carbon credits, carbon incentives and other 
means that will accelerate the adoption of clean energy technologies and 
ensure a level playing field for these technologies.

(12)	 Considering other opportunities for using the hydrogen produced, such as 
exports.

(13)	 Developing and maintaining lasting, synergistic alliances and partnerships 
with various stakeholders to support the nuclear hydrogen projects and their 
further expansion.

1.2.	 OBJECTIVE

The objective of this publication is to provide a useful management tool 
for evaluating, planning and strategizing the development of nuclear hydrogen 
projects by interested Member States, considering the technology readiness level 
(TRL) and time to market of different technologies. It is intended for experts 
in the field of the hydrogen economy and in decarbonization using hydrogen, 
as well as interested parties in nuclear hydrogen projects, including executives 
and strategic decision makers within utilities that are currently operating nuclear 
power plants, government policy makers and hydrogen end users. Guidance and 
recommendations provided here in relation to identified good practices represent 
expert opinion but are not made on the basis of a consensus of all Member States.

1.3.	 SCOPE

This publication covers the role of the hydrogen economy in global 
decarbonization efforts, as well as the potential for nuclear energy to support 
the production of hydrogen to meet the predicted increased demand. Many 
countries have developed or are developing national roadmaps for hydrogen 
generation and use. However just a few include the option of nuclear hydrogen 
production. The publication outlines the status of technologies available to 
support nuclear hydrogen projects and discusses challenges associated with 
the process of coupling nuclear energy and hydrogen production technologies. 
Several dimensions — economics, technology, safety and licensing, as well as 
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stakeholder engagement — are analysed, in order to establish a roadmap for the 
commercial production of nuclear hydrogen. 

1.4.	 STRUCTURE

Following this introduction, Section 2 outlines the general context of the 
hydrogen economy and the net zero goals, including current challenges for the 
global energy system; decarbonization opportunities provided by low carbon 
hydrogen; and technical, economic and regulatory challenges to deploying 
hydrogen at scale.

Section 3 is dedicated to the commercial deployment aspects of nuclear 
hydrogen projects. It presents the commercial drivers for nuclear hydrogen 
deployment and considers aspects such as the global hydrogen market, the 
potential of nuclear energy to support the hydrogen market, cost considerations 
of hydrogen production, the competitiveness of nuclear hydrogen production, 
the economic perspectives of collocation and coupling of a hydrogen production 
plant with a nuclear power plant, possible business models, the financing of 
nuclear hydrogen projects, and barriers and enablers for the nuclear industry in 
the hydrogen market.

Section 4 presents the technologies for nuclear hydrogen production. It 
looks at the existing hydrogen production processes suitable for coupling with 
current and advanced nuclear reactors, the status of integration with nuclear 
reactors and the associated challenges, and underlines the nuclear hydrogen 
demonstration projects that are currently planned.

Section 5 describes the safety and regulatory aspects of a nuclear hydrogen 
project. Special emphasis is given to cogeneration facilities that are coupled 
with the nuclear island and to the safety analysis to be developed in the licence 
application after a detailed safety assessment.

Section 6 details stakeholder engagement in a nuclear hydrogen project, 
considering the key organizations involved in such a project (e.g. operators of 
nuclear power plants, technology developers, regulatory bodies, government) 
and the associated uncertainties, major barriers, opportunities, challenges and 
acceleration actions.

Section 7 provides a generic roadmap for commercial deployment of 
nuclear hydrogen projects. It includes considerations for the planning and 
deployment of nuclear hydrogen production projects and describes a generic 
phase-wise workstream based approach. 

The Annex provides examples of national roadmaps to commercial 
deployment of nuclear hydrogen production from three Member States: Canada, 
India and Japan.
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2.  THE HYDROGEN ECONOMY 
AND THE NET ZERO GOALS

Global warming and human induced or anthropogenic climate change 
are direct consequences of the emissions of carbon dioxide (CO2) and other 
greenhouse gases (GHGs) such as methane, sulphur and nitrogen oxides from 
the use of fossil fuels [5]. Climate change manifests itself in multiple ways, most 
notably in weather related events, including changes in rain and snowfall patterns, 
extreme heat and cold wave events; loss of glacial and polar ice mass; increased 
occurrence of natural disasters including floods, droughts and forest fires; 
degradation of soil health; increasing desertification; decreases in agricultural 
output; and mass extinction of species leading to massive biodiversity loss [6].

2.1.	 GLOBAL ENERGY ISSUES, CLIMATE CHANGE AND THE NEED 
FOR LOW CARBON ENERGY TRANSITION

This section introduces the global energy issues in relation to climate 
change goals and the urgent need for the transition to low carbon energy.

2.1.1. Challenges for the global energy system

The recently issued series of documents making up the Sixth Assessment 
Report of the Intergovernmental Panel on Climate Change (IPCC) [7, 8] provide 
undeniable evidence that human actions have led to climate change. They 
indicate that under the current business as usual growth/development trajectories 
that most countries are still pursuing, the remaining carbon budget of the Earth’s 
atmosphere (which is about 420 Gt C according to the latest estimates) to limit 
global temperature rise to 1.5°C above pre-industrial levels is very likely to be 
exceeded within this decade  [7]. A warming of 1.2°C was already confirmed 
by the IPCC reports in 2021 and 2022, supported by numerous measurements 
across the world [9, 10]. It is widely accepted that in order to achieve temperature 
stabilization well below 2°C, the CO2 level cannot exceed an average value of 
450  ppm. This level provides a 67% chance of avoiding drastic temperature 
rise and its consequences [7]. Thus, an urgent reduction of CO2 emissions at the 
global scale is one of the most important immediate actions for climate change 
mitigation, adaptation and sustainable, inclusive development.

Alongside the challenges of environmental degradation, dependence on 
fossil fuels has also created potential energy security and sovereignty issues 
for countries that are heavily dependent on energy imports. Geopolitical issues 
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leading to energy shortages and escalation of fossil fuel costs tend to worsen 
energy poverty concerns. Thus, energy availability, affordability and reliability, 
and sustainability of supply have become key drivers of the shift away from 
fossil fuels towards a low carbon energy system.

The energy sector (including the use of fossil fuels for electric power 
production; as transportation fuels and thermal energy sources; and for heating, 
cooling, ventilation and lighting services in the building sector) is the largest 
contributor to GHG emissions globally (with about 73% of current total 
global emissions attributed directly to fossil fuel usage) and thus will need 
to make the greatest transition efforts towards climate action  [9]. Similarly, 
the process and metallurgical industries using fossil based energy materials 
as feedstock or raw material (e.g.  coal for reduction of iron ore in the steel 
industry, natural gas for producing hydrogen in the ammonia industry, naphtha 
for chemicals/petrochemicals production) or for utility services (e.g.  heating 
industrial furnaces with natural gas, raising process steam via coal or furnace 
oil fired boilers) have to play a significant role in taking climate action through 
major shifts in their material and energy consumption patterns. Ensuring energy 
availability to support human welfare while achieving climate action targets 
(both mitigation and adaptation) will therefore require judicious deployment 
of all low carbon energy forms, including renewables, hydropower and nuclear 
power and new energy vectors in place of fossil fuels to meet sector specific 
decarbonization targets.

2.1.2. The role of nuclear power in net zero pathways

The International Energy Agency (IEA) has performed assessments of 
several energy transition pathways. It identified a pathway to achieve net zero 
carbon emissions by 2050 [10] in which global deployment of renewable energy 
systems would have to reach at least 630 GW of solar photovoltaic (PV) energy 
and 390 GW of wind energy every year until 2030. In the IEA Announced Pledges 
Scenario for reaching global net zero by 2050, 70% of the electricity generation 
would be supplied by renewables and nuclear power would have a share of about 
10% [10]. In that scenario, new nuclear capacity additions of about 4.5 GW per 
year from 2021 to 2035 would be required at the global level, along with lifetime 
extensions and long term operation of many existing reactors. The International 
Renewable Energy Agency (IRENA) also estimates that by 2050 up to 50% of 
the final energy consumption will be in the form of direct electrification, with 
renewables contributing up to about 80% of the final energy consumed  [11]. 
This would entail installing very large numbers of wind farms each year between 
2020 and 2050, involving huge investments. Given the relatively low life cycle 
GHG emissions of nuclear power, accelerating its adoption would also enable 
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stretching the carbon budget further by displacing emissions from sectors that are 
or that can be readily electrified, leaving some room to accommodate emissions 
from the hard to abate industries (e.g. cement production, chemicals synthesis) 
without overshooting the budget until viable alternatives are found for their 
decarbonization. The IAEA estimates that nuclear power avoided a total of 74 Gt 
CO2 over the period 1971–2018, equivalent to the cumulative emissions from the 
entire power sector for the six years from 2013 to 2018 [12].

Variable renewable energy systems such as solar PV systems and wind 
turbines primarily produce clean electricity with regional, diurnal and seasonal 
fluctuations (with average plant load factors of ~30%, when energy storage is not 
considered). Nuclear power plants, on the other hand, can reliably supply heat as 
well as electricity with very low life cycle GHG emissions [12], at stable costs 
and low marginal prices and with very high plant availability factors (~90% per 
year for most water cooled reactors operational today) while demonstrating 
high levels of resilience under a wide range of ambient conditions and weather 
events. They are also highly concentrated energy systems compared with dilute, 
variable renewable energy technologies, and thus the land area requirement is 
significantly lower for nuclear power projects compared with other low carbon 
energy systems (estimated to be about 100–150 times less in the European Union 
compared with solar PV for identical units of electricity generated on an annual 
basis  [13]). Additionally, the number and quantity of critical raw materials 
and mining-intensive minerals are much lower for the nuclear power sector 
than for the renewable energy sector, which makes it much more resource 
efficient and much less vulnerable to several supply chain disruptions and other 
geopolitical factors [14]. Wider deployment of nuclear reactors would be needed 
to complement renewables and ensure an affordable and accessible energy 
transition for all.

2.2.	 APPLICATIONS OF HYDROGEN IN A DECARBONIZED WORLD

Energy use is not the same as electricity use. Globally, about 20% of the 
final energy consumption today is in the form of electricity, and this is slated 
to rise further as more end use sectors undergo electrification to attain net zero 
emissions  [15]. To date, however, most of the activity in the energy transition 
space has been aimed at increasing the deployment of renewables, which 
would primarily contribute to the decarbonization of the electricity sector. 
While this is an important step towards a sustainable energy transition, given 
that the electrification of many sectors is at the heart of every net zero strategy, 
there are sectors that will not be decarbonized by clean electrification alone. 
Where direct electrification is not a feasible decarbonization pathway (e.g. in 
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heavy transport and long haul transport, aviation or shipping; in industrial heat 
applications) or where a carbon free feedstock or reducing agent is required in 
a process technology (e.g. iron ore reduction, steel or ammonia production), 
hydrogen produced from a carbon free starting material such as water using 
low carbon electricity is a viable non-fossil alternative that is gaining increasing 
acceptability in industry [16, 17]. Using either renewable or nuclear electricity 
with mature technologies such as water electrolysers, low carbon hydrogen can 
be produced in bulk quantities (further details and other potential synthesis routes 
are discussed in Section 4).

The many possible uses of low carbon hydrogen may be classified into 
essential, conditional and avoidable, as shown in Fig. 1. The categorization is not 
meant to be exhaustive, but rather an exemplification based on the conceptual 
framework given in Refs  [18,  19]. This categorization may change over time, 
depending on the supporting policies in place and expanding markets.

The important application areas for low carbon hydrogen are the following:

	— Replacement of existing conventional feedstock. Hydrogen can replace 
fossil fuels as energy sources and feedstocks (particularly coal and natural 
gas) in multiple sectors  [20,  21]. Hydrogen may be used directly as the 
energy vector in many of these applications, or it may be converted into 
synthetic fuels such as methanol (using post-combustion CO2 captured 
from thermal power plants or cement plants, or even directly from air) or 

Essential Conditional Avoidable

Ammonia/fertilizers
Food processing
Iron, steel, other 
metallurgical uses
Hydrotreatment/ 
hydroprocessing 
applications in 
refineries
Methanol synthesis
Shipping/aviation/ 
long distance/heavy 
transport

Long distance rail 
transport
River/lake based 
local water 
transportation
Industrial heating/ 
thermal applications
Autonomous power 
systems in remote 
areas/islands

Renewable energy 
long duration 
storage/ 
transportation
Buses, cars and 
other modes of 
urban transport
Domestic heating, 
cooking and other 
energy services
Grid balancing/ 
flexibility/reliability 
services

FIG. 1. Classification of the potential applications of low carbon hydrogen. 
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ammonia (using nitrogen separated from air) or into a variety of liquid 
and solid hydrocarbons by the Fischer–Tropsch synthesis process, based 
on catalytic reactions of carbon monoxide or CO2 and hydrogen  [22]. 
The liquid fuels can serve as drop‑in substitutes for fossil fuels, requiring 
minimal infrastructural changes on the end user’s side.

	— Integrated energy systems with multipurpose applications. The production 
and storage of hydrogen using excess or surplus low carbon electricity 
(particularly generated by wind and solar  PV) has been suggested as an 
effective means for longer duration (~1 week or more) energy storage [23], 
as well as for energy arbitrage to take advantage of differential power tariffs 
at different times of the day [24]. This may be an alternative to grid scale 
battery electricity storage, particularly where geographical or geological 
features such as underground caverns or salt caverns are available for large 
volume gas storage. In such an arrangement, the stored hydrogen would 
be converted back into electricity through grid scale fuel cell stacks and 
re-exported to the grid at times of higher power demand. Owing to its high 
calorific value, hydrogen has also been envisaged as a source of low carbon 
industrial heat using combustion either on its own or initially blended with 
natural gas in industrial furnaces [25].

	— Steel production. Hydrogen as the heating medium and reducing agent for 
iron ore in steel production has the potential to drastically reduce the carbon 
footprint of the industry by reducing and ultimately eliminating the use of 
coke or natural gas [26]. Low carbon steel production has been extensively 
investigated by researchers (e.g. Ref. [27]), and practical demonstrations of 
the technology have also been accomplished, and are set to scale up in the 
next few years.

	— Ammonia production. Producing ammonia using low carbon energy sources 
and hydrogen has attracted attention worldwide, and industrial consortiums 
are being set up to establish the first ventures to manufacture, transport and 
use low carbon ammonia. Ammonia is the raw material for the fertilizer 
industry and may also be considered as a shipping fuel and hydrogen carrier.

	— Power production. Gas turbines working on natural gas combustion are being 
retrofitted to work with blends of natural gas and low carbon hydrogen, with 
the ultimate objective of developing 100% hydrogen turbines for power 
production [28]. These turbines may replace natural gas turbines in existing 
gas fired power plants and become practical examples of power-to-gas-to-
power systems, as a complement to fuel cell based power packs.

	— Mobility. For long haul and heavy transport, including aviation and shipping, 
hydrogen and hydrogen derived products (such as synthetic fuels) are being 
considered as sustainable alternatives to fossil fuels, since battery based 
electrification may not be entirely feasible for these applications [29]. The 
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high battery weight and long battery charging time for these applications 
using present-day technologies suggest that an energy dense, low carbon or 
nearly zero carbon fuel with quick refuelling time is crucial. Hydrogen (and 
its derivatives) is one such alternative. Three areas where its use is currently 
being considered are provided:

(1)	 Surface mobility. In the surface transport sector, hydrogen fuel cells 
could be used in trucks and buses, with the accompanying need to 
set up hydrogen refuelling stations along major motorways. In some 
areas, hydrogen based trains may also be a way to replace fossil fuels 
such as diesel in the railway sector.

(2)	 Water transport. Hydrogen could be used as an alternative to marine 
diesel and heavy fuel oils in boats, ferries and ships for decarbonizing 
water transport. For shorter distances covered by boats, ferries and 
recreational vessels on inland waterways, direct electrification 
is also feasible, but for shipping over long distances and freight 
transport by ships, the use of hydrogen or its derivatives appears 
to be much more viable than electrification. Liquid hydrogen and 
ammonia are practical options. Development of high power fuel 
cell stacks for marine transport applications is being carried out by 
some organizations  [30,  31]. Hydrogen bunkering arrangements 
(particularly for liquid hydrogen) will have to be created as part of a 
hydrogen friendly port infrastructure.

(3)	 Air transport. Hydrogen powered aircraft as well as the production 
and upgrade of sustainable aviation fuels from biomass are options for 
decarbonizing aviation. Both cases would need enormous quantities of 
hydrogen, along with a hydrogen bunkering infrastructure at airports 
in the former case.

Distributed production of hydrogen would require the establishment of a 
hydrogen transmission infrastructure connecting producers and consumers. One 
of the ideas being explored in many countries is to repurpose existing natural 
gas pipelines and compression stations for hydrogen transfer. Major technology 
upgrades are not expected to be necessary for a blend of 5–20% hydrogen with 
natural gas, making this a possible near term use of hydrogen. However, the long 
term advantages with respect to decarbonization are less certain [32, 33]. When 
the hydrogen produced is intended for ammonia production, it may be more 
feasible to transport it by ship as liquid ammonia, especially for bulk quantities 
over continental scale distances.
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2.3.	 ESTIMATES OF HYDROGEN DEMAND FOR NET ZERO

2.3.1. Current hydrogen requirements and projections for the future

Current global hydrogen consumption is estimated to be over 
70 million tonnes (Mt) per year (in refining and ammonia production), with the 
demand in 2070 projected to be over 500 Mt per year in the power, transport, 
industrial and chemical sectors [34].

The IEA estimates that to decarbonize hydrogen-consuming sectors and 
support upcoming hydrogen consumers, globally about 850 GW(e) of installed 
water electrolyser capacity would be needed by 2030 and 3600  GW(e) by 
2050 to produce sufficient low carbon hydrogen for deep decarbonization of 
fossil fuel dependent sectors  [10]. Other estimates, such as those by IRENA, 
also suggest that by  2050 annual global hydrogen demand would be about 
74 EJ (corresponding to 530 Mt of hydrogen per year when produced by water 
electrolysis) [35]. According to Ref. [36], 3–12% of final electricity consumption 
in a net zero world may have to be diverted to electrolytic hydrogen production, 
depending on the availability and efficiency of alternative technologies such as 
carbon capture, particularly with respect to hard to abate sectors.

2.3.2. Role of nuclear enabled hydrogen production

While renewables have been identified as the source of electricity for low 
carbon hydrogen production in many national hydrogen strategies, in nuclear 
equipped countries a part of this clean hydrogen demand (about  3–5%) can 
also be met by coupling water electrolysers with existing or upcoming nuclear 
power plants operating in cogeneration mode [10]. Providing a stable baseload 
performance, nuclear power plants are well suited for reliably supplying the 
large quantities of clean hydrogen needed for attaining net zero emissions in 
various critical industries. With respect to the hard to abate sectors that would 
use the hydrogen produced, nuclear hydrogen production processes represent 
an important application of nuclear power with a significant contribution 
to climate commitments, beyond serving the electricity sector and its 
decarbonization agenda.

Despite the well recognized role of hydrogen in decarbonization targets 
aligned with the Paris Agreement goals [37, 38] and the significant momentum 
surrounding the creation of a hydrogen economy, the realization of these 
ambitions through deployment of projects at scale is still slow. At current growth 
rates of low carbon hydrogen facilities, globally only about 0.5–5% of final 
energy consumption may be for hydrogen production by 2050, which is less than 
a third of the actual requirements in most net zero pathways [39]. Thus to bridge 
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this gap, accelerated deployment of hydrogen production and its uptake by end 
use sectors has to be made a priority area for policy makers.

Globally, 40 national hydrogen strategies had already been put forward as 
of September 2022  [2], and the number continues to grow, driven by net zero 
goals. Some of these strategies include projects on nuclear enabled hydrogen 
production, but most low carbon hydrogen projects are based on renewables. 
Additional details about country specific programmes are available in the Annex 
to this publication.

2.4.	 CURRENT ROUTES TO HYDROGEN PRODUCTION

Currently, the most widely used commercial technology to produce 
hydrogen is steam methane reforming. In some cases, naphtha reforming is also 
used in a similar manner. Most petroleum refinery complexes operate their own 
on-site reformer reactors, producing thousands of kilograms of hydrogen on their 
premises; this could be converted into lower carbon intensity hydrogen if carbon 
capture technologies were also deployed. The techno-commercial features of 
carbon capture technologies are still not mature, and as yet there is no clarity 
on their deployment rates. Typically, about 8–9 t of CO2 are released per tonne 
of hydrogen produced by this technology  [40]. However, this does not take 
into account the additional emissions of GHGs in the natural gas value chain 
(i.e.  fugitive methane releases during natural gas extraction, processing and 
distribution, which have a global warming potential higher than that of an equal 
mass of CO2) [41].

At present, the cost of hydrogen produced from the steam methane 
reforming process is estimated to be between US $1.50 and US $3.50 per kg 
of H2, depending on the prevailing natural gas cost (which has shown significant 
volatility and supply side concerns in recent times), the hydrogen production scale 
or plant size and whether there is consideration of any carbon capture process 
or any form of carbon pricing prevailing in the region or area  [42]. Currently 
available carbon capture technologies (with carbon removal efficiencies of about 
85−90% and costing between US $150 and US $300 per tonne of CO2 captured) 
would raise hydrogen costs by US $1.20−2.70 per kg of H2 from steam methane 
reforming plants  [43]. Thus, under these conditions, hydrogen from steam 
methane reforming plants with carbon capture, utilization and storage (CCUS) or 
carbon capture and storage (CCS) would cost about US $3.50−6.20 per kg of H2, 
not considering any carbon taxes paid on the residual 10−15% of unmitigated 
emissions from the carbon capture plant itself.
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An attempt to estimate the life cycle CO2
1 and methane emissions in 

the production of hydrogen by steam methane reforming, with and without 
CCUS/CCS, is provided in Ref. [41]. The study uses a fugitive methane emission 
rate of 3.5% of total natural gas handled and the 20 year global warming potential 
in one of the scenarios. It concludes that total GHG emissions from hydrogen 
production with steam methane reforming and on-site carbon capture will only 
be 9–12% lower than that from an equivalent hydrogen plant based on steam 
methane reforming without CCUS/CCS, as additional natural gas consumption is 
needed to supply the energy requirements for running the carbon capture facilities 
at steam methane reforming based hydrogen plants with CCUS/CCS.

It has to be noted that any existing and newly created hydrogen infrastructure 
based on hydrocarbons faces premature closure as well as stranded asset risk and 
carbon risk due to possible changes in environmental and financial regulations 
(e.g. rapidly rising carbon taxes or prices in emissions trading schemes), not to 
mention energy security considerations in countries that are heavily dependent 
on gas imports. The other aspect is that carbon capture projects are extremely 
capital intensive, and the economic, environmental and social cost–benefit 
considerations are still not clearly demonstrated, making these projects still very 
risky for developers and financers. Low carbon prices in most jurisdictions have 
been identified as one of the factors responsible for project failure, and this has 
prevented their effective deployment at scale [46].

Other potential routes to large scale hydrogen production are biomass 
gasification [47] and coal gasification [48]. Both of these techniques can yield 
low carbon hydrogen when coupled with carbon capture technologies, but there 
would still be residual emissions due to the inherent inefficiencies of capture. 
The permanence of the capture also has to be ensured and verified independently. 
Methane pyrolysis using plasma techniques is another viable option for countries 
rich in natural gas resources, as the only products of this process are hydrogen 
gas and solid carbon [49].

For the near term, catalytic pathways (using high temperature fixed bed 
chemical reactors with solid catalysts or bubble columns with liquid catalysts) 
are the simpler option and may be at a higher TRL than the plasma based route, 
but they are still less developed than the electrolytic routes or hydrocarbon 
reforming routes [50].

1	 Life cycle CO2 emissions refers to the CO2 emissions covering all the activities 
(particularly energy use) associated with a product or technological solutions, from extraction 
of raw materials to its manufacture and actual operation over its design life to its dismantling 
and decommissioning at the end of its life. The internationally accepted standards for the 
methodology to estimate life cycle impacts, including carbon emissions associated with a 
product or a process, are ISO 14040 [44] and ISO 14044 [45].
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2.5.	 OPPORTUNITIES, CHALLENGES AND UNCERTAINTIES OF 
THE HYDROGEN ECONOMY

The hydrogen economy would be a crucial part of a global low carbon 
transition, but despite the numerous opportunities and the corresponding 
technological advances already made in several individual facets, there are still 
system level challenges that need to be overcome. Some further insights are 
provided in this section, based on Refs [51, 52].

2.5.1. Opportunities

The following opportunities for the hydrogen economy have been identified:

	— Production. The production and use of low carbon hydrogen opens new 
possibilities for sector coupling and hence integrated energy systems 
planning, fostering systems level thinking instead of the prevalent siloed 
approach to dealing with various primary energy sources and final energy 
use patterns.

	— Drop-in replacement potential. The use of low carbon hydrogen is a crucial 
step in the decarbonization of several existing industries, such as petroleum/
petrochemicals production and ammonia synthesis, and can reduce their 
dependence on natural gas (particularly imported natural gas). Hydrogen 
produced from low carbon energy sources is a drop-in substitute for fossil 
based hydrogen in these sectors. They represent the early users of any form 
of non-fossil-fuel derived hydrogen, as no major changes in their hydrogen 
end use system will be required for switching from one source of hydrogen 
to another.

	— Manufacture of equipment. For successful implementation of the hydrogen 
economy as a part of net zero strategies, end use technologies for hydrogen 
— such as fuel cells, hydrogen gas turbines and furnaces for direct 
reduction of iron (DRI) using hydrogen — have to attain technical and 
commercial maturity. Whereas some of the technologies such as DRI are at 
the pilot scale demonstration level, others such as fuel cells have attained 
a much higher TRL. This would be crucial for ensuring ready offtake of 
the produced hydrogen and a stable business model over the long term, 
which would be important for ensuring the techno-commercial viability 
of the projects. Accelerated manufacture of the hardware components of a 
hydrogen economy needs to be prioritized in keeping with the long pipelines 
of projects already announced all over the world.

	— Water electrolysis. Water electrolysers and fuel cells of various designs 
and capacities are available globally, with several vendors for each of these 
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technologies. This creates a competitive market environment, facilitating 
further cost reductions and benefits from the technology learning curve 
effects. The suppliers of other components such as high pressure hydrogen 
storage systems, gas compressors, sensors, instruments and purification 
systems are also growing in number, as is the diversity of products 
offered. However, there is still scope for technical improvements and cost 
reductions for most of these components, which presents opportunities for 
the manufacturing sector.

2.5.2. Challenges

The following challenges for the hydrogen economy have been identified:

	— Electricity need. The first challenge is to develop the dedicated clean 
electricity infrastructure to produce vast quantities of hydrogen and then to 
distribute the hydrogen to users, since not all the hydrogen can be produced 
on-site or close to user locations. Nor can there be large scale hydrogen 
storage facilities at all potential user locations owing to space constraints 
and potentially to safety and regulatory considerations.

	— Water availability. Currently, many viable sites for renewable electricity 
production are in remote, arid or semi-arid regions. While renewable 
electricity may become very inexpensive at these locations, the sites might 
not necessarily be suitable for hydrogen production owing to constraints 
on water availability. In this regard, nuclear power plants have a distinct 
advantage for collocation with hydrogen production facilities, since ensuring 
long term water availability is one of the most important siting criteria in the 
deployment of nuclear power programmes.

	— Critical mineral supply. Securing reliable supply chains for critical minerals 
and materials relevant to the hydrogen economy (e.g.  nickel, platinum 
group metals for use in water electrolysers, electro-catalyst materials) may 
become a significant challenge as the hydrogen economy ramps up.

2.5.3. Uncertainties

The hydrogen economy is a crucial component of a net zero world, with 
many beneficial impacts on the environment. However, there are potential 
negative environmental aspects that have to be taken into consideration and 
examined further. Some issues uncovered in a few recent studies  [18,  53] 
are the following:
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	— Leakage and fugitive emissions of hydrogen (which could be anywhere 
between 0.02% and 13.2% of the total hydrogen production, distribution 
and use, according to some estimates, as included in Ref.  [18]) have the 
potential to create radiative forcing and global warming, as does the water 
vapour that will be produced in most end uses that involve its combustion 
(direct or electrochemical).

	— A chemistry–climate model-based study estimates that in a global hydrogen 
economy, the hydrogen surface mixing ratio could increase by 50–300% 
from the current value of 0.5 ppm (depending on uncertainty in release rates), 
with corresponding changes in atmospheric concentrations of hydroxyl 
radicals, ozone levels, nitrogen oxides and water vapour [53]. While water 
vapour has a short atmospheric lifetime and is not expected to persist long 
enough in the lower atmosphere to create a substantial radiative forcing or 
warming effect, fugitive emissions of hydrogen (due to permeation through 
materials, leakage, venting, purging and/or boil-off losses) from its value 
chain can have a significant warming impact, with estimated forcing of up 
to 0.148 W m–2 for an atmospheric hydrogen level rise of 1.5 ppm. Another 
study estimates the global warming potential of hydrogen to be 11  times 
greater than that of CO2 over a 100  year horizon  [18]. Thus, hydrogen 
emissions accounting and monitoring are important, which implies that 
hydrogen sensor and detection technologies need to make significant 
advances if they are to be used widely.

2.6.	 MACROECONOMIC IMPACTS OF COMMERCIAL HYDROGEN 
ENERGY SYSTEM DEPLOYMENT

A large scale energy transition, including widespread electrification and use 
of low carbon hydrogen, is naturally expected to create economy wide impacts 
at regional, national and global levels. Some of these potential impacts are as 
follows [54, 55]:

	— Energy security. Several countries may be able to use domestic energy 
resources, including nuclear assets, to support clean hydrogen production, 
therefore improving national energy security and reducing import bills for 
energy commodities such as natural gas and crude oil or liquid hydrocarbons 
for use in various sectors.

	— Clean fuel exports. Countries with a large generation capacity and low 
domestic demand for hydrogen can become net exporters of energy in 
the form of hydrogen and its derivatives (e.g. ammonia, methanol, other 
synthetic fuels) to countries where land, water or resource constraints will 
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not enable enough hydrogen to be produced locally. This is expected to 
create new energy trade avenues and shifts in the geopolitics of energy. This 
will require internationally harmonized codes, standards and certification 
schemes for low carbon hydrogen.

	— Carbon credits. It has been suggested in some assessments that deployment 
of a hydrogen economy will reduce the need for carbon emissions trading and 
carbon offsets in some sectors, thus freeing up residual offsets for the hard to 
abate industries that do not yet have viable decarbonization routes [56]. The 
earnings from these offsets could be partly or fully reinvested in advancing 
clean hydrogen projects.

	— Carbon benefits. Several studies have established that investments in low 
carbon energy systems (i.e. renewables, nuclear) create multiple economic 
multipliers that amplify the benefits from the deployment of these 
systems [57]. The hydrogen economy, which is a derivative of low carbon 
energy systems, may be expected to further improve this multiplier effect.

	— Asset protection and revitalization. Accelerated deployment of clean 
hydrogen projects can contribute to the early retirement or phase-out of 
fossil infrastructure, leading to stranded assets worth large amounts of 
money and to the loss of fossil fuel related taxes and surcharges (e.g. sales 
tax, which is a major source of government revenue in many countries).

	— Generation of new employment opportunities. The emerging hydrogen and 
fuel cell industries would require a wide variety of occupations at all skill 
levels, inducing new opportunities for direct and indirect jobs for technology 
deployment, supply chain and other related activities.

3.  COMMERCIAL DEPLOYMENT ASPECTS

Development and deployment of commercial nuclear hydrogen 
programmes depend on careful consideration of several factors that are relevant 
to national governments, nuclear power plant owner/operators, technology 
suppliers and hydrogen end users. This section presents a comprehensive picture 
of all the commercial deployment aspects of nuclear hydrogen production that 
will contribute to the creation of a successful and replicable business case for 
these projects. 
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3.1.	 OPPORTUNITIES FOR THE NUCLEAR INDUSTRY IN THE 
HYDROGEN MARKET

3.1.1. General overview of the hydrogen market

Current global hydrogen consumption is about 95 Mt per year [58]. Over 
the past fifty years, hydrogen consumption has grown steadily by 1.6% per year 
(see Fig. 2). Various reports provide a range of scenarios for 2050 [35, 58–60], all 
of which foresee much faster growth in demand over the coming decades.

The largest share of the hydrogen produced today, mainly from fossil fuels, 
is used in refineries or for chemical production  [52,  61]. As shown in Fig.  2, 
the global push to move towards a net zero target would increase the hydrogen 
demand, for example, due to its application as fuel. To play an essential role in 
deep decarbonization scenarios, hydrogen has to be produced by low carbon 
energy sources such as nuclear. The IEA estimates that global hydrogen demand 
will reach 530 Mt per year by 2050, in a net zero scenario [51].

3.1.1.1. Current market for hydrogen

Today, most hydrogen is produced near the consumption site owing to the 
high transport and storage costs  [62]. Currently, industrial applications are the 
main markets for hydrogen. The largest industrial application of hydrogen is 
in refineries, accounting for 40 Mt (42% of the total)  [58], where it is mainly 
used for hydrodesulfurization and production of light hydrocarbons from heavy 
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FIG. 2. Global hydrogen consumption between 1975 and 2021, with predicted demand to 2050 
(based on data from Refs [35, 58–60]).
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hydrocarbons. The second largest sector is ammonia production (34  Mt, 36% 
of the total) [58], where hydrogen is used for the fixation of nitrogen from the 
air. Ammonia is the main feedstock for several sectors, such as nitrogen based 
fertilizers, refrigerant gases and pharmaceuticals. Methanol production is the third 
largest sector, consuming 15 Mt of hydrogen per year (16% of the total)  [58]. 
Methanol is currently used to produce plastics and fuel additives. Finally, DRI 
accounts for 5% of the total hydrogen consumption (5 Mt per year) [58]. DRI is 
a process where iron ore is reduced to produce sponge iron, which will later be 
transformed into steel. In this sector, hydrogen is used as a reducing agent. Other 
sectors that use hydrogen are transport and residential heating, but these account 
for less than 1% of global consumption [58]. Figure 3 presents the numbers for 
the hydrogen market as of 2022 (based on data from Ref. [58]).

The biggest hydrogen producers are shown in Fig. 4, based on data from 
Ref. [54]. These countries and geographical regions are also the biggest hydrogen 
consumers, as less than 0.3% of the total hydrogen consumed is traded in the 
global market  [63] because it is less expensive to transport and store natural 
gas (the main hydrogen feedstock). The distribution of hydrogen consumption 
is non‑homogeneous across countries. The four main producers/consumers of 
hydrogen alone account for approximately 56% of the hydrogen used yearly. 
China alone accounts for 27% of the consumption, the United States of America 
for 13%, India for 8% and the Russian Federation for 7% [54]. In addition, these 
four countries have active and well‑developed nuclear programmes that can 
support decarbonization of their industries, including hydrogen production.

Refinery, 42%

Ammonia, 36%

Methanol, 16%

DRI, 5%
Other applications, 1%

FIG. 3. Hydrogen market, as of 2022 (based on data from Ref. [58]).
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3.1.1.2. Future markets for hydrogen

Several scenarios elaborated by the Energy Transitions Commission 
(ETC), Hydrogen Council, IEA and IRENA [54, 58–60] show future hydrogen 
demand in the range of 500−813 Mt per year by 2050, reflecting the amounts 
required to massively decarbonize various sectors. Its applications are expected 
to be the following:

	— Decarbonizing the existing use of hydrogen by replacing the production 
of hydrogen from fossil fuels. This option represents short term market 
opportunities since the consumers for hydrogen are already established and 
the option is most accessible among all options for hydrogen applications. 
Additional infrastructure for storage and transportation might be needed 
in the case where nuclear hydrogen is produced using an existing nuclear 
power plant at a location far from the customer.

	— Converting fossil fuel based sectors to hydrogen and hydrogen based 
synthetic fuels (e.g.  ammonia used for internal combustion engines for 
large ships). Low carbon hydrogen can be used directly in fuel cells or as 
a feedstock to produce synthetic fuels that could support sectors such as 

China, 27%

United States of 
America, 13%

India, 8%Russian Federation, 7%

EU-27 + United 
Kingdom, 7%

Iran, 4%

Saudi Arabia, 4%

Canada, 3%

Japan, 2%

Trinidad & Tobago, 2%

Indonesia, 2%

Egypt, 2%

Republic of Korea, 1%

Rest of the world, 18%

FIG. 4. Hydrogen consumption by 2050 by country/region (based on data from Ref. [54]).
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long-haul road and maritime transportation. In this case, new infrastructure 
would be needed to convert hydrogen into synthetic fuels and efficient fuel 
cells would have to be manufactured. This option represents midterm market 
opportunities, since new upstream infrastructure and fuel cell technologies 
are needed.

	— Decarbonizing other sectors through low carbon hydrogen penetration. New 
infrastructure to use hydrogen would be needed in this case, for example to 
use hydrogen in residential heating. This option represents long term market 
opportunities, since new upstream (production), midstream (distribution) 
and downstream (consumption) infrastructure is needed.

More generally, Fig.  5, derived from data from the ETC  [59] and the 
IEA [51], shows the most promising sectors foreseen for 2050. Fertilizers (using 
hydrogen for producing ammonia) will use 38 Mt of hydrogen per year, methanol 
will use 36 Mt per year, refining will use 11 Mt per year and steel-making will use 
87.5 Mt per year [51, 59]. Similar to the current market, fertilizers (ammonia), 
methanol, refining and steel production will continue to be the four markets 
with relevant hydrogen demand. The opportunity for nuclear hydrogen in these 
markets is to replace the existing hydrogen produced from fossil fuels, which 
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would require substantial infrastructural changes. However, since hydrogen 
(from fossil fuel) is already used in these markets, the transition to low carbon 
hydrogen is expected to be easier than developing a completely new supply 
and demand infrastructure. The change is likely to occur upstream in the value 
chain, where hydrogen will be produced with low carbon sources replacing fossil 
fuels. Accordingly, the barriers to low carbon hydrogen in these markets are low, 
allowing reasonably quick entry.

According to the ETC [59] and the IEA [51], power storage, shipping 
and aviation represent future markets that will need heavy reconfiguration to 
foster hydrogen use. The future hydrogen demand for these sectors is 84 Mt per 
year for power storage; 141.5 Mt per year for sea shipping (which refers to the 
overall amount of pure hydrogen required; however, consumption could also 
include hydrogen based synthetic fuels); and 97.5 Mt per year for aviation (using 
hydrogen based synthetic fuels)  [51, 59]. The technologies necessary for these 
markets are different and clear decarbonization pathways are yet to be defined. For 
example, shipping industries could be powered by several hydrogen based fuels 
using internal combustion engines, pure hydrogen using fuel cells and/or electric 
hybrid solutions. These new markets offer clear opportunities for hydrogen to 
penetrate traditional fossil fuel based markets. Therefore, whereas the current 
market uses hydrogen only as a chemical compound to obtain a specific chemical 
reaction, future markets would see hydrogen as both a chemical compound and 
as an energy carrier to couple low carbon energy (e.g. nuclear) with other sectors. 
Finally, gas blending and residential heating are each expected to require 15 Mt 
per year by 2050. However, gas blending might be useful only in the short term 
decarbonization transition, while residential heating using pure hydrogen is still 
under debate, as it would compete against effective existing alternatives such as 
heat pumps and district heating [64].

3.1.2. Nuclear potential and value highlighted in the hydrogen markets

Compared with other low carbon intermittent energy sources (e.g.  wind, 
solar), nuclear power has the advantage of constantly producing a large amount 
of energy, generating both clean electricity and heat. At the same time, the low 
fuel cost, the distribution of capital costs over continuous operation, and the 
generation of an additional commodity (in this case, hydrogen) beyond electricity 
can be financially advantageous for the nuclear plant itself and can reduce the 
cost of hydrogen production.

Some potential hydrogen markets would possibly require great amounts of 
hydrogen concentrated in relatively small areas. Consequently, some areas would 
start to develop large hydrogen consumption centres. For example, bunker ports 
that buy, store and sell bunker fuel could be collocated with nuclear facilities 



23

that produce, store and sell hydrogen. Owing to the advantages of nuclear power, 
nuclear hydrogen presents opportunities within these large consumption centres.

Small modular reactors (SMRs) could be deployed to decarbonize aviation, 
shipping, cement manufacturing and other industries by mid-century, in a cost 
competitive manner. These hard to abate economic sectors could be decarbonized 
with the large scale use of hydrogen as a clean energy carrier and as a feedstock 
for synthetic fuels such as ammonia, synthetic diesel and jet fuel. To achieve 
this, hydrogen enabled fuels need to be produced, without emissions, at prices 
that are competitive with those of the fossil fuels they are replacing. Hydrogen 
production can be considered from the very early stages of SMR design — 
this would improve the economic competitiveness of SMRs, given the higher 
synergies that can be realized with their flexibility and modularity.

Figure 4 indicates relevant differences among countries and regions 
regarding hydrogen consumption; the experience in building and operating 
nuclear infrastructure varies across countries as well. There are countries with 
operating nuclear power plants, countries with plants under construction, 
countries with planned nuclear plants, and countries with no interest in nuclear 
power technologies. Therefore, to assess the role that nuclear energy would play 
globally to support hydrogen production, it would be useful to identify countries 
that are in favour of the development of nuclear hydrogen.

Figure 6 considers two variables, nuclear commitment and potential market 
size. On the ordinate axis, the nuclear commitment is a combination of many 
parameters (e.g.  the number of reactors active, planned or under construction; 
the percentage of the energy mix of nuclear or gigawatts installed; the number 
of nuclear energy producing countries and the non‑nuclear energy producing 
countries with strong pledges to introduce nuclear capacity). The positioning on 
this axis can indicate a potential time horizon in which nuclear hydrogen can start 
playing a significant role. On the abscissa axis, it is possible to place the current 
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or potential hydrogen volumes used in a national market. The positioning on 
this axis can represent an indicator of the attractiveness of a market for nuclear 
hydrogen. Therefore, there are four macro categories within this Cartesian 
space: standard, favourable, auspicious and star. Countries with high nuclear 
commitment and a big hydrogen market would be more likely to produce nuclear 
hydrogen in the short term. Conversely, countries with low nuclear commitment 
and a small hydrogen market would be more likely to use other sources for 
hydrogen production, at least in the short and medium term.

Value in general includes both tangible (e.g.  increasing revenues, savings 
in costs and time) and intangible benefits (e.g.  improving quality, developing 
corporate competencies, cultivating personnel, improving the satisfaction of 
the stakeholders, protecting the environment)  [65]. For example, building a 
plant capable of producing hydrogen from nuclear energy creates new jobs and 
increases the contractor’s revenues. At the same time, the contractor acquires 
knowledge that may become a source of competitive advantage when developing 
new infrastructures. It is useful to assess the value creation and capture 
mechanisms within a project life cycle, considering all the actors involved and 
their relationships  [66]. Industrial players may take advantage of developing 
projects that create value over time for multiple stakeholders. In summary, the 
value that nuclear hydrogen can generate goes beyond economic and financial 
performance, and includes the following:

	— Low carbon emission: Nuclear is a competitive energy source to produce low 
carbon hydrogen at a large scale. The IAEA’s net zero scenario highlights 
the need for the coexistence of variable sources (renewables) and stable 
sources (nuclear) [67]. This represents a competitive advantage for nuclear 
energy, compared with fossil fuels, even when the latter is coupled with 
carbon capture and storage.

	— Production schedule: Nuclear hydrogen production can be scheduled, 
whereas renewable production cannot. The possibility of planning hydrogen 
production is essential to align demand and supply to reduce storage and 
transportation costs.

	— Density of supply: This might facilitate the collocation of hydrogen 
production using nuclear power with large consumption centres.

	— Price stability: Nuclear hydrogen has less exposure to price volatility than 
fossil fuels. Furthermore, nuclear power plants are capital intensive, and 
almost all their costs are fixed or sunk costs. From this perspective, nuclear 
hydrogen guarantees price stability over time.

	— An alternative energy product: The ability to switch from electricity to 
hydrogen production (e.g. during periods of low demand, when hydrogen 
can be stocked) is a valuable option for both renewables and nuclear energy. 
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In addition, using heat from nuclear power plants to produce hydrogen 
brings the advantages of increasing efficiencies in hydrogen production, 
increasing energy efficiency of the nuclear power plant and reducing the 
nuclear heat load on the environment.

	— First mover advantage: Nuclear hydrogen can represent an opportunity for 
countries to be the first mover on the market. Developing new competencies 
and know‑how can allow countries to export their technology worldwide.

Nuclear hydrogen can also generate value outside the nuclear industry. The 
availability of large quantities of hydrogen at low, stable prices can incentivize 
new actors to invest in this technology. For example, the heavy transport industry 
(e.g.  trucks, shipping) could invest in hydrogen as a substitute for fossil fuels. 
Similarly, universities could use this opportunity to broaden their research fields 
and train new professionals. The involvement of new secondary stakeholders 
could positively affect the market, generating new employment opportunities. 
In this case, secondary stakeholders are individuals, groups of people or 
organizations that can be affected or are perceived to be affected by the hydrogen 
value chain but that are not strictly linked through contractual relationships with 
the value chain itself. Secondary stakeholders include universities, consumers 
and local communities [68]. Therefore, the involvement of these actors can also 
improve companies’ reputations by leveraging new energy sources for achieving 
lower CO2 emissions.

However, because the value generated by nuclear hydrogen can be judged 
by different stakeholders according to their needs, stakeholders have to be 
identified and mapped in the value chain. To engage stakeholders, it is therefore 
necessary to understand the value that nuclear hydrogen can generate for all of 
them. Here are a few examples of potential value chains for nuclear hydrogen:

	— Ammonia value chain: Ammonia is used in the production of nitrogen based 
fertilizers and refrigerant gases, and in the pharmaceutical industry. As an 
example, a simplified potential value chain of nitrogen based fertilizers 
is shown in Fig.  7, starting from the production of nuclear hydrogen. 
In this value chain, the main steps are the production of hydrogen from 
nuclear energy, the chemical transformation of hydrogen into ammonia, 
the production of fertilizers and the consumption of these fertilizers by end 
users. Table 1 presents values created for different stakeholders involved in 
the value chain of nuclear hydrogen for the fertilizer market.
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Nuclear power plant Ammonia plant Fertilizer factory End users

Value chain

 
FIG. 7. Nuclear hydrogen fertilizer value chain. 

TABLE 1. VALUE CREATION FOR DIFFERENT STAKEHOLDERS 
INVOLVED IN THE CHAIN OF NUCLEAR HYDROGEN FOR THE 
FERTILIZER MARKET

Component Stakeholder Value

Nuclear power 
plant

Nuclear power plant owner New investments, market growth, 
diversification, option for 
cogeneration

Ammonia  
plant

Ammonia producer Hydrogen price stability, security of 
supply, contribution to climate 
commitments

Ammonia plant owner Growing market, new locations

Fertilizer 
factory 

Nitrogen based fertilizer 
producers

Ammonia price stability, security of 
supply, contribution to climate 
commitments

Environmental groups and 
non-governmental organizations

Lower environmental impact, CO2 
emission reduction

End users Farmers Decreased uncertainty, security of 
supply, price stability, contribution to 
climate commitmentsAgricultural associations

Agricultural consortia
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	— Maritime transport value chain: The value chain for using nuclear hydrogen 
as a fuel for maritime transport (see Fig. 8) is a potential future market for 
hydrogen. Hydrogen could be produced within bunker ports and then used 
as fuel for heavy shipping vehicles to limit the cost of transport. Placing 
the nuclear power plant within the bunker port is ideal because of the 
availability of cooling water and water for electrolysis. The power plant 
would also supply the needed energy to the bunker port. The scenario is 
particularly attractive when fresh water is available close to shipping areas. 
If only sea water is available, desalination units would be necessary. It would 
be necessary to liquefy and store hydrogen in specific vessels also located 
within the bunker port. Then, the liquified hydrogen could be transported 
through bunkering ships to the end user. In this supply chain, the value 
creation for the different stakeholders involved is illustrated in Table 2.

	— Direct reduction of iron: Steel is one of the materials with the largest 
production volume. Figure  9 represents a simplified steel-making value 
chain where nuclear power is adopted as a primary energy source to produce 
hydrogen and electricity. In this value chain, the first step is the production 
of nuclear hydrogen from pure water and the extraction of iron ore from 
mines. Next, iron ore is reduced by nuclear hydrogen [26]. The product of 
this process is sponge iron. To achieve complete decarbonization of the steel-
making supply chain, sponge iron is then refined in electric arc furnaces with 
the addition of scrap iron. The furnaces can be powered by the electricity 
produced by the nuclear power plant. Because of the reliability of supply 
and the large amounts of hydrogen that can be produced, nuclear energy 
would be ideal for supporting hydrogen production for big consumption 
centres, and the steel industry can benefit greatly from this potential. The 
value creation for the different stakeholders involved is described in Table 3.

FIG. 8. Nuclear hydrogen shipping value chain.

Value chain

Sea port storage End usersBunkering shipNuclear power plant
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TABLE 2. VALUE CREATION FOR DIFFERENT STAKEHOLDERS 
INVOLVED IN THE CHAIN OF NUCLEAR HYDROGEN FOR THE 
MARITIME TRANSPORT MARKET

Component Stakeholder Value

Nuclear power 
plant

Nuclear power plant owner/
operator

New investments, market growth, 
diversification, possibility of 
cogeneration

Nuclear regulator Growing interest, new standards

Seaport 
storage

Seaport operators Alternative fuel availability, new 
market segment served, security of 
supply, contribution to climate 
commitments, possible diversification 
strategies

Seaport constructors Market growth, development of new 
competencies

Environmental groups and 
non-governmental organizations

Lower environmental impact, CO2 
emission reduction

Bunkering 
ship 

Bunker supply contractors Security of supply, price stability, 
service guarantee

Bunkering vessels constructors Development of new competencies, 
possibility of diversification, market 
growth

End users Ship owners Lock-in advantages, decreased 
emissions

Ship operators Decreased uncertainty, security of 
supply, price stability, contribution to 
climate commitments



29

TABLE 3. VALUE CREATION FOR DIFFERENT STAKEHOLDERS 
INVOLVED IN THE CHAIN OF NUCLEAR HYDROGEN FOR THE STEEL 
MANUFACTURING MARKET

Component Stakeholder Value

Nuclear power 
plant

Nuclear power plant owner/
operator

New investments, market growth, 
diversification, possibility of 
cogeneration

Nuclear regulator Growing interest, new standards

DRI/electric 
arc furnaces

DRI operators Market growth, diversification, 
improved reputation, price stability, 
security of long term supply

DRI facility constructors New investments, R&D projects, new 
competences

Operators of electric arc furnaces Market growth, diversification, 
improved reputation

Environmental groups and 
non-governmental organizations

Lower environmental impact, CO2 
emission reduction

End users Manufacturers of steel products Low carbon steel products, 
contribution to climate commitments, 
reduced carbon taxes

Constructors using steel Higher acceptability, competitive 
advantage, differentiation strategies 
opportunity

Value chain

Nuclear power plant

DRI EAF Crude steel

FIG. 9. Nuclear hydrogen steel-making value chain. 
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3.2.	 COST CONSIDERATIONS FOR NUCLEAR HYDROGEN 
PRODUCTION

3.2.1. Hydrogen production cost — drivers and estimates

The main drivers of clean hydrogen costs are:

	— Capacity factor of the energy system that supplies the hydrogen production 
process;

	— Capital cost of the energy supply for the hydrogen production process;
	— Efficiency of the hydrogen production process;
	— Capital cost of equipment for the hydrogen production process.

The effect of each of the factors in the case of hydrogen production through 
electrolysis is illustrated in Figs  10–12. In general, for the same electrolyser 
efficiency and capacity factor, the cost of produced hydrogen would increase 
in line with system and electrolyser capital expenditures (CAPEX). The 
hydrogen cost is lower when the hydrogen is produced through high temperature 
electrolysis (HTE) than through low temperature electrolysis (LTE). The details 
on the assumptions can be found in Ref. [17] .

The cost projections up to 2030 and actual costs for the period 2019–2024 
for hydrogen produced through electrolysis using solar  PV, wind, nuclear and 
geothermal energies are indicated in Fig. 13 [17].

A more detailed sensitivity analysis of hydrogen production costs using 
nuclear energy was performed by the IAEA in 2023. Different levels of electricity 
generation cost and electrolyser cost were analysed. The results are indicated in 
Fig. 14, with the following assumptions: 

	— Discount rate of 7%; 
	— Operating expenditures of the electrolyser: US  $10/kW  +  1% of capital 

costs; 
	— Lifetime: 30 years; 
	— Construction time: 1 year; 
	— Efficiency of the electrolyser of 70%. 

3.2.2. Competitiveness of nuclear hydrogen production

The costs of producing hydrogen from the different energy sources, the 
modes of transportation and the type of energy to be used are all factors that 
directly impact the relative competitiveness and the strengths and weaknesses of 
each hydrogen production technology. The value ranges of Figs 10–14 provide 
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an example of cost variation. However, the competitiveness depends on a variety 
of factors, including the quality of the energy source used, its location relative 
to the end user, the maturity of the process involved and the geography of the 
location, and the competitiveness can change significantly over time. Ultimately, 
the competitiveness of different energy sources has to be looked at from the point 
of view of the end user and include all related costs.

The policies and national hydrogen roadmaps already announced by 
several countries show that the commercial low carbon hydrogen space could 
be shared by multiple production options including steam methane reforming 
with carbon capture and renewable hydrogen production by water electrolysis 
or steam electrolysis (where a low carbon heat source is also available). In 
nuclear equipped countries, a nuclear hydrogen supply programme would 
further diversify this space, since nuclear electricity and heat can support these 
production technologies. Other upcoming process alternatives that can make use 
of any low carbon heat and electricity sources include methane pyrolysis and 
thermochemical cycles.

The availability of multiple options also creates market competition in the 
hydrogen production sector, which implies that strategic choices will have to be 
made by countries in this regard. Some examples are cited to illustrate some of 
the trade-offs involved in this aspect:
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FIG. 13. Projections of hydrogen production cost by 2030 and actual costs for the period 
2019–2024 (reproduced courtesy of LucidCatalyst). EEDB — Energy Economic Data Base 
Program of Oak Ridge National Laboratory; ETI — Energy Technology Institute; FOAK 
— first-of-a-kind; LWR — light water reactor; MMBtu — million British thermal units (a unit 
of energy commonly used to measure the heat content of fuels, particularly natural gas); 
NCD — nuclear cost drivers; NREL ATB — National Renewable Energy Laboratory’s Annual 
Technology Baseline; PWR — pressurized water reactor; SOAK — second-of-a-kind.
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FIG. 14. Results of the sensitivity analysis of hydrogen production cost performed by the IAEA; 
the blue bars indicate the region of target electrolyser and generation cost.
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	— A country with a large domestic reserve of natural gas may choose to invest 
in steam methane reforming with carbon capture or further develop methane 
pyrolysis technologies for hydrogen production as opposed to diversifying 
its existing or future nuclear fleet towards hydrogen production. Similar 
considerations apply for countries rich in renewables, which may use solar 
and wind energy for hydrogen production, while keeping the nuclear power 
option for baseload electricity supply only.

	— A country with limited domestic fossil resources and chemical industries 
that would need large amounts of hydrogen might consider the option of 
nuclear hydrogen to decarbonize these industries.

	— Land area constrained countries, giving preference to agricultural and 
building uses of their land and thus unable to deploy adequate renewable 
energy harvesting technologies to supply electricity, may choose energy 
dense and resource efficient options such as nuclear power (including 
developing advanced nuclear technologies and SMRs) to meet their 
electricity and hydrogen requirements, at least partially.

	— Nuclear power based industrial clusters or hubs can be developed to provide 
heat, power and hydrogen to industrial consumers who require bulk quantities 
of these products and services continuously. It may be very difficult to 
provide all these services through the renewables route alone owing to land 
area limitations, the intermittency and variability of renewables, and the 
huge need for energy/material storage.

	— Countries with large oil and gas reserves may find it opportune to invest 
in nuclear energy to decarbonize and diversify their energy mix while 
simultaneously ensuring that fossil fuel resources continue to be available 
for other applications such as chemicals synthesis, for which alternative 
feedstock is still not available. These countries may also develop 
nuclear hydrogen programmes as a feasible alternative to meet domestic 
requirements.

	— Countries with large nuclear power plants in coastal locations may look 
to produce nuclear hydrogen or hydrogen derivatives specifically for the 
decarbonization of the maritime sector by supplying to fuel bunkers located 
at nearby ports.

The final hydrogen production technology mix that a country adopts will 
therefore not be a standalone decision; it will be determined by holistically 
considering various factors unique to the country, including resource adequacy 
and the country’s need for diversification, expected hydrogen demand and 
demand growth in end use sectors, electricity production processes, availability 
of hydrogen production technology, supply security of materials and components 
for hydrogen production, economic cost benefits of domestic production  
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(vis-à-vis imports) and the overall decarbonization pathway adopted 
by the country.

3.3.	 ECONOMIC PERSPECTIVES OF COLLOCATION AND 
COUPLING OF THE HYDROGEN PRODUCTION PLANT WITH 
THE NUCLEAR POWER PLANT

Economic and viability factors of collocating and coupling of a hydrogen 
production plant with a nuclear power plant are discussed in this section. For 
the hydrogen production plant, LTE methods, such as alkaline and polymer 
electrolyte membrane (PEM), require only electricity to convert water to 
hydrogen, while HTE methods require electricity and heat to provide energy 
to split water. LTE and HTE are considered leading technologies for hydrogen 
production using a nuclear power plant (see Section 4 for more technical details).

3.3.1. Collocation

Collocation within the context of this publication is defined as the location 
and siting of a hydrogen production plant and transient daily storage of produced 
hydrogen inside the fence of a nuclear power plant. Inside the fence of a 
nuclear power plant are separated areas or zones, as shown in Fig.  15. In this 
configuration, the connections between the hydrogen production plant and the 
nuclear power plant are intrinsically interlinked, shared services are possible and 
transportation/transmissions costs are reduced.

3.3.2. Coupling

In the context of this publication, coupling is defined as the locating or 
siting of hydrogen production and transient daily storage of produced hydrogen 
outside the fence of a nuclear power plant. The distance away from the fence 
depends on the accessibility of energy from the power plant without a significant 
reduction in efficiency. Hence, a coupled facility is considered a location outside 
both active and non-active areas of the nuclear power plant. The layout shown 
in Fig. 16 and considered for discussion in this publication locates the hydrogen 
production plant outside the site fence of the nuclear power plant, at a distance 
away from the licensing boundary of the nuclear power plant. Again, it is assumed 
there are economic and technology related attributes to justify such coupling to 
supply electricity and heat.

There are various economic factors that influence the collocation and/or 
coupling of a nuclear power plant with a hydrogen production plant. Among 
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them are the energy conversion efficiency from the electricity generated from 
the nuclear asset to the hydrogen produced by the hydrogen plant; energy 
availability factors; and siting, capital and operation and maintenance (O&M) 
costs. Tables  4–8 present some considerations as to how the levelized cost of 
hydrogen (LCOH) might be affected, depending on whether the hydrogen plant 
is collocated or coupled with the nuclear power plant, by factors such as:

	— The energy conversion efficiency (from nuclear electricity into hydrogen, 
from nuclear heat into hydrogen) (see Table 4);

	— Nuclear energy availability for hydrogen production (see Table 5);
	— Siting costs associated with the hydrogen production facility and cost 

associated with the hydrogen transport and distribution (see Table 6);
	— Capital costs of the nuclear power plant and of the nuclear hydrogen 

production facility (see Table 7);
	— Fixed and variable O&M costs (see Table 8).
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FIG. 15. Collocation of a hydrogen production plant with a nuclear power plant. The illustration 
is solely a representation of a general scenario, which may vary for specific locations. It is 
intended to illustrate a point of collocation in the broadest terms. Note: The components of the 
hydrogen production plant are shown in green; the components of the nuclear power plant are 
shown in blue.
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Table 4 presents the energy conversion efficiency impact on the levelized 
cost of hydrogen production. The amount of heat that has to be discharged for 
the electricity output is determined by a plant’s thermal efficiency, which is the 
proportion of internal heat that becomes electrical output. Electrical efficiency 
shows the difference between the gross electrical output of the plant and the 
amount of electricity used for LTE. While electrical efficiency has a high impact 
on LCOH in both collocation and coupling options, the thermal efficiency has a 
medium impact on LCOH for collocation and a high impact for coupling.
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FIG. 16. Coupling of a hydrogen production plant with a nuclear power plant. The illustration 
is solely a representation of a general scenario, which may vary for specific locations. It is 
intended to illustrate a point of coupling in the broadest terms. Note: The components of the 
hydrogen production plant are shown in green; the components of the nuclear power plant are 
shown in blue.
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TABLE 4. ENERGY CONVERSION EFFICIENCY IMPACT ON THE 
LEVELIZED COST OF HYDROGEN PRODUCTION

Collocation Coupling

Electrical efficiency 
(from nuclear 
electricity into 
hydrogen)

LTE: Ability to connect power 
directly from the local switchyard 
to reduce transmission loss and 
improve production cost

LTE: May require dedicated 
transmission lines connected to 
the local switchyard

Estimated impact 
on LCOH

High High

Thermal efficiency 
(from nuclear heat 
into hydrogen)

HTE and thermochemical 
process: less heat loss and high 
quality of steam can be achieved 
owing to short distance for 
transmission

HTE and thermochemical 
process: quality of steam is 
reduced with longer distance for 
transmission, increased cost

Estimated impact 
on LCOH

Medium High

Table 5 shows possible impacts of collocation and coupling on energy 
availability for existing and future nuclear power plants. Hydrogen production 
may affect the baseload of the nuclear power plant, flexibility of the electricity 
production and, thus, the production costs. These potential aspects have to be 
carefully considered when deploying both LTE and HTE hydrogen production. 
While collocation/coupling with the existing nuclear power plant has a high 
impact on LCOH, collocation/coupling with the future nuclear power plant has a 
medium impact on LCOH.
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TABLE 5. ENERGY AVAILABILITY IMPACT ON THE LEVELIZED COST 
OF HYDROGEN PRODUCTION

Collocation Coupling

Existing nuclear 
power plant

	— The off-peak or excess electricity can 
be used for hydrogen production. This 
can essentially impact hydrogen 
production costs

	— The hydrogen production option has to 
bring added value for the utilities in 
comparison with ensuring the 
electricity supply for other consumers

	— The collocation is unlikely to have 
more advantages for LTE than for 
HTE, while for HTE and 
thermochemical processes, it brings 
the opportunity to access steam and 
heat

Same as collocation

Estimated impact  
on LCOH

High High

Future nuclear 
power plant

	— Flexible electricity and heat supply, as 
well as ability to operate outside 
baseloads to improve cost of hydrogen 
production

	— Operational strategy, design and layout 
can be optimized for cost reduction

	— No more advantages for LTE than for 
HTE, while for HTE and 
thermochemical processes, it brings 
the opportunity to access steam and 
heat

Same as collocation

Estimated impact  
on LCOH

Medium Medium

Siting costs can vary significantly when collocating or coupling a hydrogen 
production plant with the nuclear power plant. For collocation, most siting costs 
are already included in the nuclear power plant costs, but for coupling, additional 
infrastructure and siting costs have to be considered for the hydrogen production 
plant. Siting costs have high impact on LCOH in case of collocating, and medium 
impact in case of coupling, as shown in Table 6.
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TABLE 6. SITING COST IMPACT ON THE LEVELIZED COST OF 
HYDROGEN PRODUCTION

Collocation Coupling

Costs 	— Site preparation, 
arrangement a safe 
distance from the hydrogen 
production plant; 
additional safety features 
for the hydrogen 
production plant

	— No land cost
	— Potential savings from 

sharing common facilities

	— Site selection and site 
preparation, land cost

	— Additional costs for hydrogen 
transportation (short, medium 
or long distance)

	— No costs added to additional 
safety features

	— No savings from sharing 
common facilities

Steam  
transmission  
and hydrogen 
distribution 

	— For HTE, lower steam 
transmission cost due to 
shorter transportation 
distance and pipeline

	— If distributing hydrogen by 
truck, the costs are the 
same as for coupling

	— For HTE, higher steam 
transmission cost due to longer 
transportation distance and 
pipeline

	— Potential cost savings from 
injecting hydrogen into a 
natural gas pipeline, which 
may not be accessible for 
collocation

Estimated impact 
on LCOH

Medium High

Table 7 shows the impact of capital costs for a nuclear power plant and a 
hydrogen production plant.    
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TABLE 7. CAPITAL COST IMPACT ON THE LEVELIZED COST OF 
HYDROGEN PRODUCTION

Collocation Coupling

Nuclear power 
plant

	— For existing nuclear power 
plants, the capital cost might 
have already been paid off. 
Plant modification is required 
for coupling with HTE and 
thermochemical cycles

	— For future nuclear power 
plants, cost is part of design 
and construction

	— There is also a licensing 
associated cost (both for 
existing and future nuclear 
power plants)

Same as collocation

Estimated impact 
on LCOH

Medium Medium

Hydrogen 
production 
facility

	— Alkaline electrolysis has the 
lowest initial cost and no 
collocation benefit 

	— PEM has a lower investment 
cost than HTE but higher than 
LTE and there is no collocation 
benefit 

	— HTE and thermochemical 
cycles have higher efficiencies 
than LTE but higher 
investment cost

Similar capital investment as for 
collocation

Estimated impact 
on LCOH

High High

O&M costs can be split into fixed and variable costs. Fixed costs represent 
the costs of power plant operations and maintenance that are happening during 
the operation and shutdown of a nuclear power plant (e.g.  plant preventative 
maintenance, inspections, monitoring). The impact of O&M costs on the LCOH 
is presented in Table 8.
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TABLE 8. O&M COST IMPACT ON THE LEVELIZED COST OF 
HYDROGEN PRODUCTION

Collocation Coupling

Fixed O&M costs 	— Slight increase to nuclear 
power plant overhead costs 
due to the additional 
hydrogen production plant 
and liabilities

	— Lower O&M cost due to 
shorter distance from the 
nuclear power plant to the 
hydrogen production plant

	— Hydrogen production plant 
is subject to nuclear liability 
and property insurance, 
higher O&M costs

	— Insurance provider may 
determine that it cannot 
insure the nuclear power 
plant with the collocated 
hydrogen production plant

	— Ability to share common 
facilities, saving O&M costs

	— Lower O&M costs due to 
labour and to parts

	— For HTE, slightly higher O&M 
for the steam system due to 
long distance from nuclear 
power plant to hydrogen 
production plant

	— The hydrogen production plant 
is not subject to nuclear 
liability and property 
insurance, lower O&M costs

	— No concerns with nuclear 
liability and property insurance

Estimated impact 
on LCOH

Low Low

Variable O&M 
costs

	— Electricity price
	— Potentially long refuelling 

cycles for some SMR 
designs can be translated 
into reduced handling and 
transport requirements of 
nuclear materials and cost

	— Costs to transport feedstock 
across boundary of nuclear 
power plant

	— Carbon pricing in different 
jurisdictions

	— Electricity price
	— Costs to transport feedstock
	— Carbon pricing in different 

jurisdictions

Estimated impact 
on LCOH

Low to medium, except 
electricity price that has a high 
impact

Low, except electricity price that 
has a high impact
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3.4.	 POSSIBLE BUSINESS MODELS

For a nuclear hydrogen project, the following configurations can be 
considered, depending on the location of the nuclear power plant and the end 
users of the hydrogen produced. These configurations consider that a nuclear 
power plant owns a hydrogen production plant in its vicinity (either collocated or 
coupled) and has the right to sell the hydrogen produced.

	— The ‘close to the user’ configuration might be considered when the nuclear 
power plant produces hydrogen for only one consumer (e.g. for a large scale 
steel-making factory). This hydrogen can then be sold directly and only 
to this consumer, at a fixed price. This might also be the case if a large 
industrial consumer owns the nuclear power plant.

	— The ‘close to users’ configuration might be considered for the case where the 
nuclear power plant produces hydrogen that is delivered within one specific 
region (e.g. within a radius of 200 km from the nuclear power plant). This 
configuration might not need pipeline infrastructure, as it might be cheaper 
to transport the hydrogen by truck. The selling prices may be established 
locally, as hydrogen is produced within the region and there is no need to 
involve a hydrogen distribution company. Distribution infrastructure such 
as compressors and intermediate storage may still be needed.

	— The ‘nuclear power plant is located a long distance from the hydrogen 
end user’ configuration might be considered when the nuclear hydrogen 
is distributed by regional companies that buy the hydrogen and sell it to 
local industries in their regions or that keep the hydrogen in storage and 
sell it on demand. In this scenario, the deployment of hydrogen hubs might 
be considered, based on operating CO2 hubs and clusters, as described 
in Ref.  [69]. Hydrogen hubs may collect hydrogen from many sources 
(e.g. nuclear, renewable, fossil fuel power plants) and distribute it to single 
or multiple storage locations. Hydrogen clusters may collect individual 
hydrogen sources or storage sites within the selected region.

3.4.1. Hydrogen valleys and hydrogen hubs

A hydrogen valley or industrial hub is a practical realization of the 
hydrogen ecosystem concept. It consists of one or more hydrogen producers 
and more than one consumer linked together by a hydrogen distribution and 
storage network, all located in close geographical proximity [70]. This approach 
helps create a ready market for hydrogen and assists in the development of a 
business case for a hydrogen application for specific sectors. The approach 
has been widely discussed in Europe and the United States of America (USA), 
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and hydrogen valleys are also under development in Latin America, India and 
Africa. While most hydrogen hubs have been envisaged for renewable hydrogen 
production, the concept may be extended to nuclear hydrogen production projects 
as well. Various configurations connecting producers and consumers can be 
conceptualized, giving rise to different business models.

3.4.2. Business models with small modular reactors

It is expected that shifting from traditional on-site nuclear construction 
projects to factory built, modular components will ensure lower capital and 
operating costs, shorter construction times and lower financial risks for the 
deployment of nuclear reactors. Different deployment models can be used to 
achieve this. For example, one model is to include a fully integrated facility that 
manufactures modular components that are then installed and operated on the 
same site for efficient, low cost and large scale production of hydrogen and clean 
synthetic fuels. This could enable rapid, affordable decarbonization of carbon 
intensive sectors by bringing in innovations in the form of design for manufacture 
and assembly, standardization, modularization, collocation and cogeneration, 
such as in the case of the gigafactory concept (see Section  3.4.2.1). Another 
deployment model is the shipyard manufactured production platform. This is 
based on the floating production, storage and offloading facilities of existing large 
oil and gas industry vessels. Advantages of offshore siting include the possibility 
to supply multiple products (e.g. power, fuel, fresh water) to large coastal cities 
without requiring major additional investments in terrestrial infrastructure 
projects; the possibility to variably serve electrical power production or hydrogen 
fuel production, complementing solar power; and the elimination of land use 
challenges and siting issues. Both deployment models offer potential pathways 
for delivering the necessary hardware at the required global scale.

The cost of producing clean hydrogen and synthetic fuels will be 
significantly reduced by switching from traditional building to highly productive 
shipyard manufacturing. As explained below, current shipyard production has 
a large capacity to supply facilities for the production of hydrogen specifically 
constructed for this intended use. It may also be expanded and modified to 
accommodate growing demand.

3.4.2.1. The hydrogen gigafactory model

A hydrogen–synthetic fuel gigafactory is a large, integrated facility that 
produces clean hydrogen and synthetic fuels efficiently and cost-effectively 
(e.g. it could produce 50 Mt of ammonia annually). It can be located on former 
coastal refinery sites and directly connect to existing gas networks. The factory 
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can produce significant amounts of ammonia or synthetic hydrocarbon fuel 
annually and may also house other facilities that use hydrogen as a feedstock, 
benefiting from low cost electricity and hydrogen [17].

3.4.2.2. The shipyard manufactured fuel production platform

Shipyards have become highly efficient manufacturing environments, 
particularly for large scale fabrication. Intense competition and growing 
demand have led to world-class design, manufacturing and quality assurance 
programmes. These shipyards are well-suited for creating high quality, cost-
effective hydrogen–synthetic fuel production platforms on schedule and in 
large quantities. Offshore siting of such platforms would facilitate the supply 
of clean energy and multiple products (such as ammonia, synthetic aviation 
fuel and desalinated water) to coastal cities without needing major terrestrial 
infrastructure investments. These platforms complement solar power and avoid 
land use challenges and siting issues near population centres [17].

3.5.	 FINANCING OF NUCLEAR HYDROGEN PROJECTS

In general terms, the cost of a hydrogen project would be lower than the 
cost of a nuclear power plant. There is an incentive to utilize, where possible, 
the existing nuclear capacities to produce hydrogen, as this can increase the 
profitability as well as the performance of the nuclear power plant. The possible 
financing mechanisms and their applicability to nuclear hydrogen projects are 
presented in this section. A country can adopt one mechanism or a combination 
of mechanisms through appropriate innovations in financing [71]. Some of the 
possible mechanisms are the following:

	— Adoption through annual national budgets. National governments with 
an established commitment to developing and/or maintaining a nuclear 
power programme and a hydrogen strategy can provide funding through 
annual budget allocation to fully support the deployment, operation and 
development of the nuclear hydrogen projects, at least in the case of a first 
of its kind project.

	— Ensure revenues from hydrogen production. An established nuclear 
hydrogen project with clearly identified offtakers and long term purchase 
contracts can generate adequate revenues to meet a large part of the 
continued financing needed to sustain and even expand the projects, thereby 
reducing dependence on external sources of financing. The possible business 
mechanisms are listed in Section 3.4.
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	— Establishing public–private partnerships and other forms of cooperative 
financing models. Nuclear hydrogen projects may be jointly financed, built, 
owned and operated by the public and/or private sector organizations over 
25–30 year time frames. (The ‘Mankala’ model2 deployed in the Finnish 
nuclear industry is an example of this financing arrangement [72,  73].) 
This works best with power and hydrogen intensive industries or industrial 
clusters.

	— Establishing dedicated finance/impact investing opportunities. Specific 
financial instruments such as sovereign and corporate green bonds or 
sustainability bonds may be issued to obtain access to capital markets to 
raise capital for nuclear hydrogen projects. This approach may be well 
supported by the adoption of a sustainable finance taxonomy that covers 
nuclear power and cogeneration projects.

	— Financing by development finance institutions. Multilateral banks could 
issue long  term, low  cost loans to finance the nuclear hydrogen projects 
as long term clean energy/industry infrastructure projects, particularly in 
embarking countries.

	— Adopting regulated asset base models. Full investment, operation and 
ownership of the hydrogen plant (and possibly the hydrogen distribution 
infrastructure as well) can be retained by the private sector project developer, 
who can earn revenues from the hydrogen provided to end users. This may 
help spread out the risk over a large user base and it may be possible to 
reduce financial risk perception of the project.

	— Establishing project financing models. An independent legal entity may 
be created to act as the owner of a nuclear hydrogen project and obtain 
financing from an independent set of financers. All operating expenses for 
the project are covered by the revenue generated by the project owner. The 
capital equipment used in the project, such as machinery, technology and 
infrastructure, serves as collateral. This means that these assets are pledged 
as security for any loans taken out by the project owner.

3.6.	 REVENUES FROM A NUCLEAR HYDROGEN PROJECT

Securing revenue — and diversifying its sources — is key to attracting 
investors, lowering the cost of capital and enabling the development and 
deployment of nuclear hydrogen projects. These projects can benefit from 

2	 In the Mankala financing model, the shareholders (usually from the industry and 
utilities) purchase electricity from the power plant equal to their shareholding at the cost price. 
The electricity can then be used by the shareholders, as needed, or sold.
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existing revenue frameworks, developed initially for electricity generating power 
plants, which can be adapted and extended to cover nuclear hydrogen. This 
section provides an overview of the main frameworks that can be applied. It also 
suggests a few policy levers (e.g. tax reliefs, subsidies) for consolidating revenues 
and potentially improving the profit margins of nuclear hydrogen projects.

3.6.1. Revenue frameworks

The main remuneration tools that can be applied to nuclear hydrogen are 
presented in the following paragraphs. These are existing frameworks that are 
mainly used to remunerate nuclear electricity producers.

3.6.1.1. Power purchase agreements and feed-in tariffs

A power purchase agreement is a contractual agreement between a buyer 
(e.g. a hydrogen distribution company) and a seller (e.g. a hydrogen producing 
company or an independent power producer offering hydrogen as a by-product 
in addition to electricity). Power purchase agreements are usually associated with 
large supply, often uncorrelated with the demand level and delivered cheaply, 
typically from variable renewable energy sources.

The feed-in tariffs can be part of a power purchase agreement in which fixed 
prices are paid to producers. Feed-in tariffs are usually calculated on the basis of 
the levelized cost of electricity or hydrogen (in the case of hydrogen projects).

3.6.1.2. Contract for difference and regulated asset base models

A contract for difference is a financial contract that pays the differences in 
the settlement price between the strike price (the fixed price agreed upon when 
the contract is created) and the actual (market) price. The contract for difference 
scheme is the UK Government’s main support mechanism for new low carbon 
electricity generation projects — the Hinkley Point C project, for example [74].

Another framework proposed for nuclear newbuild projects in the United 
Kingdom is the regulated asset base model, which is designed to meet a utility’s 
revenue requirements based on the capital it deploys to provide a service of public 
utility (e.g. electricity) [75]. Infrastructure projects offering hydrogen based 
energy vectors — and seasonal storage services for hydrogen based electricity — 
can also benefit from such mechanisms [75].



48

3.6.1.3. Cooperative models

In a cooperative financing model (such as the Mankala model in Finland 
[72, 73]), a group of investors raise debt and equity for a project and share the 
risk related to it [76]. Using a cooperative financing model for nuclear hydrogen 
projects, the end users can also be shareholders, which would allow them to 
purchase a certain percentage of hydrogen at production cost. The cooperative 
models are particularly suited for energy and hydrogen intensive industries, for 
which security of supply and price certainty are of utmost importance.

3.6.2. Revenue-consolidating policy levers

Carbon pricing is an instrument used by governments to incentivize 
the development of clean hydrogen projects. (Additional instruments include 
production subsidies, carbon credits and other regulations.) Carbon pricing can 
take the form of a direct carbon tax or tradable carbon emission rights (referred 
to as an emissions trading system). By 2022, the share of global GHG emissions 
covered by carbon pricing instruments reached around 23% [77] in the top ten 
ranked GHG emitters (nine countries and the European Union), the majority of 
which use nuclear energy [78].

A forecast of the impact of carbon pricing on hydrogen production costs 
in the European Union in 2030 by hydrogen type is shown in Fig. 17, using data 
from Statista (as of 2021) [79]. The reference year is 2021, the gas price is set 
at €20 per MWh, the capture rate for fossil based hydrogen with carbon capture 
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is around 75%, and the production cost of renewable hydrogen is between €60 
per MWh and €163 per MWh.

Figure 17 indicates that for the cheapest renewable hydrogen to be 
competitive with fossil based hydrogen in 2030, carbon pricing needs to climb 
to about €100 per tonne of CO2. A similar argumentation would apply to nuclear 
hydrogen. It also shows that natural gas derived hydrogen would remain cheaper 
than any hydrogen production method if carbon prices do not exceed €100 per 
tonne of CO2. However, this happened before the gas price spike after 2021.

It is widely recognized that carbon pricing alone is unlikely to be sufficient, 
and therefore carbon pricing needs to be part of an integrated package of 
complementary policies [8] that could include revenue frameworks as described 
in the previous section. Inclusion in the taxonomy legislation might also be 
considered. For example, the provision in the Gas Directive of the European 
Union, proposed at the end of 2022 [80, 81], allows low carbon hydrogen to be 
counted towards the achievement of decarbonization targets for industry and 
transport under the European Union’s Renewable Energy Directive [81].

3.7.	 BARRIERS AND ENABLERS FOR THE NUCLEAR INDUSTRY IN 
THE HYDROGEN MARKET

3.7.1. Impact of various forces on nuclear hydrogen production

Porter’s Five Forces framework [82] is a method adopted to examine the 
industry in which an organization operates and the business pressures that derive 
from the operating environment. The framework is based on the coexistence of 
internal and external forces. Internal forces are determined by the rivalry among 
existing competitors. The higher the existing rivalry, the lower the profitability 
of the sector and its attractiveness. External forces are determined by the 
bargaining power of suppliers, the bargaining power of buyers, the threat of 
substitute products and the possible entry of new competitors. In this publication, 
the analysis focuses on the hydrogen market and the potential role that nuclear 
hydrogen plays as a ‘new entrant’. Porter’s framework considers the coexistence 
of five industry specific internal and external forces (see Fig. 18):

	— Internal forces are due to the internal rivalry among the technologies 
currently adopted to produce hydrogen (e.g.  steam reforming, coal 
gasification, electrolysis). From this perspective, Section 2 highlighted the 
current massive adoption of fossil fuels for hydrogen production at low 
production costs.
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	— External forces are characterized by the bargaining powers of suppliers and 
buyers, and the threats of substitutes and new entrants:

	● The bargaining power of suppliers deals with the number of suppliers 
available, the possibility of choosing different suppliers and the 
contractual relationships that can be established. 

	● The bargaining power of buyers is strictly connected with the switching 
costs that buyers have to undertake and the range of available choices 
for the buyers. 

	● The threat of substitutes is represented by the existence of products 
on the market that buyers consider interchangeable with hydrogen. 
Examples of hydrogen substitutes include batteries, biofuels and fossil 
fuels with CCS. 

	● The threat of new entrants is represented by the possibility of 
penetrating the hydrogen market with different technologies. The 
threat level is characterized by high investments, critical expertise and 
legal requirements.

Considering nuclear hydrogen as a potential new entrant in the market, 
Porter’s Five Forces framework can clearly illustrate the competitive advantage 
of this technology over existing technologies. Therefore, it is necessary to 
investigate the advantage that nuclear hydrogen has concerning the bargaining 
power of suppliers and buyers, the threat of substitutes and the internal 
market competition.

Hydrogen 
market

Bargaining power of buyers

Threat of substitutes

Bargaining power of suppliers

Nuclear hydrogen

FIG. 18. Porter’s Five Forces applied to the nuclear hydrogen market.
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	— The bargaining power of suppliers: Nuclear hydrogen is characterized by 
high security of supply, production that can be scheduled and cogeneration 
possibilities, therefore increasing flexibility. The dependence on suppliers 
will be lower compared with existing fossil fuel technologies.

	— The bargaining power of buyers: Nuclear hydrogen would allow for a 
stable low price, making alternative production methods less competitive. 
However, nuclear hydrogen requires high capital investments and a long 
deployment time, increasing the need to lock in buyers.

	— The threat of substitutes: Substitute products and technologies would exist 
as for existing technologies. However, buyers could be locked into long 
term contracts, increasing eventual barriers to exit (e.g. switching costs).

	— Internal competition: Nuclear hydrogen has advantages such as high 
availability and low carbon production. However, other internal competitors, 
such as renewable energy and electrolysers, are economically competitive, 
putting nuclear hydrogen in a challenging position.

Regarding barriers, nuclear hydrogen production would require a long 
deployment time, and high CAPEX investments in the case of new nuclear 
builds. In addition, there is also the cost of establishing the regulations required 
for coupling a nuclear power plant with a hydrogen production facility. In the 
case of already existing nuclear power plants, the nuclear hydrogen project would 
need a shorter deployment time to construct the hydrogen production facility 
and establish whether the business case is favourable. Despite nuclear hydrogen 
presenting several advantages when compared with existing technologies, 
to penetrate the market these barriers need to be overcome. To sum up, all the 
strengths and weaknesses deriving from the technology and the opportunities 
and threats deriving from the market are presented in a strengths, weaknesses, 
opportunities and threats (SWOT) analysis.

3.7.2. SWOT analysis

Similar to Porter’s Five Forces framework, SWOT analysis is commonly 
performed to describe the internal and external contexts of an organization. 
Figure  19 presents a SWOT analysis describing the strengths and weaknesses 
of nuclear hydrogen projects and the opportunities and threats that can arise. As 
mentioned, nuclear hydrogen can guarantee a stable and secure supply at a stable 
and low price, has low carbon emissions and its production can be scheduled. 
At the same time, however, it requires a long deployment time and high capital 
investments. Considering the external context of nuclear hydrogen, several 
opportunities can be identified in being the ‘first mover’ (a company or entity 
that is the first to enter the nuclear hydrogen market), in increasing the range of 
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end users and in attracting new investments. Alternative production mechanisms 
and substitute products can represent significant threats for nuclear hydrogen.

Table 9 provides examples of acceleration measures for strengths and 
opportunities and some possible means to mitigate the weaknesses and threats.

3.7.3. Enablers

3.7.3.1. Subsidies and tax credits

In recent years, interest in hydrogen has grown rapidly in many countries, 
and several countries have developed comprehensive hydrogen strategies 
reflecting their energy needs, environmental goals and economic targets. Many 
of these strategies include subsidies, support for investment and favourable 
regulation to promote hydrogen through production related procurement and end 
use technologies. The hydrogen strategy for the climate-neutral Europe mentions 
that support for hydrogen is needed because low carbon hydrogen will require 
significant investment in the future and it is currently not cost competitive with 
fossil fuel based hydrogen [83]. On that basis, in September 2022 the European 
Commission announced up to €5.2 billion in public financial support for 35 low 
carbon hydrogen related projects [84].

In order to simultaneously stimulate demand and supply in the hydrogen 
market, government support should be provided not only for individual projects, 
but also for developing hydrogen clusters that integrate hydrogen production, 
storage, transportation and final consumption. In the USA, the Infrastructure 
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Long deployment time
High capital investments
Uncertainties in operation
Low technology readiness 

level

Strengths

Security of supply
Low price and price stability

Low carbon emissions
Scheduled production
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Opportunities

First mover advantage
New and diversified end users

New investments
Increased employment 

opportunities

Threats

Alternative production mechanisms
Substitute products
Social acceptance

FIG. 19. SWOT analysis for a nuclear hydrogen project.
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TABLE 9. EXAMPLES OF MEASURES TO ACCELERATE THE 
STRENGTHS AND OPPORTUNITIES AND MITIGATE  
THE WEAKNESSES AND THREATS

Pros Acceleration measures 

Internal 
(Strengths)

Security of supply Leverage long term contracts
Diversify supply of critical components (e.g. 
fuel)

Low price and price 
stability

Fixed price contracts
Adoption of derivatives financial instruments

Low carbon 
emissions

Leveraging on positive reputation
Comparation with other production mechanisms

Can be scheduled Diversification strategies
(e.g. switching to electricity production for the 
grid)

External 
(Opportunities)

First mover 
advantage

Early investments in R&D, involvement of new 
actors, development of patents

New and diversified 
end users

Involvement of primary and secondary 
stakeholders, create a well defined network

New investments Reducing perceived risks 

Cons Mitigation measures

Internal 
(Weaknesses)

Long deployment 
timea

Standardization, modularization, early start for 
investments

High capital 
investments

Careful planning of financing, balancing of 
portfolio, policy support to reduce the perceived 
risk

External 
(Threats)

Alternative 
production methods

R&D investments, early acquisitions, lock-in 
contracts, proximity to large consumption 
centres (to reduce transportation cost)

Substitute products Creation of high barriers to exit, long term 
lock-in contracts 

a	 Years if existing nuclear infrastructure; >10 years if nuclear infrastructure is to be built.
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Investment and Jobs Act  [85], signed into law in November  2021, included 
provisions for the development of clean hydrogen hubs, allocating US $8 billion 
to support the creation of at least four regional clean hydrogen hubs across the 
country. Hydrogen hubs are expected to create a network of hydrogen producers, 
consumers and regional connecting infrastructure to accelerate the use of low 
carbon hydrogen produced from renewable and nuclear energy sources [86].

While most of these support activities focus on hydrogen production 
from renewable energy sources, the  USA and the  UK also provide subsidies 
for demonstration projects of hydrogen production using nuclear electricity 
[87, 88]. Several nuclear hydrogen projects are under way in the USA [89]. For 
example, a project in Arizona will receive funding of up to US $20 million [90]. 
The goal of this demonstration project is to use the stored hydrogen produced 
with electricity from a nuclear power plant (Palo Verde Nuclear Generating 
Station) to deliver approximately 200 MWh of electricity during times of high 
demand, and may also be used to make chemicals and other fuels. The hydrogen 
will contribute to a stable supply of electricity in the face of the increasingly 
variable renewable energy. In the UK, a feasibility study on hydrogen production 
at nuclear power plants, funded by the government, showed that the technical and 
regulatory challenges could be cleared [91]. Several projects based on this study 
are under consideration, including hydrogen production with a high temperature 
electrolyser that can use both electricity and heat from a nuclear power plant.

The Inflation Reduction Act, enacted and adopted in the USA in 2022, 
set a subsidies mechanism linked to the carbon intensity of the hydrogen 
produced [92]: a US $3 subsidy for each kilogram of hydrogen produced if less 
than 450  g of CO2 per kg of H2 is emitted  [93]. Thus, hydrogen produced by 
nuclear energy is eligible for the US $3 per kg subsidy. The act aims to accelerate 
the deployment of clean technologies in the USA while helping to structure a 
market, securing the demand for these technologies, and making the investments 
in clean technologies more attractive and beneficial [94].

In February 2023, the European Commission issued the Green Deal 
Industrial Plan, which aimed to prevent the outflow of investments in factories 
or job creation in the emerging green technologies market from the European 
Union to the USA  [95]. For hydrogen, the Inflation Reduction Act  [92] set a 
target of 1:1:1, meaning a cost of US $1 for 1 kg of hydrogen to be achieved in 
one decade. The establishment of the subsidies mechanism removed roadblocks 
for hydrogen project developers in the early stage of this emerging market.

Although the European Union did not clearly specify whether nuclear 
energy could be used for hydrogen production, low carbon hydrogen is included 
among other decarbonizing technologies in the Green Deal Industrial Plan. This 
approach will help keep investments in Europe and promote the development 
of the European ecosystem and the value chain industry, allowing the European 
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Union’s Member States to set subsidies. Other territories and countries are also 
considering supportive packages for hydrogen production.

3.7.3.2. Clean hydrogen certification schemes

Several methodologies and standards have evolved for certification (and 
for facilitating comparison) of low carbon hydrogen produced using different 
methods (e.g. CertifHY [96]). These standards typically define a reference value 
for the life cycle carbon emissions intensity (or carbon footprint) per unit of 
hydrogen produced, which enables the hydrogen produced at a particular facility 
to be qualified or certified as low carbon  [97]. Similar certificates are already 
available for renewable energy in many jurisdictions. Hydrogen certifications 
may also be expected to be globally accepted and could even become necessary 
for projects to be eligible for receiving funds from green finance schemes, 
government incentives, subsidies and concessions towards project development, 
and even for cross-border trade (e.g. under a carbon border adjustment mechanism 
proposed in the European  Union  [98]). The success of such a scheme can be 
ensured when a harmonized life cycle carbon footprint assessment methodology 
is adopted by all hydrogen project developers and when it is independently 
verifiable by certifying bodies.

Owing to the very low life cycle carbon footprint of nuclear energy (which 
according to a detailed assessment by the United Nations Economic Commission 
for Europe (UNECE) is even lower than those of the main renewable generation 
technologies  [99]), nuclear assisted hydrogen production would have a unique 
competitive advantage that would facilitate its entry and participation in the low 
carbon hydrogen markets.

Table 10 illustrates a simplified carbon emissions intensity calculation of 
hydrogen derived from water electrolysis from an identical electrolyser plant 
but using different electricity sources in each case (based on representative data 
from UNECE [99]). It clearly indicates that nuclear hydrogen can meet existing 
low carbon emissions standards (which use carbon emissions intensity figures 
of 2–4 kg of CO2 per kg of H2 to certify low carbon hydrogen), thus justifying 
its inclusion in decarbonization and energy transition plans based on hydrogen. 
CO2-e (or carbon dioxide equivalent) is a unit of measurement used to compare 
the global warming potential of different greenhouse gases by expressing them as 
the equivalent amount of carbon dioxide.
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TABLE 10. TYPICAL LIFE CYCLE CARBON EMISSIONS INTENSITY 
OF HYDROGEN OBTAINED FROM WATER ELECTROLYSIS USING 
DIFFERENT ELECTRICITY SOURCES

Electricity generation source
Life cycle CO2 

emissions intensity 
(g CO2-e/kWh(e))

Expected CO2 
emissions intensity 
of electrolytically 

produced hydrogen 
(kg CO2-e/kg H2)

Coal fired generators (without CCS) 1150 57.50

Natural gas fired generators (without 
CCS)

660 33.00

Coal fired generators (with CCS) 115 5.75

Natural gas fired generators (with CCS) 66 3.30

World average grid electricity 550 27.50

Hydroelectricity 11 0.55

Solar PV 35 1.75

Wind 13 0.65

Nuclear 5 0.25

Note: 	 Electrical energy consumption in water electrolysis = 50 kWh per kg of H2 produced; 
efficiency of CCS = 90% removal of produced CO2 from the combustion flue gases.
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4.  TECHNOLOGIES FOR 
NUCLEAR HYDROGEN PRODUCTION

This section covers various technologies for producing nuclear hydrogen, 
along with feedwater requirements and regional considerations of water supply. 
It summarizes and compares the advantages and challenges of the current 
technologies. Some relevant technical information for the various hydrogen 
production pathways as well as the ranges of the TRL are included. The section 
also discusses opportunities for integrating these technologies with nuclear power 
and the resulting advantages of doing so, where this integration will lead to 
advantageous hydrogen production. This is not meant to be an exhaustive review 
of the hydrogen production technologies available and under development, since 
these types of reviews are provided by many technical reports, such as Ref. [100]. 
Instead, the intent is to give a brief overview of the technologies for background 
and context to align with the main purposes of this publication.

4.1.	 ELECTROLYSIS

Electrolysis, the splitting of water into hydrogen and oxygen, has been 
performed commercially for a long time, with alkaline electrolysis being the 
most established technology. The industrial synthesis of hydrogen and oxygen 
through electrolysis dates back to the end of the nineteenth century.

The mass production of hydrogen through electrolysis has not yet been 
adopted owing to the large energy requirements and associated costs. As 
discussed in Sections 2 and 3, the drivers relating to national policies and global 
goals for decarbonizing the energy economy are catalysing the development of 
more efficient and environmentally friendly technologies for the production, 
storage and distribution of hydrogen. As the technology and manufacturing 
capacity scale up, costs have begun to and will continue to decrease, especially 
for HTE technologies. Demineralized water and energy are the basic feedstock 
requirements for electrolysis. Water electrolysis is expected to develop rapidly 
in the next decade, and by  2030 more than 65% of hydrogen is expected to 
be produced using electrolysers  [101]. Demonstration projects for hydrogen 
production by electrolysis at existing nuclear power plants are currently  
on-going. A nuclear power plant’s performance, reliability and sustained 
economic viability have to be addressed when considering hydrogen production 
using nuclear energy, especially in the context of operational plants, as these 
could necessitate plant modifications, procedure revisions, new or revised 
maintenance practices and additional training.
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4.1.1. Low temperature electrolysis

4.1.1.1. Description of the technology

LTE encompasses hydrogen production methods at process temperatures 
lower than 100°C and operates using inputs of electricity and water to produce 
high purity hydrogen and oxygen. The two main LTE processes are alkaline 
electrolysis and PEM electrolysis [102]:

	— Alkaline electrolysis: This is a historical form of electrolysis where the 
electrolyser operates in a liquid alkaline electrolyte solution of sodium or 
potassium hydroxide. These systems are commercially available and have 
been proven in large scale applications. An advantage of this technology is 
that it avoids the use of precious metals within the electrodes.

	— PEM electrolysis: This is a more recently developed form of electrolysis 
where a solid polymer electrolyte membrane is used to conduct protons, 
separate product gases and serve as an electrical insulator to the electrodes.

Although the costs are an important driver and can be an advantage in 
adopting one technology over another, these costs vary widely and are rapidly 
changing owing to R&D and commercial developments [102]. Table 11 (based 
on data from Ref.  [102]) summarizes for comparison some of the relevant 
technical characteristics, advantages and challenges of alkaline electrolysis and 
PEM electrolysis.

4.1.1.2. Integration with nuclear power

Integration of alkaline electrolysis and PEM electrolysis at a nuclear power 
facility needs additional infrastructure to supply electricity and water to the 
electrolysis units. Clean water accessibility at high volumes will be needed to 
support electrolysis at commercial/industrial scales. Assuming that the electrical 
connection is made directly with the nuclear unit, additional rectifiers will be 
needed for converting alternating current to direct current for feeding to the 
electrolyser. For example, in the USA a new switchyard is expected to be added 
to avoid associated transmission and regulatory costs before electricity is placed 
on the grid (referred to as ‘behind the meter’) [103]. Whether the nuclear power 
plant is in a regulated or deregulated electricity market will affect the negotiations 
surrounding behind the meter operations.

As LTE requires only an electrical connection to nuclear power and not a 
thermal connection, the electrolysis units can be placed further from the nuclear 
unit, assuming that the electricity used to produce the clean hydrogen can be 
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TABLE 11. TECHNICAL CHARACTERISTICS, ADVANTAGES 
AND CHALLENGES OF ALKALINE ELECTROLYSIS AND PEM 
ELECTROLYSIS

Alkaline PEM

Cell temperature (°C) 65–100 70–90

Cell pressure (bar) 25–30 30–80

Charge carrier OH− H+

Specific system energy 
consumption (kWh/m3)

4.5–7.5 5.8–7.5

Cathode material Ni, Ni–Mo alloys Pt, Pt–Pd

Anode material Ni, Ni–Co alloys RuO2, IrO2

Voltage efficiency (%) 50.0–70.8 48.5–65.5

Advantages 	— The most mature of  
the existing hydrogen 
production technologies

	— Offers lower prices 
currently and longer 
lifetimes 

	— Enhanced dispatchability 
and cycling time

Challenges 	— Electrode corrosion  
is considered the 
foremost challenge

	— The precious metals used 
as catalysts add cost, as 
well as material 
availability and sourcing 
concerns for manufacturing 
at large global scale

	— Difficulty in scaling up for 
large scale (MW) 
applications
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attributed to nuclear power and would therefore be eligible to receive subsidies 
for low carbon production. Additionally, the electrolysis unit will have ‘balance 
of plant’ (this refers to all the supporting components and systems necessary 
for the operation of the main electrolysis unit, excluding the electrolyser stack 
itself) for converting the voltage and current (alternating to direct current) to the 
appropriate types for connection to the electrolysers.

The impact of the integration on nuclear power plant operation is minimal, 
as LTE technologies appear as a standard electrical demand, therefore normal 
operating procedures apply. Depending on the scale of the electrolysis unit, the 
hydrogen facility may have a separate control room for operating the system, or 
it might be just a panel within the electrolysis skid for smaller setups. Interfaces 
with the nuclear control room will provide alarms and indications and allow 
nuclear plant operators to divert the power supply from the hydrogen plant 
for any scenario.

4.1.2. High temperature electrolysis

4.1.2.1. Description of the technology

High temperature steam electrolysis (HTSE), which utilizes solid oxide 
electrolysis cells (SOECs), operates at temperatures higher than 650°C and uses 
electricity and steam as a feedstock. The electrical inputs for the SOECs are in 
two forms, one for obtaining the voltage and current density requirements and the 
other for resistive heating to achieve the high temperature requirements. HTSE is 
generally acknowledged to provide an improvement in stack energy conversion 
efficiency (as measured in kWh input needed per kg of hydrogen produced) 
compared with LTE technologies because of the higher operating temperatures 
of the system. This improvement stems from the use of thermal energy (steam) 
to decrease the amount of electricity needed to achieve the thermal requirements 
of the SOECs, thereby reducing electricity requirements by 35% compared 
with LTE [104].

The integration of HTSE with nuclear power offers the ability to use 
thermal energy from the nuclear plant to provide the needed thermal energy to 
the HTSE plant, thereby enabling hydrogen production at a higher efficiency 
compared with PEM and alkaline technologies. The capital costs of HTSE stacks 
are expected to be lower than for PEM electrolysis — owing to the reduction in 
precious metal catalysts that are used in PEM electrolysis — and comparable with 
alkaline electrolysis. However, the costs need to be weighed against the lifetime 
of the stacks, which is currently significantly shorter for SOECs than for PEM 
electrolysis. In addition, the integration of hydrogen production using HTSE with 
nuclear power enables large scale centralized production of hydrogen because of 
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the large amounts of concentrated power available from nuclear power and the 
higher efficiency of hydrogen production of HTSE. This integration can enable 
large scale integration of industry in the vicinity of a nuclear power plant in a 
future industrial energy park [104].

Rapid gains in recent years in the technological development of SOECs — 
the technology used to implement HTSE — have taken the technology from 
the laboratory scale to the precommercial stage. Currently, the HTSE/SOEC 
technology is being tested at scales of a few hundred kW, and lower than 0.5 MW, 
but it is expected that it will soon be commercialized in the range of >1 MW.

4.1.2.2. Integration with a nuclear power reactor

HTSE has unique characteristics that make it ideally suited for integration 
with nuclear power. Thermal energy in the form of steam can be harvested from 
the nuclear reactor turbine cycle. In the case of a pressurized water reactor, the 
steam is non-radioactive. The steam can be extracted from the turbine cycle 
and passed through a heat exchanger outside the turbine building to vaporize 
the demineralized water for the HTSE plant. Once the steam from the turbine 
cycle has passed through the heat exchanger and is condensed, the condensate is 
returned to the condenser in the turbine cycle.

While the temperature of the available thermal energy for HTSE can 
vary, ideally the temperature would be greater than the boiling point of water. 
Though operating temperatures for HTSE are higher than temperatures that light 
water reactors can provide, these reactors have heat available in the ranges of 
150−300°C. The most valuable use to the HTSE plant of the thermal energy 
from the nuclear power plant is supplying the heat of vaporization of water, 
which requires a large amount of energy. After the vaporization of water, the 
sensible heat required to raise the temperature of the steam from 150−300°C to 
the operating temperature of 700−850°C can be generated by heat recuperators 
and electric resistance topping heaters. The recuperators are heat exchangers 
that recycle the heat from the outlet of the HTSE stacks and transfer it to the 
feed stream. After vaporization and recuperation, the feed stream temperature 
is finally raised to the operating temperature of the HTSE plant by electric 
resistance topping heaters [105].

In the future, the light water reactor SMR designs currently under 
development and reactors with higher output temperatures, such as high 
temperature gas cooled reactors (HTGRs), molten salt reactors and liquid 
metal cooled reactors, could also be used for integration with HTSE hydrogen 
production. HTGRs could provide a small efficiency gain over existing light 
water reactors, though likely not a significant one, as they would only displace 
the need for electric resistance topping heaters. The greatest energy consumption 
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is in vaporizing the feedwater. New reactors could have the advantage of being 
purpose designed with thermal energy extraction in mind for use in industrial 
processes such as HTSE hydrogen production.

Analyses of the integration of HTSE hydrogen production with nuclear 
power are commonly performed with the assumption that the integration would 
be with a pressurized water reactor. This is because pressurized water reactors 
have a turbine cycle steam loop separate from the reactor coolant system, which, 
under normal operating conditions, keeps fission products and activated species 
separated from the steam extraction. The assumption is that thermal energy for 
HTSE would be taken from the turbine steam loop.

Boiling water reactors present a unique challenge for HTSE integration, 
as the turbine steam goes through the nuclear reactor core and, as a result, is 
minimally radioactive under normal operating conditions. The integration of 
HTSE with boiling water reactors would still be possible, but it would entail 
additional complexities or costs, for example for an additional steam loop and 
heat exchangers to convey the non-radioactive steam to the HTSE hydrogen plant.

4.1.3. Water requirements for electrolysis based hydrogen production

4.1.3.1. Water supply considerations for hydrogen production

Nuclear driven hydrogen production technologies are based on water 
decomposition (using electricity and/or heat). From the overall stoichiometry 
of water splitting (H2O ↔ H2 + 0.5O2), it can be calculated that the theoretical 
minimum water consumption for hydrogen production is about 8.92 kg per kg 
of H2 produced  [106]. Considering cooling needs for the produced hydrogen, 
it is estimated that the average total water consumption intensity for hydrogen 
production by alkaline electrolysis is 22.3 kg of water per kg of H2 and for PEM 
electrolysis, 17.5 kg of water per kg of H2 [107].

For alkaline electrolysis and PEM electrolysis, high purity water 
(i.e.  de‑ionized or demineralized grade of water) has to be supplied to the 
electrolyser at a rate matching the water consumption during electrolysis. Most 
nuclear plants have on‑site demineralized water production capabilities to meet 
the needs of the plant. It may be possible to utilize the plant’s demineralized 
water production capabilities for hydrogen production, depending on the scale 
of hydrogen production planned at the site. In case of future expansion of the 
hydrogen production capacity, demineralized water production facilities would 
have to be augmented accordingly to meet the increased demand.

For newly built coastal nuclear power plants without access to a 
freshwater supply, it may be necessary to desalinate seawater to meet the make-
up requirement for power production and direct consumption in hydrogen 
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production processes. The make-up requirement refers to the  additional water 
needed to replace losses due to evaporation, leaks, or other consumption during 
the power production and hydrogen production processes. Thermal desalination 
processes such as multistage flash or multieffect distillation, with or without 
vapour compression, may be supported by nuclear steam extracted from the 
secondary cycle to produce the desired quantities of high purity water. Nuclear 
generated electricity may also be used to operate membrane based desalination 
processes (e.g. reverse osmosis) followed by adsorption based techniques using 
anion and cation exchange resins to produce high quality feedwater for the power 
plant as well as for the hydrogen production facility.

Research and development (R&D) activities are being pursued in developing 
direct sea water electrolysers to produce hydrogen. However, technical challenges 
still remain in the development of the electrolysers (including management of the 
chlorine released during the process and significantly lower lifetime of the cells 
in the chloride rich sea water environment), for which further exploratory work 
(e.g. for preventing chloride crossover) is needed [108].

4.1.3.2. Water for other applications

In addition to the water required for the water splitting reaction, water is 
also needed for utility functions at the hydrogen plant (i.e. service water), such as 
for cooling the circulating electrolyte as in the case of alkaline electrolysis. The 
cooling water may reject heat to the ambient air if the final heat sink is a cooling 
tower, for which additional water losses in the form of evaporative losses, drift 
losses and blowdown losses are expected in normal operation. As many nuclear 
power plants already employ cooling towers on the site for closed loop cooling, 
the service water for the hydrogen plant may be able to be extracted from the 
same water circuit.

4.1.4. Conventional steam methane reforming

4.1.4.1. Description of the technology

The steam methane reforming pathway, which is linked to considerable 
CO2 emissions (of 7.5–12 t of CO2 per t of H2 produced), dominates the global 
hydrogen generation market [109]. The methane steam reforming process is the 
catalytic decomposition of light hydrocarbons (e.g. methane, natural gas, naphtha) 
to react with superheated steam, resulting in a hydrogen rich gas mixture. The 
reforming reactions are endothermic, running at high temperatures (>500°C). 
Steam methane reforming typically takes place at 850°C, and at pressures of 
2.5–5 MPa, through the endothermic reactions shown in Eqs (1) and (2) [100]:
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CH4 + H2O ↔ 3 H2 + CO  + 206 kJ/mol 	 (1)

CH4 + 2 H2O ↔ 4 H2 + CO2  + 165 kJ/mol	 (2)

The carbon monoxide in the first reaction (Eq. (1)) is further catalytically 
converted in a slightly exothermic water–gas shift reaction with steam to produce 
additional hydrogen according to Eq. (3):

CO + H2O ↔ H2 + CO2  − 41 kJ/mol 	 (3)

4.1.4.2. Integration with a nuclear power reactor

The process requires heat, which is conventionally met by combustion 
of additional methane. The top temperature range of heating the process is 
800–850°C, which can be met by HTGR designs currently under development, 
saving about 35% of methane feed and a similar amount of CO2  emission 
compared to the conventional combustion route. If the CO2 from the steam 
methane reforming process is captured, this can be considered a low carbon 
source of nuclear hydrogen production. 

Sponsored by the Ministry of Economy, Trade and Industry and the 
Ministry of Education, Culture, Sports, Science and Technology, the Japan 
Atomic Energy Agency (JAEA) is conducting an eight-year national project 
(awarded the equivalent of US $200 million) to construct and connect a steam 
methane reformer to the existing 30 MWt High Temperature Engineering Test 
Reactor (HTTR). The steam methane reformer has a capacity of producing 800 
(normal) m3/h hydrogen, while the HTTR provides the high temperature heat of 
750–800°C needed for the process. The aim is to demonstrate the safety design, 
licensing and long term stable operation of nuclear hydrogen production with the 
HTGR technology.

4.1.5. Thermochemical cycles

4.1.5.1. Description of the technology

Direct thermal decomposition of water requires the heat of several thousand 
degrees Celsius, which poses significant challenges in terms of construction 
material. However, by incorporating chemical reactions in the decomposition 
process, through the so-called thermochemical cycles, the temperature threshold 
of the heat required to split water molecules can be significantly lowered.

The iodine–sulphur (I–S) cycle is among the most developed 
thermochemical processes in the world and Member States such as China, 
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France, Japan, Republic of Korea and the USA have been investigating it for a 
long time. Through the three cyclic chemical reactions shown in Eqs (4)–(6), the 
H2O is split into H2 and O2 products. The iodine and sulphur are reused in the 
closed cycle process, based on the following chemical sequence [100]:

I2 + SO2 + 2H2O → H2SO4 + 2HI	 (4)

H2SO4 → H2O + SO2 + 0.5O2 	 (5)

2HI → H2 + I2 	 (6)

The first reaction (Eq. (4)) is exothermic, occurring at about 120°C. The 
other reactions are endothermic, occurring at 800–900°C in the case of the second 
reaction (Eq. (5)), and at 450°C for the third reaction (Eq. (6)). The heat demand 
can be met by the HTGR.

At present, the JAEA operates a test facility closed I–S cycle loop, with the 
capacity to produce ~100 L of H2/h in normal conditions. The loop has achieved 
up to 150  h of continuous operation tests. The JAEA is developing additional 
fluid flow monitor and control technologies with the goal of significantly 
extending the stable operation period of the loop [110].

4.1.5.2. Integration with a nuclear power reactor

The pre-licensing basic design of an HTGR cogeneration test plant to be 
coupled with the JAEA’s 30  MWt, 950°C HTTR has been completed. More 
information is given in Section  4.4.3. The test plant simulates the system 
operation of a JAEA commercial plant design, namely the Gas Turbine High 
Temperature Reactor for Cogeneration (GTHTR300C). More specifically, the 
test plant aims to demonstrate that the GTHTR300C system can be licensed for 
electricity and hydrogen cogeneration, and to confirm the operation and safety 
performance of such cogeneration systems  [111]. The test plant is expected to 
be the first of a kind nuclear system operating on two of the advanced energy 
conversion systems attractive for the HTGR technology — a closed cycle helium 
gas turbine for power generation and a thermochemical I–S process for hydrogen 
production at a rate of around 30 (normal) m3/h.
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4.1.6. The copper–chlorine hybrid cycle

4.1.6.1. Description of the technology

The copper–chlorine cycle, or the Cu–Cl cycle, is a hybrid cycle consisting 
of several thermal and one electrochemical reaction. The Cu–Cl cycle is a 
promising thermochemical cycle for large scale hydrogen production at low 
temperatures (<550°C). It has several variations. A thermodynamic comparison 
of the three, four and five  step cycles has shown that the four step cycle has 
the highest energy (41.9%) and exergy (75.7%) efficiencies  [112]. Canadian 
Nuclear Laboratories  (CNL) have been developing the four  step Cu–Cl cycle 
in collaboration with Ontario Tech University (formerly the University of 
Ontario Institute of Technology) and Argonne National Laboratories in the USA 
[113, 114]. CNL’s four  step Cu–Cl cycle was trademarked as HCuTEC and is 
shown in Fig. 20. Hydrogen is produced at the cathode while cuprous chloride 
(CuCl) is oxidized to cupric chloride (CuCl2) at the anode during electrolysis. The 
anode stream from the electrolysis step is transferred to the separation step where 
solid CuCl and CuCl2 are produced, and hydrochloric acid (HCl) is removed. The 
solid copper species are then transferred to the hydrolysis step where CuCl2 reacts 
with steam (H2O) to form copper oxychloride (Cu2OCl2) and HCl. The Cu2OCl2 
product of hydrolysis goes through the thermolysis step to produce CuCl and O2. 
CuCl from the thermolysis step and HCl from separation and hydrolysis are then 
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2CuCl(aq) + 2HCl(aq)
80°C

2CuCl2(aq) + H2(g)

Thermolysis
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FIG. 20. Schematic of the HCuTEC hydrogen production process.
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fed back into the electrolysis step to close the cycle. In recent years, CNL has 
made significant efforts to advance the electrolysis step. An integrated HCuTEC 
process was demonstrated in laboratories at a capacity of about 50 L of H2/h in 
normal conditions [115]. Further scaling up will involve industrial partners.

Ontario Tech University has also built a laboratory scale Cu–Cl facility. 
Its development of the Cu–Cl cycle is on-going, with support from CNL 
and the Canadian Government. The Cu–Cl cycle seems to have attracted 
interest from other countries as well, for example Bhabha Atomic Research 
Centre in India  [116] and K.N. Toosi University of Technology in the Islamic 
Republic of Iran [117].

4.1.6.2. Integration with a nuclear power reactor

A nuclear reactor can provide both the heat and electricity requirements 
for the Cu–Cl cycle. It has been reported in Ref. [118] that the steam methane 
reforming method has about 12  times more global warming potential than the 
nuclear based Cu–Cl cycle for hydrogen production. CNL selected the Cu–Cl 
cycle for hydrogen production owing to its unique advantages; most notably the 
lower process temperature (<550°C) compared with many other thermochemical 
cycles; its ability to couple with several types of advanced reactors and SMRs 
being explored in Canada and around the world; and its potential high overall 
cycle efficiency. A novel concept was proposed by Ontario Tech University to 
integrate the Cu–Cl cycle with a supercritical water cooled nuclear reactor for 
both hydrogen and electricity production [119]. The supercritical fluid (~620°C) 
directly supplies heat for the CuCl2 hydrolysis and Cu2OCl2 decomposition. 
The energy and the exergy efficiencies of the proposed system are determined 
to be 31.6% and 56.2%, respectively  [119]. A life cycle assessment of nuclear 
hydrogen production methods has found that the carbon emission (measured as 
kg of CO2 equivalent per kg of hydrogen) of the Cu–Cl cycle is more than double 
that of the SOEC electrolysis [120]. 

4.1.7. Methane pyrolysis

4.1.7.1. Description of the technology

Methane pyrolysis is the thermal cracking of natural gas directly into 
hydrogen and solid carbon. For temperatures in the range of 600−900°C, a 
catalyst is required to speed up the process [121]. The process is hampered by 
catalyst deactivation due to the solid carbon produced. Above 900°C a catalyst 
either is not required or the solid carbon product itself can act as a surface 
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catalyst [49]. Three main types of methane pyrolysis have been developed over 
the past century that all avoid the direct production of CO2 [122]:

	— Catalysed reactions at lower temperature ranges, including the use of a 
liquid metal or molten salt media;

	— Higher temperature thermal cracking, sometimes through induction heating;
	— Thermal and electrochemical methods (i.e. arc or microwave plasma 

splitting).

While methane pyrolysis requires moderately more natural gas (as a 
feedstock) per kg of hydrogen produced than steam methane reforming, it has 
the significant advantage of requiring the lowest amount of energy (lower than 
steam methane reforming and about eight times lower than water electrolysis). 
At the same time, it produces no direct CO2 emissions; it produces only solid 
carbon, which can be a valuable by-product to be used for various chemical 
feedstocks [123].

Arc plasma techniques have been commercially employed for decades, but 
when applied to methane pyrolysis they are not nearly as energy efficient as other 
pyrolysis methods under development. Other techniques are significantly less 
developed, but owing to their low theoretical energy requirements, they have the 
potential to provide cost competitive hydrogen production [124]. Many institutes 
and companies are putting extensive effort into developing various methods of 
methane pyrolysis.

4.1.7.2. Integration with a nuclear power reactor

For higher temperature pyrolysis methods that go above 900°C, the 
predominant energy source is electricity, which could be provided by current or 
advanced nuclear reactors at a cost competitive and scalable level. Of even greater 
interest, however, is the fact that many techniques require energy at a low enough 
temperature as to be provided directly as thermal energy from high temperature 
nuclear systems. Without the need for conversion to electricity, a nuclear plant 
will produce 2−3  times more thermal energy than net electrical. Thus, there is 
great potential for advanced high temperature reactors to produce large quantities 
of low cost hydrogen. Methane pyrolysis is an attractive process, as it is expected 
to have the lowest possible cost per kilogram of hydrogen produced.
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4.1.8. 	 Comparison of technologies for nuclear hydrogen production

4.1.8.1. 	 Assigning technology readiness levels to nuclear hydrogen production 
processes

The basis of assigning a technology readiness level (TRL) and a commercial 
readiness index (CRI) value to a particular hydrogen production technology 
suitable for coupling with a nuclear reactor (current generation/advanced/SMRs) 
may be understood from Fig.  21 (adapted from Ref.  [125]), which provides a 
qualitative interpretation corresponding to each numerical value on the scale 
designating the level. These values indicate the maturity level of a process or 
technology and provide an indication of its suitability for a full scale commercial 
application catering to an industry sector’s needs. CRI values above 2 normally 
become applicable only for technologies that have attained TRLs of 7 and above, 
since, at this level, individual components may be considered sufficiently well 
developed to be integrated into systems suitable for commercial use.

For hydrogen technologies, factors such as the following can be taken 
as an indication of a high TRL (i.e.  8–9) and a high CRI (i.e.  5–6) for that 
particular technology:

	— Availability of multiple vendors (in multiple regions) for the same 
technology (e.g. hydrogen production system, balance of plant components, 
power systems and electronic components, materials for construction, safety 
systems, sensors, detectors);

	— Availability of reliable technical and commercial data and prior operational 
experience for the technology option;

	— Availability of a reliable supply chain of process or plant components for 
regular maintenance, replacements and facility upgrades;

	— Examples of announced projects with final investment decisions made for 
specific technologies for commercial scale hydrogen production;

	— Well defined users/offtake industries for the produced hydrogen with well 
developed infrastructure to transport and store the produced hydrogen;

	— Examples of further innovation and technology upgrades being taken up by 
industrial organizations.

These technologies (with high TRL and high CRI) can therefore be available 
for coupling with the current generation of nuclear reactors for nuclear hydrogen 
production. Low carbon hydrogen production processes currently include low 
temperature electrolysis technologies such as alkaline electrolysis and PEM 
electrolysis. The HTSE processes and anion exchange membrane electrolysis are 
gradually gaining market share.
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Hydrogen production technologies for which lower TRL values have to be 
assigned have the following characteristics:

	— There is current interest from academia and research organizations.
	— Technology development studies at the laboratory scale are in progress.
	— Substantial technical and commercial uncertainties exist, which need to be 

resolved by further demonstration projects.
	— There is a need for a scale up of systems and components to meet industrial 

user demands.

Commercial readiness is also correspondingly at a low level for these 
options. Thermochemical cycles for hydrogen production may be considered to 
belong to this group of process technologies.

Based on this rationale, Table  12 shows possible assignments of TRLs 
and CRIs to various low carbon hydrogen production technologies currently 
under consideration.

TRL 9

TRL 8

TRL 7

TRL 6

TRL 5

TRL 4

TRL 3

TRL 2

TRL 1

System test, launch 
and operations

Component/subsystem/ 
system development

Technology 
demonstration

Technology 
development

Feasibility 
establishment

Basic technology 
research

CRI 6
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CRI 2

CRI 1

Bankable asset class

Widespread adoption 
and market competition

Multiple commercial 
users

Commercial scale up

Limited scale commercial 
demonstration/trails

Hypothetical commercial 
concept

FIG. 21. General explanation of technology readiness levels and commercial readiness index 
values for technologies (adapted from Ref. [125]).
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TABLE 12. ASSIGNING TECHNOLOGY READINESS LEVELS 
AND COMMERCIAL READINESS INDEX VALUES TO NUCLEAR 
HYDROGEN PRODUCTION TECHNOLOGIES

Production technology TRL CRI

Alkaline water electrolysis 9 6

PEM electrolysis 9 6

SOEC electrolysis 6–7 2–3

Anion exchange membrane electrolysis 6 3–4

Intermediate temperature thermochemical cycles 4–5 1–2

High temperature thermochemical cycles 4–5 1–2

Methane pyrolysis 4 1–2

4.2.	 NUCLEAR HYDROGEN IN HYBRID ENERGY SYSTEMS

The production of hydrogen with nuclear power offers a number of 
opportunities for nuclear plant owners and operators as they look towards the 
future and their need to participate in a grid with high renewable penetration. 
Nuclear plants, depending on their locations, have either operated as a baseload 
and provided 100% of reactor power to the grid continuously, or operated 
flexibly to match grid requirements. Recent years have seen a tremendous growth 
of renewables, which has tended to push an increasing number of nuclear units 
away from baseload operation into flexible operations. Given the cost structure 
of commercial nuclear power, which is dominated by O&M costs and CAPEX, 
reducing power has little or no impact on fuel or the cost of operating the plant.

Another factor impacting historical nuclear plant baseload operations is 
the market fluctuations in natural gas pricing. In countries where natural gas 
prices are low due to large supply or other factors, natural gas becomes a more 
attractive option for electricity generation, creating a challenging environment 
for nuclear power plants.

However, hydrogen production offers an opportunity for nuclear units to 
maintain reactor power at 100% and to divert power between hydrogen production 
and supplying the grid. Hydrogen can thereby act as a long term energy storage 
mechanism (albeit with a lower round trip efficiency due to additional conversion 
and reconversion steps) or as a feedstock for other industrial applications 
such as ammonia production, synthetic fuel production, substitute natural 
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gas, petroleum refining and other chemical processes. This allows the grid to 
accept more renewables while having the nuclear plant operating in optimal 
condition at 100% power.

Higher temperature reactors will offer new opportunities and methods 
for hydrogen production, as on-going efforts in several countries have shown. 
For example, in the USA the Department of Energy investigated the design and 
licensing of HTGRs for the production of hydrogen through the Next Generation 
Nuclear Plant project [126].

Aside from hydrogen, nuclear reactors are poised to play an increasing role 
in large scale decarbonization of process and manufacturing industries.

4.3.	 TECHNICAL ASPECTS OF HYDROGEN TRANSPORATION 
AND STORAGE

The hydrogen produced at the nuclear reactor site would need to be 
transported to the location of the end user. Depending on the location of the user 
and the quantity of hydrogen to be dispatched, various transportation options 
have to be considered [127, 128]. Depending on the application, varying sizes 
of intermediate gas storage systems may also be required. Tables  13 and 14 
provide an overview of these technologies and some considerations of relevance 
to nuclear hydrogen production projects.

TABLE 13. OVERVIEW OF HYDROGEN TRANSPORTATION 
TECHNOLOGIES

Technology Typical technical  
specifications

Relevance to nuclear hydrogen 
production projects

Gas pipeline High alloy metal with or without 
polymeric lining, diameter up to 
1.22 m, gas pressure up to 
70 bar, gas linear velocities up to 
30 m/s, pipeline lengths of few 
hundred to thousand km. The 
amount of hydrogen allowed in 
existent gas pipelines is under 
investigation

Can be utilized for continuous 
transport of hydrogen produced 
at the reactor site to the 
industrial/commercial user 
located beyond the exclusion 
zone (typical distances >20 km)



73

TABLE 13. OVERVIEW OF HYDROGEN TRANSPORTATION 
TECHNOLOGIES (cont.)

Technology Typical technical  
specifications

Relevance to nuclear hydrogen 
production projects

Tanker, tube 
trailer

On board gas pressure 
 ~700–800 bar, suitable for 
transport over distances of few 
hundred km from point of 
hydrogen production; may also 
be suitable for transport of liquid 
phase derivatives of hydrogen 
like ammonia, methanol or 
liquid organic hydrogen carriers

Can be used for localized 
distribution of nuclear produced 
hydrogen to users who have 
provisions for on-site hydrogen 
storage and/or for users who 
require hydrogen intermittently

Barge, ship Suitable for transport of bulk 
quantities of hydrogen (gaseous 
or liquid) or hydrogen 
derivatives such as ammonia and 
methanol over a distance of a 
few thousand km 
(i.e. trans‑continental/oceanic 
distances)

Can be used for export/trade of 
nuclear produced hydrogen/
hydrogen derivatives

TABLE 14. OVERVIEW OF HYDROGEN STORAGE TECHNOLOGIES

Technology Typical technical  
specifications

Relevance to nuclear hydrogen 
production projects

Gas storage in 
natural 
geological 
formations

Depending on nature of 
geological formation (e.g. salt 
caverns), gas storage pressure 
may be up to about 30 bar; 
capacities may be tens to 
hundreds of thousands of cubic 
metres of hydrogen; storage 
duration from days to months

Can act as primary or buffer 
storage for nuclear produced 
hydrogen at reactor/end user site, 
depending on availability of 
suitable locations
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4.4.	 NUCLEAR HYDROGEN DEMONSTRATION

Nuclear powered hydrogen production offers the opportunity to produce 
clean hydrogen with a high capacity factor, reliability and scale in centralized 
locations where nuclear power plants are usually sited near existing industrial 
centres or in areas with available land for industrial expansion. This makes 
nuclear integrated hydrogen production attractive if it can be produced with 
competitive economics. Barriers to nuclear produced hydrogen (and hydrogen 
production for general use) include economics, technology and the supply chain 
issues inherent in any new industry development. Various demonstrations at 
nuclear power plants around the world are under way to prove the concept and the 
economics of nuclear powered hydrogen production. The utility demonstration 
projects, as of the end of 2022, are included in Ref. [4]. Some developments are 
included as examples below.

TABLE 14. OVERVIEW OF HYDROGEN STORAGE TECHNOLOGIES 
(cont.)

Technology Typical technical  
specifications

Relevance to nuclear hydrogen 
production projects

Gas storage in 
engineered 
structures

Underground or overground 
engineered structures for gas 
storage, in regions where natural 
formations are not available; 
long distance pipelines can also 
act as engineered gas storage 
system; storage duration from 
days to weeks

Can act as primary or buffer 
storage for nuclear produced 
hydrogen at reactor/end user site

Liquid 
hydrogen 
storage

Cryogenic hydrogen storage in 
liquefied form at –253.15°C 
temperature in Horton spheres or 
bullets; storage duration from 
days to weeks; typical boil off 
losses of about 0.5% of stored 
volume per day

Can be part of bunkering 
arrangements at ports that will 
trade/export hydrogen by ship/
barge

High pressure 
gas storage 
vessels

Suitable for limited quantities of 
storage; typical pressures of 
350–700 bar; storage duration 
from days to weeks

Can be part of small scale storage 
system (e.g. storage of hydrogen 
for NPP turbine cooling 
applications)

Note: 	 NPP — nuclear power plant.
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4.4.1. Canada

In Canada, Bruce Power is investigating the opportunity to produce 
hydrogen using nuclear energy. In 2022, Bruce Power signed a memorandum of 
understanding with Hydrogen Optimized, Greenfield Global and Hensall Co-op 
to develop a feasibility study to explore opportunities for hydrogen production 
at the Bruce Power site [129]. Information on the nuclear hydrogen roadmap in 
Canada is provided in Annex A–1. 

4.4.2. European Union

The European Union is funding a feasibility study on nuclear powered 
hydrogen cogeneration under the NPHyCo project3. The project receives 
funding from the Euratom Research and Training Programme (2021–2025) and 
is investigating hydrogen production using nuclear electricity to address the 
European Union’s challenge to fully decarbonize its economy by 2050. NPHyCo 
started in the second half of 2022 and will finish in the first quarter of  2025. 
The project is focusing on the potential for developing large scale, low carbon, 
hydrogen production facilities linked to nuclear power plants, including the 
feasibility of producing hydrogen near an existing nuclear power plant and the 
added value of such a project. 

The project is investigating different scenarios for different levels of 
integration of the hydrogen production plant and the nuclear power plant and 
aims to deliver an educated proposal for a suitable level of integration and a map 
of European nuclear power plants where conditions for building NPHyCo plants 
are favourable, including potential locations for the implementation of a pilot 
project [130]. Some relevant input data for the study conducted by NPHyCo are 
given in Table 15.

In Sweden, the Swedish power company OKG AB signed with Linde 
Gas AB its first contract in 2022 to supply hydrogen produced at its Oskarshamn 
nuclear power plant  [131]. Vatenfall has also been producing hydrogen using 
electricity from Ringhals nuclear power plant for its own use since 1997.

4.4.3. Japan

A project to license the HTTR coupled with a hydrogen production plant is 
on-going in Japan. The project will establish the technology necessary for large 
scale, low cost, carbon free hydrogen production by the JAEA in collaboration 
with Mitsubishi Heavy Industries [132].

3	 https://www.nphyco.org
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Since 2022, work has begun to establish a safe connection technology, 
including licensing by the Nuclear Regulation Authority, to couple the HTTR 
with a hydrogen production facility and use the high temperature heat (>900°C) 
of the HTTR for hydrogen production.

The project contains the following specific activities:

	— HTTR nuclear hydrogen production test: The existing HTGR test reactor — 
the 950°C, 30 MWt HTTR — is to be connected to a hydrogen production 
facility that will be based on a natural gas steam reforming method. The 
test aims to license the coupling of the conventional hydrogen production 
facility with the nuclear reactor for hydrogen production using the high 
temperature nuclear heat supplied by the HTTR. This aims to demonstrate 
the regulatory approval for the major coupling equipment technologies, 
including the high temperature gas isolation valve, high temperature piping 
and gas circulator that are to be developed. The test also aims to complete 
the safety design standards and safety licensing requirement for connecting 
an HTGR to a high temperature hydrogen production facility, not only 
steam reforming plants but also other thermally coupled plants including, 
for example, thermochemical cycles and HTE.

TABLE 15. INPUT DATA FOR THE STUDY CONDUCTED BY NPHyCo 

Characteristic Value

Power 30 MW/100 MW

Technology Low temperature electrolysis 

Site European NPP site locations

Hydrogen production potential 12−40 t/d 

Year of finishing feasibility study 2025 

Year of building first NPHyCo pilot plants <2030

Type of reactor Various existing NPP reactor types in Europe

Hydrogen usage Various industries and European hydrogen 
pipeline backbone

Note: 	 NPP — nuclear power plant.
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	— Conceptual design for commercial sized coupling equipment: Based on the 
test plant, the scale up and conceptual design for feasibility validation of the 
major coupling equipment, including high temperature helium piping, high 
temperature helium isolation valves and helium circulators, will be carried 
out.

	— Feasibility study of carbon free hydrogen production technologies: Several 
promising clean hydrogen production methods, including steam reforming 
of methane with CCS, thermochemical I–S process, HTE and methane 
pyrolysis, are planned to be investigated and the optimal method will be 
selected for use in future commercial nuclear hydrogen production with the 
HTGR technology.

	— Full scale hydrogen production: The Green Growth Strategy through 
Achieving Carbon Neutrality in 2050 (released in June 2021) indicates that 
the HTTR is expected to produce large quantities of carbon free hydrogen 
after 2030 [133].

4.4.4. Russian Federation

The State Atomic Energy Corporation “Rosatom” is focused on low 
carbon hydrogen production for a wide range of industrial consumers. Among 
the production technologies under consideration are LTE coupled with a nuclear 
power plant or renewable source of energy, and steam methane reforming with 
CCUS. Targeting large scale hydrogen production, ongoing R&D includes 
development of the hydrogen production supply chain (e.g.  production 
technology, storage and transportation, analysis of potential areas of application). 
The first testing complex is reported to be at the Kola nuclear power plant site 
with nuclear hydrogen production (using LTE) mostly for local Russian projects 
with a focus on decarbonization of industrial facilities [134]. The technical 
characteristics of the project are presented in Table 16.
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TABLE 16. TECHNICAL CHARACTERISTICS OF THE HYDROGEN 
PROJECT AT THE KOLA NUCLEAR POWER PLANT

Characteristic Value

Power 1 MW, with possible increase to 10 MW

Technology Low temperature electrolysis

Site Kola nuclear power plant

Hydrogen production potential Up to 25 000 t/a

Year of commissioning Expected 2025

Type of reactor WWER-440

Main hydrogen usage Production of synthetic fuels

TABLE 17. TECHNICAL CHARACTERISTICS OF THE HYDROGEN 
PROJECT IN THE UST‑YANSKY DISTRICT

Characteristic Value

Power 200 MW 

Technology Electrolysis

Site SMR nuclear power plant in the Ust‑Yansky 
District

Hydrogen production potential —a

Year of commissioning 2028

Type of reactor RITM-200

Hydrogen usage Various industries

a 	 —: not available.

Another project at the R&D stage is the construction of the SMR based 
power plant in the Ust-Yansky District (Republic of Sakha, Yakutia). The 
SMR construction (based on RITM‑200 reactors) in Yakutia is planned to be 
completed by 2028. The SMR nuclear power plant can be used for low carbon 
hydrogen production for the various industries. The new SMR will replace 
coal fired and diesel facilities in the Ust-Yansky District and will provide clean 
power to the Kyuchus gold deposit development project in the north of the 
Verkhoyansky District, Yakutia [135]. Technical characteristics of the project are 
presented in Table 17.
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4.4.5. United States of America

In the interest of catalysing the development of hydrogen production 
technologies and the associated manufacturing base and supply chain, the 
Department of Energy has awarded funding to various large nuclear utility 
companies to create nuclear integrated demonstration projects. These projects 
vary in supplier, technology, use case and market location, and test state of the art 
electrolysis technologies, paving the way for integration of hydrogen production 
using nuclear power. Beyond technology demonstration, these projects will also 
pave the regulatory and safety paths for documenting compliance with industrial 
safety regulations and best practices.

The nuclear hydrogen demonstration projects include three LTE and one 
HTE demonstrations. The companies demonstrating LTE are Constellation 
Energy, Energy Harbor and Arizona Public Service. Xcel Energy will be 
demonstrating HTSE [136].

These projects have been highlighted through the Department of 
Energy Hydrogen Program, H2@Scale initiative and the Annual Merit 
Reviews [137–139]. A short summary of these demonstrations and their status as 
of September 2023 is provided below for context (see also Ref. [4]):

	— Constellation Energy Nuclear Hydrogen LTE Demonstration: Constellation 
Energy has partnered with Nel Hydrogen to commission an LTE plant of 
approximately 1  MW(e) at Nine Mile Point Nuclear Station in Oswego, 
New York. Hydrogen production started in early 2023  [140], aiming to 
be utilized on-site for pre-existing needs using existing hydrogen storage 
and supporting infrastructure. Separately, Constellation has partnered 
with the New York State Energy Research and Development Authority to 
demonstrate a fuel cell facility.

	— Energy Harbor Nuclear Hydrogen LTE Demonstration [141]: Energy 
Harbor is being funded by the Department of Energy to develop an LTE 
based nuclear hydrogen demonstration at the Davis–Besse Nuclear Power 
Station outside of Toledo, Ohio. The Davis–Besse project is proceeding 
with an engineering design to connect a new hydrogen switchyard to the 
existing power transmission switchyard to dispatch power to a 2  MW 
PEM electrolysis unit. The hydrogen switchyard will allow future expansion 
of hydrogen production of up to 60 MW electrical capacity. 

	— Xcel Energy Nuclear Hydrogen HTSE Demonstration: Xcel Energy 
(Northern States Power) and its collaborators are developing an HTSE 
demonstration at their Prairie Island Nuclear Generating Plant in Red Wing, 
Minnesota. This demonstration will be unique, in that it will seek to test the 
use of not only nuclear electricity but also nuclear heat for integration with 
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HTSE, to take advantage of the efficiency gains in hydrogen production that 
can be realized using HTSE with a large heat source. The installation will 
use steam and electricity from the nuclear plant to operate a 240 kW HTSE 
system capable of producing approximately 125 kg of hydrogen per day, a 
first of its kind. 

	— Arizona Public Service LTE Demonstration — Hydrogen for Energy 
Storage/Arbitrage: Arizona Public Service is considering an LTE hydrogen 
demonstration that would use hydrogen as an energy storage medium 
to balance the grid market by energy arbitrage. Negotiations with the 
Department of Energy on the award and demonstration specifics are  
on-going.

5.  SAFETY AND REGULATORY ASPECTS

The objective of this section is to recall the hydrogen properties related 
to safety and to provide an overview of safety regulations, codes and standards 
commonly used in non-nuclear industries to address the hydrogen explosion risk.

5.1.	 INTRODUCTION

In view of several nuclear accidents, including at the nuclear power plants 
at Three Mile Island (1979) and more recently at Fukushima Daiichi (2011), 
hydrogen safety is one of the most relevant topics in reactor safety research and 
has been addressed in numerous national and international research projects. 
The significant development of the state of the art regarding hydrogen safety 
at nuclear power plants has been reflected in relevant publications, such as 
IAEA‑TECDOC‑1661, Mitigation of Hydrogen Hazards in Severe Accidents 
in Nuclear Power Plants [142], and the OECD Nuclear Energy Agency’s Status 
Report on Hydrogen Management and Related Computer Codes [143]. However, 
safety and regulatory aspects relating to nuclear hydrogen production are a 
different story, as they involve different sets of regulations and are even built on 
knowledge from different research and expert communities. Unlike in the case 
of nuclear accident scenarios, nuclear hydrogen production takes place outside 
the reactor, outside the containment and, in some cases, far from the nuclear 
power plant site.

Furthermore, there is a fundamental difference in the safety design 
philosophies of nuclear power plants and hydrogen production facilities. 
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For nuclear power plants, the safety regulations and the mitigation measures 
implemented aim to limit the consequences of an accident, such as combustion 
loads and possible fission product releases. In contrast, hydrogen production 
facilities prevent the accumulation of flammable gas mixtures by enabling 
ventilation and dilution, thus avoiding containment and congestion.

It is crucial for the successful implementation of nuclear hydrogen 
production to comply with the regulations for both nuclear power and hydrogen 
production technologies, which have their own specificities. Owing to the 
specific safety relevant considerations of producing hydrogen, the prevention of 
hazards connected with hydrogen production, storage and distribution is essential 
for the widespread acceptance of nuclear hydrogen production. Any failure could 
damage the public’s perception of both nuclear power and hydrogen production, 
with considerable consequences for the public and for the related industries.

The risks associated with hydrogen production are dependent on the 
technology used. The most common risks of hydrogen production using nuclear 
energy can be grouped as follows, based on the hydrogen production technology:

	— Hydrogen from fossil fuel processing (e.g. steam methane reforming, 
coal gasification, partial oxidation of hydrocarbons). Combustible gases 
(e.g.  hydrogen, carbon monoxide, methane, other hydrocarbons) are 
involved in the process, either as reactants or reaction products. Any leakage 
or release of these gases into the production unit may pose safety concerns 
(e.g. asphyxia among workers, structural damage from an explosion).

	— Hydrogen from water splitting by electrolysis (low or high temperature). The 
risk of a hydrogen explosion cannot be excluded. The hydrogen contained 
in the system can be released through leakage of electrolyte following 
overpressure, or through failure of the cooling water system.

	— Hydrogen from water splitting by thermochemical cycles (e.g. I–S cycle). This 
technology incorporates chemical reactions into the water decomposition 
process to produce hydrogen. Hazardous chemicals are involved. Some are 
commonly used in chemical processing and manufacturing. In this case, the 
hazards to be considered include loss of containment of highly corrosive 
substances, loss of containment of toxic gases, loss of containment of 
flammable gases, and the enhanced flammability of materials in pure 
oxygen.

Depending on the technology used for hydrogen production, safety 
requirements of both parts — nuclear power plant and hydrogen production 
facility — can be considered coupled to a different extent. A crucial parameter here 
is the distance between the hydrogen production facility and the nuclear power 
plant. For example, while the production of hydrogen by LTE with electrical 
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power generated by the nuclear power plant allows complete decoupling of both 
sites (and their facilities), the application of thermochemical cycles involves 
close interdependencies of both nuclear and hydrogen safety aspects.

5.2.	 HYDROGEN PROPERTIES AND SAFETY RELEVANT 
PHENOMENA

Most of the physical properties of hydrogen gas differ significantly from 
those of other comparable gases. Being a flammable gas, these properties 
are associated with a specific safety relevance. Owing to its very low density 
(14 times lighter than air [144]), hydrogen leaks can occur more easily than other 
gases. In addition, hydrogen has a very wide ignition range (about 7 times wider 
than for methane [144]), which means that flammable mixtures with air can form 
more easily. For hydrogen–air mixtures, the ignition energy is lower by a factor 
of 10 than for mixtures of natural gas and air, for example [145]. The high flame 
speed (an order of magnitude higher than gasoline) enables an easier transition 
to detonations and high combustion pressures [146]. However, not all properties 
of hydrogen contribute to an increased risk. For example, the high diffusivity 
ensures that hydrogen can be easily dispersed and can therefore be diluted more 
quickly [146]. Fast combustion combined with the buoyant behaviour can even 
lead to less severe fire scenarios than for other fuels [147].

Hydrogen accumulation may lead to flammable cloud formation that 
induces pressure and temperature loads in case of a combustion. Hydrogen has 
a large flammability domain ranging from a concentration of 4  vol.  %, which 
corresponds to the lower limit of flammability in dry air at 100 kPa and 25°C, 
and 73 vol. %, which corresponds to the upper limit in the same conditions. The 
flammability limits depend not only on the gas composition but also on the initial 
temperature and pressure [148, 149]. The effect of the initial temperature on the 
hydrogen with a lower flammability limit in air is represented in Fig. 22 [150], 
based on data from Refs [151, 152] and the effect of the initial temperature on 
the hydrogen with a lower and upper flammability limit in air is represented in 
Fig. 23 [150], based on data from Refs [151, 153]. 

Flammable hydrogen clouds may be ignited in several ways, for example 
by electrical discharge, gas compression, hot surface and hot jets [100, 154]. In 
all cases, the energy delivered is rather low, ranging from microjoules to a few 
joules, and the surface temperature threshold is around 580°C.
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After ignition, and depending on gas composition, turbulence level and 
geometrical configuration, the flame speed may increase from a few metres per 
second to several hundred metres per second, inducing then dynamic pressure 
loads that may endanger the surrounding structures as well as facilities in 
the neighbourhood.
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FIG. 22. Effect of initial temperature on hydrogen lower flammability limit in air (adapted from 
Ref. [150]; see Refs [151, 152] for information contained in the figure).
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FIG. 23. Effect of initial temperature on hydrogen upper flammability limit in air (adapted from 
Ref. [150]; see Refs [151, 153] for information contained in the figure).
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Figure 24 presents a schematic overview of the possible scenarios of a 
generic hydrogen accident involving leaked hydrogen. These scenarios are 
relevant for hydrogen production, hydrogen storage and hydrogen transportation.

As for any flammable gases, the primary goal of safety measures relating 
to hydrogen is the prevention of flammable gas mixtures. Owing to the low 
ignition energy, the exclusion of ignition sources proves to be very difficult for 
potential hydrogen–air mixtures. To prevent hydrogen combustion and limit its 
consequences, regulations, codes and standards (RCSs) are used in the chemical 
and nuclear industries. Mitigation measures are then implemented accordingly. 
The most used RCSs are listed in the next section.

5.3.	 REGULATIONS, CODES AND STANDARDS, AND BEST 
PRACTICES

In nuclear power plants, hydrogen is used in several technical processes 
as part of normal operational routines. In the case of a severe accident, the most 
significant hydrogen risk comes from core oxidation (as was the case in the 
accident at the Fukushima Daiichi nuclear power plant [142]). Hydrogen released 
as a consequence of a severe accident with core oxidation creates a challenge 
for containment as the last barrier against radioactive release gets released into 
the environment and can only be mitigated by dedicated measures (e.g. passive 
auto-catalytic recombiners, igniters). In the case of hydrogen used as a technical 
gas for turbine cooling, the primary associated hazards are combustion, pressure, 
low temperature, hydrogen embrittlement and exposure. Here, specifically 
designed directions and guidelines for controlling explosive atmospheres apply. 
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atmosphere formation

No flammable 
atmosphere formation

Slow deflagration

Fast deflagration
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Diffusion flame/extinction
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FIG. 24. Generic accident scenarios for leaked hydrogen.
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For example, in Europe, such guidelines are included in two European directives 
known as ATEX directives (name derived from the French term ‘Atmosphères 
Explosibles’) [155]. Directive 99/92/EC [156] (ATEX 153 (formerly ATEX 137) or 
ATEX Worker Protection Directive) and Directive 2014/34/EU [157] (ATEX 114 
or ATEX Equipment Directive) are implemented to ensure safe operation. While 
ATEX 153 defines minimum requirements for improving the safety and health 
protection of workers potentially at risk from explosive atmospheres, ATEX 114 
provides regulations for equipment and protective systems intended for use in 
potentially explosive atmospheres. Similarly, in the USA, the National Fire 
Protection Association standard NFPA 497 [158] provides criteria to determine 
ignitability hazards in chemical process areas using flammable liquids, gases or 
vapours, which will assist in the selection of electrical systems and equipment for 
safe use in Class I hazardous (classified) locations.

Safe hydrogen production considers relevant international, national and 
regional RCSs. The regulations establish the minimum safety requirements, 
which are based on well established methodologies; the current state of practice, 
which also reflects the established standards, refers to best practices, guidelines 
and industry codes. Regulations are revised as additional new knowledge and 
insight is gained [159].

In all cases, RCSs aim to provide a framework to prevent accidents and to 
limit the frequencies of potential hazardous events. The applicability of different 
RCS frameworks depends on the respective national legislation. Some standards, 
such as those issued by the International Organization for Standardization (ISO), 
are internationally accepted rules with a large regional distribution. In Japan, there 
is no specific regulatory framework for hydrogen. However, hydrogen is subject 
to existing international regulations relating to dangerous gases in each stage 
of the supply chain. Owing to the explosivity and combustibility of hydrogen, 
the High Pressure Gas Safety Act of 1951 introduced regulations regarding the 
production and storage of hydrogen [160, 161]. According to Ref. [162], China 
has not yet established specific or unified laws or administrative regulations for 
hydrogen energy use. The development of hydrogen energy in China is primarily 
based on national industrial planning policies and local pilot regulations.

The potentially applicable RCSs are given in the next sections.

5.3.1. Hydrogen related regulations, codes and standards

Standards for using hydrogen technologies are made by global 
standardization bodies (e.g.  ISO, American Society of Mechanical Engineers, 
International Electrotechnical Commission), or regional ones (e.g. European 
Committee for Standardization, European Committee for Electrotechnical 
Standardization). For ISO, technical committee  197 on hydrogen technologies 
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has the leading role for the development of standards relating to general handling 
of hydrogen, and hydrogen production, storage and transportation [163]. RCSs 
for areas such as pressure vessels, pipelines and gas quality have to be taken into 
consideration. Some relevant examples are:

	— Directives related to explosive atmospheres (e.g. ATEX Directive  
99/92/EC [156]);

	— Stationary and transportable pressure vessels regulations (e.g. ASME 
Boiler and Pressure Vessel Code 2021 [164], Pressure Equipment Directive 
2014/68/EU (stationary) [165], Transportable Pressure Equipment Directive 
2010/35/EU (transportable) [166]);

	— Transportation of Dangerous Goods (United Nations Model Regulations, 
the so-called Orange Book) [167].

5.3.1.1. Regulations, codes and standards for general hydrogen safety

The following RCSs are among the most relevant ones relating to the 
general use of hydrogen. These RCSs are already implemented in the context of 
technical use of hydrogen in nuclear power plants.

	— NFPA 2 Hydrogen Technologies Code [168]. It provides the fundamental 
safeguards for the generation, installation, storage, piping, use and handling 
of hydrogen in compressed gas form or cryogenic liquid form.

	— ISO/TR 15916:2015: Basic Considerations for the Safety of Hydrogen 
Systems [169]. It provides guidelines for the use of hydrogen (gaseous and 
liquid) as well as its storage in either of these or other forms (hydrides). 
It also includes the basic safety concerns, hazards and risks based on the 
properties of hydrogen that are relevant to safety.

	— IEC 60079:2022 SER Series, Explosive Atmospheres [170]. This includes 
classification of hazardous areas, inspection and maintenance.

5.3.1.2. Regulations, codes and standards for hydrogen production

The following RCSs are relevant for hydrogen production sites:

	— ISO 16110-1:2007: Hydrogen Generators Using Fuel Processing 
Technologies, Part 1: Safety  [171]. This applies to hydrogen generation 
systems with a capacity of less than 400  m³/h at 0°C and 101  325  kPa 
that convert an input fuel to a hydrogen rich stream of composition and 
conditions suitable for the type of device using the hydrogen (e.g.  a fuel 
cell power system, a hydrogen compression, storage and delivery system). 
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It also applies to hydrogen generators using, for example, natural gas and 
other methane rich gases derived from renewable (biomass) or fossil fuel 
sources, fuels derived from oil refining.

	— ISO 22734:2019: Hydrogen Generators Using Water Electrolysis — 
Industrial, Commercial, and Residential Applications [172]. This includes 
the definition of the construction, safety and performance requirements 
of modular or factory-matched hydrogen gas generation appliances using 
electrochemical reactions to electrolyse water to produce hydrogen.

	— ISO/TS 19883:2017: Safety of Pressure Swing Adsorption Systems for 
Hydrogen Separation and Purification  [173]. This establishes the safety 
measures and applicable design features that are used in the design, 
commissioning and operation of pressure swing adsorption systems for 
hydrogen separation and purification, processing all kinds of impure 
hydrogen streams as feed.

	— The quality of hydrogen produced should be also regulated, with 
specific considerations if further processing is required, for example, 
ISO  14687:2025: Hydrogen Fuel Quality — Product Specification [174] 
indicates the minimum quality characteristics of hydrogen fuel as distributed 
for use in different applications.

5.3.1.3. Regulations, codes and standards for hydrogen storage and 
transportation

The following are examples of RCSs for hydrogen storage and 
transportation. They consider pressurized gaseous hydrogen, cryogenic/liquid 
hydrogen, and liquid organic hydrogen carriers:

	— ASME B31.12-2023: Hydrogen Piping and Pipelines [175]. This standard 
includes specification of requirements for piping in gaseous and liquid 
hydrogen service and pipelines in gaseous hydrogen service, covering 
materials, brazing, welding, heat treating, forming, testing, inspection, 
examination, operation and maintenance. 

	— ISO 21029-1:2018: Cryogenic Vessels — Transportable Vacuum Insulated 
Vessels of not more than 1000 Litres Volume, Part 1: Design, Fabrication, 
Inspection and Tests  [176]. This standard outlines the requirements for 
the design, fabrication, type testing and initial inspection and testing of 
transportable vacuum insulated cryogenic pressure vessels with a capacity 
of up to 1000 litres.

	— ISO 21029-2:2015: Cryogenic Vessels — Transportable Vacuum Insulated 
Vessels of not more than 1000 Litres Volume — Part 2: Operational 
Requirements  [177]. This standard includes operational requirements for 
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transportable vacuum insulated cryogenic vessels with a volume of not more 
than 1000 litres designed to operate above atmospheric pressure, including 
putting into service, filling, withdrawal, transport within the location, 
storage, maintenance, periodic inspection and emergency procedures.

	— ISO 20421-1:2019: Cryogenic Vessels — Large Transportable Vacuum 
Insulated Vessels — Part 1: Design, Fabrication, Inspection and Testing [178]. 
This standard includes requirements for the design, fabrication, inspection 
and testing of large transportable vacuum insulated cryogenic vessels with 
a volume of more than 450 litres, which are permanently (i.e. fixed tanks) 
or not permanently (i.e. demountable tanks and portable tanks) attached to a 
means of transport, for one or more modes of transport.

	— ISO 20421-2:2017: Cryogenic Vessels — Large Transportable Vacuum 
Insulated Vessels — Part 2: Operational Requirements [179]. This standard 
includes operational requirements for large transportable vacuum insulated 
cryogenic vessels, including putting into service, filling, withdrawal, 
transport within the location, storage, maintenance, periodic inspection and 
emergency procedures.

	— NFPA 55:2023: Compressed Gases and Cryogenic Fluids Code  [180]. 
This standard covers protection from physiological, over-pressurization, 
explosive and flammability hazards associated with compressed gases and 
cryogenic fluids.

5.3.2. Hydrogen related best practices

More specific safety guidelines and recommendations have been developed 
in several safety related European Union projects. The following list is not 
exhaustive and is rather intended to illustrate the value and importance of pre-
normative research.

	— Pre-normative research on safe indoor use of fuel cells and hydrogen systems 
(HyIndoor4): This covers recommendations for safely using hydrogen in a 
closed space.

	— Hydrogen Safety for Energy Applications (HySEA5): This covers 
information on safe venting of standard containers accommodating hydrogen 
technologies, as well as pre-normative research on vented deflagrations in 
enclosures and containers for hydrogen energy applications to introduce 
harmonized standard vent sizing requirements.

4	 https://cordis.europa.eu/project/id/278534
5	 www.hysea.eu
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	— Integrated Design for Efficient Advanced Liquefaction of Hydrogen 
(IDEALHY6): This covers safety assessment of liquid hydrogen production, 
transport and storage on a large scale.

	— Prenormative Research for Safe Use of Liquid Hydrogen (PRESLHY7): 
This covers safety aspects of liquid hydrogen.

	— Identification, Preparation and Dissemination of Hydrogen Safety Facts to 
Regulators and Public Safety Officials (HYFACTS8): This develops training 
material on hydrogen safety for public authorities.

	— European Hydrogen Emergency Response training programme for First 
Responders (HyResponse9): This provides information for first responders.

	— Support Safety Analysis of Hydrogen and Fuel Cell Technologies 
(SUSANA10): This establishes a framework for verification and validation 
for computational fluid dynamics to be used in risk assessment.

5.4.	 HYDROGEN SAFETY ASSESSMENT METHODOLOGIES

One of the most crucial factors for gaining government and public support 
for a nuclear hydrogen project is addressing and preparing for the possible safety 
risk involved. The safe use of hydrogen, especially on a large scale, calls for 
implementing an adequate risk management strategy, which calls for developing 
a robust safety assessment and risk analysis approach. To assess conformity to 
the requirements of RCSs, several methodologies are used. Table  18 (excerpt 
from Ref. [181]) presents methodologies commonly applied in industries using 
hydrogen. Hydrogen safety engineering uses validated tools and expertise from 
both nuclear and non-nuclear hydrogen safety fields to apply  scientific and 
engineering principles to protect life, property and the environment from the 
adverse effects of incidents involving hydrogen.

6	 https://www.idealhy.eu
7	 https://preslhy.eu/
8	 https://cordis.europa.eu/project/id/256823
9	 https://cordis.europa.eu/project/id/325348
10	 https://www.h2fc-net.eu/collaboration/susana-database/
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TABLE 18. LIST OF HYDROGEN SAFETY ASSESSMENT 
METHODOLOGIES [181]

Methodology Definition

Hazard 
identification 

Hazard identification, or HAZID, is a systematic assessment to 
identify hazards and problem areas associated with plant, system, 
operation, design and maintenance. HAZID is used both as part of a 
quantitative risk assessment and as a standalone analysis for 
installation, modification, replacement and upgrade.

Hazard and 
operability analysis 

Hazard and operability analysis, or HAZOP, is a qualitative method 
that systematically evaluates the causes, impact and consequences of 
deviations from expected or design values of the operating 
parameters, using project information. The method was developed to 
identify both hazards and operability problems at chemical process 
plants. Executing the method relies on using guidewords (e.g. ‘no’, 
‘more’, ‘less’) combined with process parameters (e.g. temperature, 
flow, pressure) that aim to reveal deviations (e.g. less flow, more 
temperature) of the process intention or normal operation. The 
evaluation procedure is described in detail in IEC 61882:2016, 
Hazard and Operability Studies (HAZOP Studies) — Application 
Guide [182].    

Failure modes and 
effects analysis 

Failure modes and effects analysis is a tool to systematically analyse 
all contributing component failure modes and identify the resulting 
effect on the system. The semi-quantitative method is essentially 
composed of the following steps:

	— Define your system and the required level of analysis depth.
	— Identify hazards and events (potentially with an advanced 

HAZOP) for related equipment, components and processes.
	— Identify potential initiating failure modes and effects for all 

components and equipment and potentially early detection 
capabilities.

	— Determine a risk priority number.
	— Agree on acceptable limits for the risk priority number.
	— In case of limit violation, identify potential prevention and 

mitigation corrective action and re-evaluate risk priority number.

Risk matrix 
binning

Risk matrix binning is a qualitative method that combines the 
categorization of probabilities and consequences with risk acceptance 
categories in a matrix form. From this, management can distinguish 
whether a set of risks collected in one risk matrix cell has a higher 
priority than a set of risks collected in another cell.
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TABLE 18. LIST OF HYDROGEN SAFETY ASSESSMENT 
METHODOLOGIES [181] (cont.)

Methodology Definition

Probabilistic safety 
assessment 

Probabilistic safety assessment uses probability distributions that 
encompass the range of possible values of variables in a risk equation 
to quantify the probability of the full range of potential outcomes. It 
is organized as a process for answering the following three questions:

	— What can go wrong?
	— How likely is it to happen?
	— What are the consequences?

The main elements of a traditional probabilistic safety assessment are 
event tree and fault tree techniques, which constitute the logical 
model of the nuclear installation. 
Fault tree analysis is a quantitative (with regard to probabilities), 
deductive (or top–down) method used for the identification and 
analysis of conditions and factors that can result in the occurrence of 
a specific failure or undesirable event. This method addresses 
multiple failures, events and conditions.
Event tree analysis is an inductive approach used for identifying and 
quantifying a set of possible outcomes, taking into account whether 
the installed safety barriers are functioning or not. The analysis starts 
with an initiating event or initial condition and includes the 
identification of a set of success and failure events that are combined 
to produce various outcomes. This quantitative method identifies the 
spectrum and severity of possible outcomes and determines their 
likelihood.

Quantitative risk 
assessment 

Quantitative risk assessment is a formal and systematic method using 
measurable, objective data to determine an asset’s value, the 
probability of loss and other associated risks. According to 
ISO Guide 73:2009, Risk Management — Vocabulary [183], risk is 
the combination of the probability of an event and its consequence. 
Explosion risk analysis is one of the most important components of 
the quantitative risk assessment and it could give accidental design 
loads that support the explosion risk-based mitigation design.

Structured ‘what if’ 
technique 

The structured ‘what if’ technique, or SWIFT, is a speculative process 
where questions of the form ‘What if (hardware, software, 
instrumentation, or operators) (fail, breach, break, lose functionality, 
reverse, etc.)?’ are formulated and reviewed. SWIFT is sometimes 
described as a lightweight failure modes and effects analysis. 

Note: 	 Adapted in part from table A4-1 of Ref.  [181]. Refer to the original table for the 
references relating to the descriptions.
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IAEA Safety Standards Series No. GSR Part 4 (Rev. 1), Safety Assessment 
for Facilities and Activities  [184], establishes the generally applicable 
requirements to be satisfied in safety assessment for facilities and activities that 
involve radiation, with a focus on defence in depth, safety margins, quantitative 
analyses and the use of a graded approach to the ranges of facilities and activities 
that are addressed. It provides details on the basis for requiring a safety assessment 
and the overall and specific requirements for the assessment. The deterministic 
safety analysis for nuclear power plants is addressed in IAEA Safety Standards 
Series No.  SSG‑2 (Rev.  1), Deterministic Safety Analysis for Nuclear Power 
Plants  [185], while the development and application of Level  1 probabilistic 
safety assessment for nuclear power plants is covered in IAEA Safety Standards 
Series No. SSG‑3 (Rev. 1), Development and Application of Level 1 Probabilistic 
Safety Assessment for Nuclear Power Plants [186], and Level  2 probabilistic 
safety assessment in IAEA Safety Standards Series No.  SSG‑4, Development 
and Application of Level 2 Probabilistic Safety Assessment for Nuclear Power 
Plants [187]. The results of the safety assessment are expected to be reflected in 
the safety analysis report, which needs to be in line with IAEA Safety Standards 
Series No.  SSG-61, Format and Content of the Safety Analysis Report for 
Nuclear Power Plants [188].

5.5.	 COUPLING AND COLLOCATING NUCLEAR AND CHEMICAL 
FACILITIES FOR HYDROGEN PRODUCTION, STORAGE AND 
TRANSPORT 

Collocation can be defined as the location and siting of a hydrogen facility 
inside the fence of a nuclear power plant, whereas coupling refers to locating or 
siting a hydrogen facility outside the fence of a nuclear power plant, with the 
distance from the perimeter depending on the accessibility of energy from the 
power plant without significant reduction in efficiency. These are covered in 
more detail in Section 3.3, which also reflects on the economic perspectives for 
both coupling and collocation.

The safety and regulatory aspects involve the technologies used as well as 
materials, typically:

	— The nuclear power plant itself, when hydrogen is produced in a facility 
either coupled or collocated with the nuclear power plant;

	— The hydrogen facilities (for the production, storage and transport) in general, 
with associated explosion risk;

	— The associated chemical processes that may involve toxic substances and 
the potential of their release into the environment.
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Several technologies are foreseen to be used in the production of nuclear 
hydrogen, such as:

	— Steam methane reforming, which might use mainly high temperature heat 
and also electricity from a nuclear reactor;

	— Electrolysis (low and high temperature);
	— Thermochemical cycles involving chemical substances, some with high 

toxicity and high flammability risk;
	— Pyrolysis, which might use mainly high temperature heat and also electricity 

from a nuclear reactor and produce solid carbon together with hydrogen.

These technologies, as well as their respective coupling with the nuclear 
power plant, are explained in more detail in Section 4 of this publication.

The specific siting requirements for collocating or coupling a hydrogen 
production facility with a nuclear power plant depend on the nuclear reactor type, 
the hydrogen production process, the distances between the hydrogen production 
facility and the residential areas in its vicinity, and prevailing public attitudes 
relating to acceptance [189].

Where hydrogen production systems are connected to a nuclear power 
plant, the following need to be considered: the hydrogen production system, as 
the final heat sink for the nuclear reactor, and the presence of flammable and toxic 
materials in the system and in the vicinity of the nuclear power plant. Potential 
hazardous events could be:

	— Tritium migration from the reactor core to the hydrogen that is produced in 
the coupled plant;

	— Thermal turbulence induced by failures or dysfunctionalities in the chemical 
system;

	— Fire and explosion of flammable mixtures with process gases;
	— Release of toxic material into the environment.

A review of Ref. [159] highlights the differences between collocation 
and coupling in terms of RCSs and requirements. Moreover, the existing RCSs 
identified were assessed to have limited applicability to collocating or coupling 
nuclear power plants with hydrogen production or storage facilities.

Because of the hazards associated with hydrogen production and storage, 
a risk assessment would be required to determine the reliability of the hydrogen 
production facility and to evaluate the consequences of potential accident 
scenarios posed by the hydrogen facility towards the nuclear power plants. On 
the other hand, the stability of the nuclear power plants’ electrical and/or heat 
system and their effect on hydrogen production has to be assessed too. In fact, 
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nuclear power plants are designed and licensed for a loss of load event. However, 
depending on the power distribution provided to the hydrogen production facility 
(dedicated or off grid) and the reliability and frequency of load disturbances, the 
licensee is likely to need to review the stability of the electrical system.

As the collocation of the nuclear power plants and hydrogen production 
and storage facilities may affect the emergency planning of both, a review of 
the existing emergency plans is needed to consider the effect that an accident or 
failure at the hydrogen production and storage facility may have on evacuation 
strategies in the event of a radiological emergency and/or possible toxic chemical 
release from the hydrogen facility. To minimize the consequences of accidents at 
both facilities (i.e. nuclear power plants and hydrogen production and storage), 
the safety measures discussed in the following paragraphs can be considered.

5.5.1. 	 Separation distance

Only electricity needs to be supplied for LTE production facilities, and the 
most obvious approach is to provide sufficient separation so that the nuclear power 
plant cannot be influenced by events at the hydrogen production site. Concerning 
HTE production facilities, studies conducted by Idaho National Laboratory, the 
JAEA and Forschungszentrum Jülich  [100] have determined that it is feasible 
to safely locate the hydrogen production and storage facilities at a minimum 
distance of 100  m from nuclear power plants without the need for mitigating 
barriers. A Chinese study proposes a distance of several hundred metres [190].

Table 19 provides examples of coupled LTE and HTE production facilities 
with nuclear power plants  in the USA [159]. These projects are demonstrative, 
and they are described in more detail in Section 4 of this publication.

TABLE 19. EXAMPLES OF COUPLED NUCLEAR POWER PLANTS AND 
HYDROGEN PRODUCTION FACILITIES IN THE USA 
(based on Ref. [159])

Station name and location Hydrogen technology and size

Davis–Besse Nuclear Power Station, Toledo, OH PEM, 1−3 MWe

Prairie Island Nuclear Generating Plant, Red Wing, MN HTSE, 100−250 kWe

Palo Verde Nuclear Generating Station, Tonopah, AZ PEM

Nine Mile Point Nuclear Station, Scriba, NY PEM, 1.25 MWe



95

For steam methane reforming technologies, it is worth noting that existing 
large scale hydrogen production technologies are frequently located in urban 
areas. The approval of these industrial facilities suggests that they are safe 
to operate in urban areas and there is some degree of public acceptance. The 
operating experience from these industrial plants could provide confidence for 
regulatory approval. Nevertheless, their coupling with nuclear power plants 
needs to be assessed.

In all cases, the safety of separation distances has to be evaluated using 
state of the art tools and considering specific site commitments and licences, 
configurations, conditions and hazard and safety assessments.

5.5.2. 	 Other safety measures

In addition to separation distance, precautions have to be taken to minimize 
the risk of a fire or gas explosion. Increased precautionary measures may be 
adopted for the reduction of combustibles in the vicinity of the nuclear power 
plant or the installation or strengthening of protection barriers. Additional design 
features may include redundant safety systems, physical separation by distance, 
separate fire compartments and fire protection systems. Moreover, ventilation 
systems in areas such as the nuclear power plant control room have to be designed 
in such a way that an ingress of flammable gases is prevented.

To overcome the limited applicability of RCSs to nuclear hydrogen 
production, pre-normative research is needed to fill the knowledge gap and 
enhance existing regulations and standards.

5.5.3. 	 Integration of a hydrogen production facility with a nuclear power 
plant

Reference  [100] includes a dedicated section on the safety of nuclear 
hydrogen production, covering integration of nuclear–chemical plants, basic 
considerations for a hydrogen safety system, tritium contamination aspects, 
explosion hazards, release of toxic materials and international regulations for 
handling hazardous materials.

In the nuclear industry, the safety standards and requirements for facilities 
and activities are provided in GSR Part 4 (Rev. 1) [184], which indicates that:

“For sites with multiple facilities or multiple activities, account shall be taken 
in the safety assessment of the effects of external events on all facilities and 
activities, including the possibility of concurrent events affecting different 
facilities and activities, and of the potential hazards presented by each 
facility or activity to the others.” 
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On nuclear power plants used for cogeneration of heat and power, 
Requirement 35 of IAEA Safety Standards Series No. SSR-2/1 (Rev. 1), Safety 
of Nuclear Power Plants: Design [191], stipulates that:

“Nuclear power plants coupled with heat utilization units (such as for 
district heating) and/or water desalination units shall be designed to 
prevent processes that transport radionuclides from the nuclear plant 
to the desalination unit or the district heating unit under conditions of 
operational states and in accident conditions.” 

Although no mention of a hydrogen production plant is made under this 
requirement, the requirement is applicable also to hydrogen plants integrated 
with nuclear power plants.

In the USA, design changes are frequently carried out at operating 
nuclear power plants, in part by a procedure where the licensee validates 
that the proposed design change is allowed under the US  Code of Federal 
Regulations 10 CFR 50.59 on changes, tests and experiments [192]. Regulations 
in 10  CFR  50.59 provide a threshold for determining when it is necessary to 
obtain approval of changes, tests or experiments from the Nuclear Regulatory 
Commission to preserve the basis on which the facility operating licence was 
issued. The intent of the 10 CFR 50.59 process is to permit licensees to make 
changes to the facility without needing an approval from the Nuclear Regulatory 
Commission through a licence amendment, provided that the changes maintain 
acceptable levels of safety as documented in the safety analysis report. A formal 
licence amendment request and a specific approval by the commission are 
required under 10 CFR 50.90 when a planned alteration to the facility is found to 
be outside the parameters outlined in 10 CFR 50.59. The licence amendment has 
to be obtained prior to implementing a proposed change, test or experiment if the 
change, test or experiment would (see Ref. [192]):

	— “Result in more than a minimal increase in the frequency of occurrence 
of an accident previously evaluated in the final safety analysis report (as 
updated)”. For example, steam diversion has the potential to impact safety 
analysis transients. As a follow up, assessment of the impact of turbine 
tripping frequency due to new transients and the evaluation of frequency 
increase of load/loss event have to be conducted.

	— “Result in more than a minimal increase in the likelihood of occurrence 
of a malfunction of a structure, system, or component (SSC) important to 
safety previously evaluated in the final safety analysis report (as updated)”. 
The evaluation of new pipe routing and location of the hydrogen production 
facility (and/or hydrogen storage, as applicable) and the impact on safety 
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related equipment placed in proximity have to be assessed. For example, 
explosion of the hydrogen production facility or hydrogen storage tanks 
could cause nearby safety related equipment to malfunction or be fully 
damaged. Provision of adequate barriers and ensuring the safety distance 
between the hydrogen production facility and/or storage and equipment in 
proximity are mitigation measures to be taken.

	— “Result in more than a minimal increase in the consequences of an accident 
previously evaluated in the final safety analysis report (as updated)”. This 
involves the assessment of any radiological implication resulting from the 
change imposed by the coupling of the nuclear island with the hydrogen 
production facility.

	— “Result in more than a minimal increase in the consequences of a malfunction 
of an SSC important to safety previously evaluated in the final safety 
analysis report (as updated)”. For example, failure of the new steam piping 
could result in radiological consequences that will need to be evaluated.

	— “Create a possibility for an accident of a different type than any previously 
evaluated in the final safety analysis report (as updated)”. An assessment 
has to be conducted of the risk and impact of explosion and fire due to 
the hydrogen production plant and related equipment, including hydrogen 
storage, in connection with the nuclear power plant.

	— “Create a possibility for a malfunction of an SSC important to safety with 
a different result than any previously evaluated in the final safety analysis 
report (as updated)”.

	— “Result in a design basis limit for a fission product barrier as described 
in the [final safety analysis report] FSAR (as updated) being exceeded or 
altered”.

	— “Result in a departure from a method of evaluation described in the [final 
safety analysis report] FSAR (as updated) used in establishing the design 
bases or in the safety analyses”.

In order to reduce the uncertainty of the licence amendment request 
process, the Hydrogen Regulatory Research Review Group was established to 
identify the general technical and safety risks that may be acceptable under a 
10 CFR 50.59 examination. This is expected to decrease the need for intricate 
regulatory clearances under the licence amendment request process. Ref.  [193] 
reviews and discusses the results of regulatory research with a focus on the 
likelihood that the 10 CFR 50.59 utility self approval process will be employed. 
The generic 10  CFR  50.59 evaluation that results from these regulatory R&D 
based conclusions is included in Ref.  [193]. A preliminary 10  CFR  50.59 
evaluation for the addition of a collocated 100 MW high temperature electrolyser 
to a reference nuclear power plant (1200  MWe pressurized water reactor) has 
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been prepared and is included in Ref. [193] to assist utilities in developing their 
own 10 CFR 50.59 evaluations for future hydrogen production facilities.

5.6.	 INTERNATIONAL EXPERTISE IN HYDROGEN SAFETY AND 
TARGETED PRE-NORMATIVE RESEARCH

The nuclear accident at the pressurized water reactor at Three Mile Island 
in  1979 prompted international research on severe accident phenomena and 
later the development of (severe) accident management programmes for nuclear 
power plants. Thus, intensive effort was made to better understand phenomena 
such as combustible gas generation, release, distribution, combustion and 
recombination in the containment of nuclear power plants  [194]. In parallel, 
mitigation measures were developed and implemented in nuclear power plants. 
After the explosions occurred during the accidents at the Fukushima Daiichi 
nuclear power plant (Units 1–3), additional efforts were made to strengthen ways 
to manage the hydrogen risk [194]. The efforts also allowed for the development 
of tools and methodologies to assess the risks that are now used in design and 
licensing processes.

Developing RCSs for hydrogen production using nuclear reactors requires 
a holistic understanding of safety philosophies and approaches for both nuclear 
and hydrogen safety. To this end, global non-profit organizations such as the 
International Association for Hydrogen Safety (HySafe11) and the Center for 
Hydrogen Safety12 provide knowledge and communication platforms for relevant 
hydrogen safety topics.

HySafe, based in Brussels, Belgium, is composed of approximately 
50 member institutions from academia, research and industry with experiences 
in hydrogen safety. The association organizes Research Priority Workshops, the 
International Conference on Hydrogen Safety, and issues the Hydrogen Safety 
for Energy Applications handbook to continuously advance and disseminate the 
state of knowledge on hydrogen safety. The Center for Hydrogen Safety, which 
is based in the USA and has more than 100  member organizations, provides 
hydrogen safety information, guidance and expertise through the free Hydrogen 
Tools on-line portal13, as well as webinars and conferences in collaboration with 
the American Institute of Chemical Engineers.

Canadian Nuclear Laboratories established the Canadian Hydrogen Safety 
Center14 in  2023 to deliver tangible hydrogen safety solutions across multiple 

11	 https://hysafe.info
12	 https://h2tools.org/
13	 https://www.aiche.org/chs
14	 https://www.ch2sc.ca/
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industrial sectors and regions. It coordinates Canada’s hydrogen safety expertise 
and capabilities and supports the development and implementation of RCSs.

5.7.	 GAPS IN REGULATIONS, CODES AND STANDARDS 
FOR HYDROGEN PRODUCTION PLANTS COUPLED OR 
COLLOCATED WITH NUCLEAR POWER PLANTS

To comply with the IAEA general safety requirements covered in 
GSR Part 4 (Rev. 1) [184], the safety assessment of hydrogen facilities coupled 
or collocated with nuclear power plants has to demonstrate to the satisfaction of 
the regulatory body that the proposed safety measures are adequate. Nonetheless, 
nuclear hydrogen production and storage implementation is dependent on the 
differences in RCSs used in the nuclear and chemical industries. Moreover, the 
existing RCSs identified have limited applicability to nuclear facilities used for 
hydrogen production. A detailed gap analysis on the RCSs for nuclear hydrogen 
production has to be completed by engaging multiple organizations, such as 
government regulatory bodies and industries.

The nuclear boundary has to be clearly established as this has an impact on 
the regulations and oversight of the hydrogen production facility by the nuclear 
regulator. Additionally, emergency planning considerations and strategies need to 
be established and codified. Clearly defined legal and regulatory responsibilities 
are needed (i.e.  where and to what extent are the nuclear regulators or 
commercial/industrial regulators meant to be involved).

Targeted pre-normative research is needed to fill the following gaps [159]:

	— Gaps and considerations relating to supply of feedstock:
	● Codes and standards and safety analyses for pipelines relating to 

supply of feedstock for hydrogen production within a nuclear perimeter 
(e.g. methane supply in the case of steam methane reforming);

	● Suitable codes and standards to accommodate the additional traffic 
required to transport hydrogen and pipelines entering and leaving the 
nuclear boundary;

	● Safety restrictions associated with flammable substances within a 
nuclear boundary;

	● Hazard analyses to prevent dust explosions, self heating and ignition, 
off-gassing and other hazards, such as toxic gas release;

	● Codes and standards relating to structural integrity and potential safety 
interferences caused by the supply of feedstock to the associated 
structures, systems and components of the combined nuclear power 
plant and hydrogen facility system;



100

	● Adequate quality assurance and control requirements and estimate of 
the feedstock required by the hydrogen production process.

	— Gaps and considerations relating to hydrogen production:
	● Prompt and adequate response to transient states of the nuclear 

installations, sudden changes in electricity or steam supplies, as well 
as resilience of infrastructure to rapid pressure surges within the 
peripheral systems;

	● Prevention of the migration of tritium from the reactor core into the 
hydrogen produced;

	● Prevention of thermal turbulence induced by failures or 
dysfunctionalities in the chemical system.

	— Gaps and considerations relating to storage management and safety:
	● Safe distancing between storage medium, nuclear power plant, 

hydrogen production system and peripheral systems, including 
impacts of accidental hydrogen release or explosion;

	● Codes and standards defining hydrogen storage and inventories 
allowed within the nuclear boundary;

	● Necessary response to detected problems and failures within the 
hydrogen storage and distribution system;

	● Possible auto-ignition of hydrogen (at 585°C), if leaked directly from 
a high temperature process (e.g. HTE, steam methane reforming).

	— Gaps and considerations relating to hydrogen distribution:
	● Codes and standards and safety analyses for pipelines within a nuclear 

boundary.
	● Suitable materials for high pressure hydrogen pipelines, and for 

natural gas pipelines with higher concentrations of injected hydrogen; 
produced hydrogen (which could be distributed using existing natural 
gas pipelines, based on pipeline material and age, and the hydrogen 
concentration could vary between 4% and 30% by volume).

	● On-line measurement system to detect possible permeated hydrogen 
isotopes.

	● Codes and standards to determine an appropriate nuclear exclusion 
zone that are based on the size of the nuclear power plant and additional 
risk imposed by the hydrogen distribution network, if applicable. 
Large scale hydrogen production may require pipelines entering and 
leaving the nuclear boundary. Small scale hydrogen production may 
require trucks to transport hydrogen, resulting in additional traffic 
within the nuclear boundary.

In addition, the associated safety considerations derived from the existence 
of necessary feedstock and the emergence of by-products (such as oxygen, 
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CO/CO2, and other chemicals, depending on the hydrogen production process) 
need to be incorporated in the RCSs that apply to nuclear hydrogen production.

6.  STAKEHOLDER ENGAGEMENT

6.1.	 INTRODUCTION

Stakeholder engagement is an essential component in the development 
of any nuclear power programme. It is a strategic decision  making tool that 
needs to be considered from the earliest stages of programme development and 
throughout the full life cycle, and it is achieved through open communication 
by the government, the regulatory body, the reactor owner/operator and other 
organizations and institutions of relevance for the programme. Stakeholder 
engagement is also key when nuclear reactor technology is used to support a 
larger project, such as the commercial deployment of hydrogen production.

As defined in Ref. [195], stakeholders can be ‘statutory’ (i.e. those required 
by law to be involved in any planning, development or operation of a nuclear 
project) or ‘non-statutory’ (i.e. those who have an interest in or will be directly or 
indirectly impacted). Both categories will need to be considered in the lifetime of 
a nuclear hydrogen project. Reference [195] provides details on the importance 
of stakeholder engagement, its key principles, the methodology for developing 
stakeholder engagement in a nuclear power programme, and the relevant roles 
and responsibilities of key organizations, all of which are widely applicable to 
a nuclear hydrogen project as well. It is important to note that a stakeholder is 
inherently “any group or individual who feels affected by an activity, whether 
physically or emotionally” [195].

Setting up a stakeholder engagement programme for nuclear hydrogen 
production includes developing strategic plans for engagement, aligning the 
engagement strategy with all milestones in the project roadmap, mobilizing 
sufficient and suitable human and financial resources, identifying and mapping 
stakeholders and crafting key messages to support interaction. Table  20, 
adapted from Ref.  [195], provides insights into formulating a comprehensive 
stakeholder engagement strategy for nuclear hydrogen deployment and includes 
guiding questions to support such strategy development. While it is possible and 
encouraged to base engagement on other nuclear activities and facilities, such as 
nuclear power plants and radioactive waste management facilities, it is important 
to carefully consider the unique characteristics of nuclear hydrogen and their 
implication in terms of stakeholder engagement.
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Researching the interests, opinions, knowledge and feelings of different 
stakeholders with regards to nuclear hydrogen is an important component for 
supporting project development. The research can be undertaken in different 
ways, including public surveys, focus groups, executive interviews and two-way 
communication with stakeholders. The results of this research will help to inform 
relevant stakeholder engagement activities.

Defining clear roles and responsibilities of the key organizations involved 
in the deployment of a nuclear hydrogen project provides a foundation for 
strategic stakeholder engagement. The government, regulatory body and the 
operating organization will each develop their respective stakeholder engagement 
programmes that include their interaction with each other.

TABLE 20. GUIDING QUESTIONS FOR DRAFTING A STAKEHOLDER 
ENGAGEMENT STRATEGY FOR NUCLEAR HYDROGEN DEPLOYMENT 
[195]

Strategy components Guiding questions

Introduction, including background/situation analysis

Describe the energy and socioeconomic 
situation of the country and the national 
strategy for the deployment of nuclear 
hydrogen (e.g. as it relates to energy 
security, decarbonization, clean energy, 
other factors). Describe related 
stakeholder engagement activities to 
date. Include a situational analysis of 
the current versus the desired situation.

	— Why is nuclear hydrogen deployment being 
considered?

Objectives

Briefly provide the purpose of the 
stakeholder engagement strategy in 
a few short paragraphs that outline 
what the strategy will aim to 
accomplish.

	— What has led to this engagement activity?
	— Is there an opportunity for stakeholders to 

influence decisions, policy or the project?
	— What knowledge do you have that you can 

build on?
	— Is everyone clear about the decisions to be 

made?
	— Does the purpose statement reflect the 

needs of the decision makers and 
stakeholders?

	— What is the purpose for communicating key 
programme messages?
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TABLE 20. GUIDING QUESTIONS FOR DRAFTING A STAKEHOLDER 
ENGAGEMENT STRATEGY FOR NUCLEAR HYDROGEN DEPLOYMENT 
[195] (cont.)

Strategy components Guiding questions

Scope

Describe what the strategy covers 
(e.g. stakeholder engagement 
activities relating to nuclear 
hydrogen, including public 
information, coordination among 
key organizations, engaging with 
other identified stakeholders) and 
what it does not cover.

	— What aspects of the overall nuclear 
hydrogen production programme will be 
separate from this stakeholder engagement 
strategy?

Key stakeholders

List the stakeholders who have been 
identified (statutory and 
non‑statutory) and include some 
form of prioritization based on their 
levels of interest in and 
decision making power for the 
nuclear hydrogen production 
programme (be as specific as 
possible).

	— Will these stakeholders help to achieve 
your objectives?

	— Are you involving them because you need 
input to decide how to implement the plan?

	— Is there a high level of community impact?
	— Is the programme politically sensitive?
	— Who are you aware of that has: A direct and 

clear interest? A general interest? An ability 
to influence?

	— Who may not be interested but will be 
affected by the decision?

	— Which geographic areas do you want 
messages to reach? (Are there any areas 
that are not to receive the messages?)

	— Who needs to know details about your 
programme?
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TABLE 20. GUIDING QUESTIONS FOR DRAFTING A STAKEHOLDER 
ENGAGEMENT STRATEGY FOR NUCLEAR HYDROGEN DEPLOYMENT 
[195] (cont.)

Strategy components Guiding questions

High level messages

List up to five key messages relating 
to the nuclear hydrogen production 
programme.

	— What are the three to five key messages 
you want stakeholders to understand about 
the nuclear programme in order for the 
programme to succeed?

	— What questions do people ask staff during 
programmes/events?

	— What would you want to know about the 
programme if you lived in the community?

	— Is there any information that is not to be 
shared, given the context?

Timeline

Identify the major steps in the 
nuclear hydrogen production 
programme, for example using a 
roadmap approach as described in 
Section 7 of this publication, to 
which the stakeholder engagement 
strategy needs to be closely aligned. 

	— What are the key activities in your 
programme? Which ones need to be 
preceded by information sharing?

	— Does the calendar of events allow for 
impromptu changes?

	— When will you share key information or 
updates with the different audiences?

Resources

Briefly describe the necessary 
adequate human and financial 
resources for stakeholder 
engagement and anticipated 
expansion of resource needs as 
nuclear hydrogen deployment moves 
through the outlined time frame.

	— What is the total budget required in order to 
implement the plan?

	— Is it clear who will have responsibility for 
delivery of each communication activity?

	— Do you have sufficient staff to deliver this 
strategy, or will outside resources be 
required?

	— What funding is already in place?
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TABLE 20. GUIDING QUESTIONS FOR DRAFTING A STAKEHOLDER 
ENGAGEMENT STRATEGY FOR NUCLEAR HYDROGEN DEPLOYMENT 
[195] (cont.)

Strategy components Guiding questions

Tools, methods and approaches

Provide general information on the 
communication channels and tools to 
be used in order to deliver messages 
to relevant stakeholders.

	— What channels will you use to 
communicate the messages to the target 
audience?

	— Do the selected channels pose any 
challenges to staff in terms of creation?

	— Do the selected channels pose any 
challenges to stakeholders in terms of 
accessibility?

Evaluation criteria and follow‑up 
process

Describe how the effectiveness of the 
implementation of the stakeholder 
engagement strategy will be 
evaluated, measured and adapted 
(e.g. through public opinion surveys, 
media, social media monitoring).

	— Who will be responsible for developing the 
review criteria and making the review 
happen?

	— What methods will you use to decide 
whether each communication approach is 
effective?

References

List documents that can provide 
necessary background and technical 
information.

	— What are the relevant reference documents 
for the strategy?

Abbreviations

Define abbreviations used in the 
strategy.

	— What abbreviations are used in the strategy 
and are to be included as a reference for 
clarity to readers?

Distribution list

Distribute the strategy to all 
individuals and organizations 
responsible for and/or participating in 
stakeholder engagement.

	— Who needs to receive this strategy in order 
to carry out their work?
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The following sections provide details on the salient stakeholder 
engagement considerations specific to nuclear hydrogen projects.

6.2.	 STAKEHOLDER ENGAGEMENT IN NUCLEAR HYDROGEN 
PROJECTS

The nature, interest and influence levels of stakeholders of a nuclear 
hydrogen project are expected to evolve in a dynamic way on the basis of a 
number of factors, including the expansion and development of the low carbon 
hydrogen market. The range of potential stakeholders for a hydrogen market 
is not completely known. As of 2019, only 5% of the produced hydrogen was 
traded  [196], but this percentage is foreseen to increase, impacting imports 
and exports and thereby the associated stakeholders at both national and 
international levels.

Several countries have issued or are developing national hydrogen 
roadmaps, while energy policies are being shaped to include hydrogen in the clean 
energy transition planning, particularly as a route to industrial decarbonization. 
In this context, the government, nuclear power owners/operators, hydrogen 
producers (owners/operators of a hydrogen production facility), distribution 
infrastructure developers and the potential end users of hydrogen are relevant 
stakeholder groups of a nuclear hydrogen project. In addition, stakeholders 
associated with a nuclear power programme can be considered as stakeholders of 
a nuclear hydrogen project. In planning for nuclear hydrogen projects, mapping 
of the stakeholders is needed at an early stage to ensure that they are effectively 
engaged and that those interested in, and with a potential influence on, a project 
are included in the decision making process. Stakeholders can be at local, 
national and international levels, with their respective impacts on the dynamics 
and development of nuclear hydrogen projects, contributing experience from 
different demonstration projects and sharing relevant knowledge.

Insights into stakeholder perceptions and perceived challenges in relation 
to the development of a hydrogen economy in general can be found in various 
references. Key challenges and stakeholder mapping methodology, which 
allows users to estimate and compare the various prospective hydrogen supply 
chains, are covered in Refs [197, 198]. This methodology aims at increasing the 
qualitative information analysis value in hydrogen roadmapping activities. In 
Ref. [199], the current status of the energy and distribution system in Poland is 
reviewed. Policies for planning a transition to a hydrogen based economy that 
includes nuclear power and an analysis of them from short, medium and long 
term perspectives are also provided. A stakeholder analysis for hydrogen research 
in Denmark is given in Ref. [200], showing the importance of critical stakeholder 
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analysis to identify the type of actors (e.g. corporate stakeholders, universities, 
institutions, utilities, industries) that can facilitate the technical and economic 
development of hydrogen and fuel cell technologies. In Ref. [201], the results of 
a survey on acceptance, an analysis of German news and media and an analysis 
of communication material to identify arguments used for and against hydrogen 
are provided. One of the key challenges identified is that the essential advantages 
of hydrogen as an energy carrier are rarely highlighted in communication 
materials and the media. A stakeholder analysis for Germany, with a focus on the 
period needed for hydrogen market ramp-up, is provided in Ref. [202]. The risks 
are identified and the potential roles of the economic, ecological and political 
sectors are suggested.

Section  3 of this publication illustrates the current and possible future 
hydrogen market. Markets are composed of different value chains. These value 
chains include a series of activities performed by various stakeholders involved 
in providing a specific good or service.

Value chains do not exist ‘in a vacuum’ but are shaped by an ecosystem that 
also includes other relevant stakeholders such as:

	— Institutions (e.g.  governments (which influence value chains through 
policies), regulators, financers);

	— External stakeholders (e.g. local communities, non-governmental 
organizations);

	— Technology suppliers.

Figure 25 presents the value chain and ecosystem for the case of nuclear 
hydrogen for sea shipping.

Nuclear 
power plant

Sea port storage

Institutional organizationCoalition/alliance

Ecosystem

Bunkering ship End users

Maritime engine 
production organizationShipyardSea port construction 

companies

Value chain

FIG. 25. Nuclear hydrogen for the sea shipping value chain and ecosystem.
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Figure 26 shows only a few of the possible elements belonging to a generic 
nuclear value chain ecosystem. Stakeholders in the value chain include nuclear 
power plant operators, seaport storage operators, bunkering ship operators and 
organizations operating cargo ships to provide transport services. All of these 
stakeholders are directly linked with hydrogen production, storage, transport 
and consumption. The generic ecosystem includes the stakeholders within the 
value chain and other external stakeholders. For the case of sea shipping, the 
external stakeholders might be seaport construction companies (which provide 
hydrogen storage construction services), shipyards (which build hydrogen 
fuelled ships), marine engine production companies (which provide hydrogen 
propulsion systems), institutions (which standardize and regulate hydrogen 
applications), and coalitions or alliances (which are clusters of hydrogen 
specialized professionals and organizations). Even if such external stakeholders 
do not belong to the value chain, they can play key roles in setting up, shaping or 
supporting this value chain.

Engagement between stakeholders is, therefore, essential both at the 
value chain and ecosystem levels. Management literature shows that project 
promotion can be carried out in different ways, including through intermediaries. 
Universities, private companies and industrial organizations could play a 
fundamental role, as intermediaries, in shaping the value chain and ecosystems 
by promoting and supporting the deployment of nuclear hydrogen production.

Nuclear 
power 
plant

Incubators

Universities

Private companies

End users

Intermediaries

FIG. 26. Elements in nuclear hydrogen value chain ecosystems.
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6.3.	 STAKEHOLDER IDENTIFICATION AND ENGAGEMENT IN 
NUCLEAR HYDROGEN PROJECTS

When identifying and mapping stakeholders of relevance for a nuclear 
hydrogen project, it can be helpful to consider those that are specific to the nuclear 
energy component of the project, those that are specific to the hydrogen part, and 
those that are common to both (see Fig. 27). According to Ref. [202], among the 
relevant stakeholders for a developing hydrogen market, R&D organizations play 
a critical role, followed by hydrogen technology providers, electricity utilities 
and others (such as water utilities and gas distribution infrastructure providers). 
These groups also have considerable contact with other stakeholder groups 
and, in the case of a nuclear hydrogen project, they are expected to interact to 
a significant extent with the stakeholders in the nuclear group. In the case of 
deploying a nuclear hydrogen project, some stakeholders might enter into 
competition or possible conflict, for example natural gas companies or renewable 
energy companies might compete with nuclear utilities for the hydrogen 
production/supply infrastructure.

• Government

• Regional/local 
authorities

• NGOs

• Society

• Media

Hydrogen production Nuclear energy

• Electricity utilities
• Natural gas companies
• Petroleum industry (e.g. exploration 

and extraction companies, 
refineries) 

• Renewable energy companies
• Hydrogen technology providers 

(e.g. electrolysers manufacturers, 
fuel cell developers, compressors, 
pipelines, storage tanks)

• Hydrogen supply chain actors 
(e.g. providers for equipment and 
materials
to support hydrogen production 
technologies)

• Hydrogen producers 
• Hydrogen and synthetic fuel 

consumers 
(e.g. chemical, steel, heavy-duty 
transports, aviation, rail transport 
industries) 

• Private companies (e.g. vehicle 
manufacturers)

• Research organizations
• Hydrogen associations

• Energy providers (e.g. 
utilities with nuclear in their 
portfolio, nuclear power 
companies, operators)

• Institutions and 
organizations relevant for 
the nuclear power 
programme (e.g. regulator, 
technical support 
organizations, academia, 
research institutes, 
international organizations)

• Nuclear energy programme 
implementing organization 
(for countries embarking on 
nuclear power)

• Nuclear associations (at 
national and international 
levels)

FIG. 27. Possible stakeholders of relevance for a nuclear hydrogen project.
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The issue of direct electrification versus hydrogen utilization may also be 
perceived as a potential conflict, as in the case of domestic heating (e.g.  heat 
pumps versus hydrogen boilers) or short distance transportation (e.g.  battery 
electric vehicle versus fuel cell electric vehicle)  [202]. Also, competition is 
expected to become more intense between hydrogen end users as new markets 
emerge and government, regional or municipal authorities prioritize and provide 
incentives and stimulation for different clean hydrogen production options. 
Since, in many countries, current policies favour the development of a low 
carbon hydrogen market to address climate goals, there are clearly opportunities 
for investments in new facilities for hydrogen production using low carbon 
energy sources, such as nuclear energy, and using more efficient equipment 
and technologies. At the same time, these opportunities would also involve 
some investment risks to be undertaken by the first movers that would test and 
demonstrate the new production technologies, processes and equipment. These 
risks may arise owing to the uncertainty in the evolution of the hydrogen market 
and in the cost of hydrogen production using different energy sources, technical 
challenges imposed by the different processes (in the production stage but also in 
the storage and transportation stages) or regulatory challenges that are expected 
when the regulatory framework has not been established. Another risk may arise 
for the regions affected by water scarcity, which would target the production of 
hydrogen based on electrolysis.

Developing a stakeholder map as a strategic tool to identify and prioritize 
stakeholders in a nuclear hydrogen project enables organizations to understand 
these stakeholders and target engagement accordingly. It is a dynamic tool 
that evolves over time as the project progresses, engagement activities are 
implemented, and stakeholder interests, concerns and questions change. 
Stakeholder groups can themselves also change, with new groups emerging and 
others becoming less interested.

Figures 28 and 29 show how stakeholders can be categorized according 
to their levels of influence and interest in a given project. The plotting of 
stakeholders is the dynamic feature of the tool as the map informs of, and is 
informed by, strategic engagement activities.

For the nuclear component in a nuclear hydrogen project, it is important for 
the key players (i.e. the nuclear power plant owner/operator, nuclear technology 
developers, the regulatory body and the government) to be aware of potential 
barriers and uncertainties with regards to stakeholder engagement, some of which 
are identified in Table 21.
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FIG. 28. Example of a stakeholder mapping matrix. 
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TABLE 21. BARRIERS AND UNCERTAINTIES RELATING TO 
STAKEHOLDER ENGAGEMENT FOR THE KEY ORGANIZATIONS  
IN A NUCLEAR HYDROGEN PROJECT

Key player Possible barriers and uncertainties

NPP operator 	— Ageing fleet: Licence renewal when/if investments are needed for 
component replacements.

	— Operating fleet: Engineering modifications may be necessary for a 
nuclear hydrogen project, requiring time and financial resources as 
well as possible regulatory engagement.

Nuclear technology 
developers

Uncertainties associated with the target audience and further market 
development:

	— Understanding who the target customer is and how those 
customers define the ‘value’ of nuclear hydrogen.

	— The shape and size of the market in 5–10 years is barely known, 
which might cause uncertainties and concerns for project 
developers and investors.

	— The funding needs, sources and their availability need to be 
carefully considered, as significant capital costs may occur. This 
might cause uncertainties and concerns for project developers and 
investors.

Nuclear regulatory 
body

	— The extent to which the non-nuclear regulations are applicable and 
the extent to which new regulations and frameworks have to be 
prepared for a nuclear hydrogen project. This has to be clarified 
before the initiation of a nuclear hydrogen project.

	— The regulator needs to understand the boundaries of its assessment 
and licensing (in the case of a nuclear hydrogen project): Would 
its expertise and licence be extended to the hydrogen production 
facility? What are the regulatory modifications needed for an NPP 
coupled with a hydrogen production facility? Engagement by the 
nuclear regulator with the government, the nuclear facility owner/
operator and the regulator of the hydrogen production facility is 
needed. 

	— Involvement of non-nuclear regulatory bodies (e.g. agencies 
associated with licensing of chemical plants where bulk hydrogen 
production and handling are already being practised) may be 
needed to ensure adequate technical competence of the regulatory 
authorities that may otherwise be unfamiliar with hydrogen 
specific considerations.
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TABLE 21. BARRIERS AND UNCERTAINTIES RELATING TO 
STAKEHOLDER ENGAGEMENT FOR THE KEY ORGANIZATIONS  
IN A NUCLEAR HYDROGEN PROJECT (cont.)

Key player Possible barriers and uncertainties

Nuclear regulatory 
body

	— How much interest currently exists regarding deployment of 
nuclear hydrogen projects (e.g. existing or new reactor designs, 
any expected plant modifications, possibility of optimization for 
nuclear hydrogen production), and from which NPP operators/
reactor technology developers?

	— The staff needed to complete reviews and licensing might not be 
fully familiar with the nuclear hydrogen technologies.

Government The government may have the following concerns about the 
distribution of possible risks in relation to a nuclear hydrogen project:

	— Who assumes the risk (public/private/others)?
	— Who benefits from nuclear hydrogen implementation?
	— Does the government support hydrogen subsidies in general 

(whether nuclear or not)?
	— What is the timing of investment return (if applicable)?
	— Is there consensus/divergence between political parties?
	— Relationship with the public, how to ensure public confidence or 

trust?

Note: 	 NPP — nuclear power plant.

6.4.	 KEY CONSIDERATIONS FOR STAKEHOLDER ENGAGEMENT 
IN NUCLEAR HYDROGEN DEPLOYMENT

To accelerate nuclear hydrogen deployment, the following steps need to be 
considered at a national level when addressing different groups of stakeholders:

	— Engage nuclear power plant owners/operators in discussions to clearly 
elaborate the roles for nuclear hydrogen as a commodity (reliable supply) 
instead of just as an energy vector (flexibility).

	— Work on fostering public understanding of the contribution of hydrogen 
production for energy decarbonization towards achieving climate goals 
and the benefits of a partnership between renewable and nuclear fuels in 
an integrated decarbonized grid. The public may question the necessity 
considering the availability of alternative fuel that is currently cheaper and 
with a clearer principle of use. Engagement efforts can emphasize the need 
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for baseload electricity supply, as well as the benefits of nuclear energy in a 
diverse, integrated, reliable and low carbon energy system.

	— While underscoring the benefits in a clear and understandable way is an 
important component for stakeholder engagement efforts by the nuclear 
hydrogen project developer, the overarching strategy needs to include 
mechanisms for addressing safety and other concerns, as applicable, in a 
transparent and open manner.

For the deployment of nuclear hydrogen, many elements of demonstrated 
stakeholder engagement practices in the nuclear power sector can also be applied. 
A strategic approach to stakeholder engagement as presented in this section can 
support project progress and success.

7.  ROADMAP FOR THE COMMERCIAL DEPLOYMENT 
OF NUCLEAR HYDROGEN PRODUCTION

7.1.	 CONCEPT AND FEATURES OF ROADMAPS

A roadmap is a strategic tool often used for planning and coordination 
functions to support management decisions. Roadmaps are very often created 
and used by high tech industries and corporate organizations, including sectors 
such as electronics, software and information technology, aviation, space and 
automotive. They are prepared in the context of critical technological need gap 
assessments, new product or technology development and decisions relating to its 
commercial deployment, formulation of associated policies and establishment of 
financing or investment strategies. They also often include the activity timelines 
and milestones to be achieved on the path from conceptualization of the project 
to its successful implementation. They can take many visual formats (often 
graphical depictions with brief textual content) and serve multiple purposes, 
depending on the industry or sector concerned, the specific type or nature of the 
project, and the potential uses and users of the roadmap.

The various forms of roadmaps and examples of their usage are well 
described in technology management literature, such as Ref. [203]. An example 
of a generic technology roadmap is provided in Fig.  30, which shows various 
activities, and subactivities to be performed under different workstreams, from 
initial conceptualization to completion of the project. Once drawn up, the 
roadmap is typically used as the basis to chalk out the detailed action plan, from 
concept to commissioning.
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7.2.	 EXAMPLES OF ROADMAPS IN THE NUCLEAR AND 
HYDROGEN SECTORS

7.2.1. 	 Nuclear power related roadmaps

Road mapping exercises have been an important part of the assessments 
performed by a country when considering deployment or extension of its 
nuclear power programme. Under the International Project on Innovative 
Nuclear Reactors and Fuel Cycles (INPRO) launched by the IAEA in 2000, the 
methodology for the assessment of multidimensional sustainability characteristics 
of nuclear energy programmes was developed and extended to a collaborative 
project on roadmap development for nuclear power deployment [204].

The IAEA has also issued a publication on roadmaps for the deployment of 
SMRs, addressing the series of initiatives, preparatory activities and milestones to 
be achieved by potential reactor owners/operators and technology developers and 
vendors for implementing a country’s first SMR project [205]. These roadmaps 
are also closely aligned with the IAEA Milestones approach [206], which refers 
to 19 infrastructural issues and associated milestones that have to be adequately 
taken care of by a country wishing to deploy and/or extend a civilian nuclear 
power programme. Country specific roadmaps for advanced nuclear technologies 
are also available (e.g. the Canada SMR roadmap [189]).

Workstream 1

Workstream 2

Workstream 3

Workstream 4

Year 1: Q1 Q2 Q3 Q4 Year 2: Q1

Phase 1 Phase 2 Phase 3

Activity 2

Activity 4

Activity 3

Activity 5

Activity 6

Activity 8

Activity 7

Activity 11

Activity 10

Activity 12

Activity 14

Activity 15

MILESTONE 1

MILESTONE 2

MILESTONE 3

Sub-activity 1

Sub-activity 2

FIG.  31. Example 
of a generic 
technology 

roadmap showing 
individual 

workstreams and 
tasks under 

specific 
workstreams.

Activity 9

Activity 13

Activity 1

FIG. 30. Example of a generic technology roadmap showing individual workstreams and 
activities under specific phases, from initial conceptualization to the completion of the project.



116

7.2.2. 	 Hydrogen related roadmaps

Examples of national hydrogen roadmaps (not necessarily always 
including nuclear hydrogen as an option) have been issued by several countries 
in the last few years, as momentum surrounding hydrogen has grown globally. 
A widely known hydrogen roadmap includes the Hydrogen Roadmap Europe 
of 2016 [207], which was later formalized as the Green Hydrogen Strategy [208] 
under the broad policy initiatives of the European Green Deal15. Within a 
country, regional hydrogen roadmaps have also been developed, as in the 
case of the Alberta Hydrogen Roadmap, which is part of Canadian initiatives 
in hydrogen  [209]. Examples from developing economies include hydrogen 
roadmaps from Chile and Paraguay [210,  211], which have a strong focus on 
regional generation potential using renewable resources and application areas. 
There are also hydrogen roadmaps for particular aspects such as technology [212] 
or investors [213].

In general, hydrogen roadmaps include an assessment of the hydrogen 
needs, hydrogen production possibilities using domestic resources (e.g. energy, 
land, water, technical know-how), need for imports or potential for exports of 
hydrogen or hydrogen derivatives of the region or country concerned (including 
mechanisms and timeframes for bilateral agreements and deals relating to 
hydrogen or its derivatives), the costs (e.g.  the levelized costs of hydrogen 
production, storage and distribution) and benefits associated with these projects 
(e.g. extent of decarbonization, emissions reduction, reduction of energy imports, 
new employment opportunities), gap areas for R&D, funding and financing 
opportunities, and a set of recommendations for policy action. 

A nuclear hydrogen roadmap has therefore to be designed along similar 
lines, while specifically addressing the unique considerations associated with 
the coupling of hydrogen plants with nuclear plants (e.g. whether the facility is 
collocated with the nuclear power plant or otherwise, potential safety impacts of 
the hydrogen production plant on the operations of the nuclear reactor). In 2021, 
a review of governments with adopted national hydrogen strategies, announced 
targets, priorities for hydrogen use, and committed funding for hydrogen 
projects was issued by the IEA [51]. Table 22, adapted from Ref. [51], presents 
Member States considering nuclear hydrogen production within their national 
hydrogen strategies.

15	 Further information on the European Green Deal can be found at: https://commission.
europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_en
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7.3.	 CONSIDERATIONS FOR A NUCLEAR HYDROGEN ROADMAP

The need to develop a roadmap for the deployment of nuclear hydrogen 
production lies in understanding the rationale or justification behind creating 
such a programme, the various stakeholders likely to be involved, the expected 
time frame for the realization of such programmes and the associated costs and 
benefits from such programmes. The rationale and set of enabling factors for 
nuclear hydrogen deployment that a country can make use of may be indicated 
as follows [71]:

	— Long term government commitment and support for nuclear power 
programmes in general, including understanding the role of non-electric 
applications of nuclear power;

	— Industrial and/or user consortium initiatives between project developers and 
offtake industries;

	— Development of green financial taxonomies and ensuring applicability of 
the taxonomy to all low carbon energy forms, including nuclear power;

	— Adoption of a scientifically sound and technically definable approach to 
clean, or low carbon hydrogen, utilizing harmonized and verifiable life cycle 
emissions and carbon intensity accounting in accordance with international 
norms;

	— Clearly identified role of nuclear hydrogen in national hydrogen missions or 
strategies and climate action plans;

	— Making available benefits of market based mechanisms (e.g. carbon pricing, 
removal of fossil fuel subsidies) for funding or financing of nuclear hydrogen 
projects alongside other hydrogen sources;

	— Regional, bilateral and multilateral resources and initiatives (e.g. those by 
supranational organizations such as the Generation IV International Forum, 
IAEA, OECD/NEA);

	— Private–public (government) partnerships for technology supply, financing, 
offtake of produced hydrogen.

In its most general form, the nuclear hydrogen production roadmap has to 
address (among other things) the aspects described in Table 23. The activities and 
their sequence have to be planned accordingly, in consultation with the different 
stakeholders concerned.
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TABLE 23. PRINCIPAL COMPONENTS OF A NUCLEAR HYDROGEN 
ROADMAP

Technology 
features

	— Available hydrogen production technologies
	— Fresh water demand for the hydrogen plant and purification technologies
	— Technology and market readiness assessment of the hydrogen technologies
	— Technology suppliers
	— Plant size, performance and quality acceptance criteria
	— Methods and infrastructure for dispatch of hydrogen to users
	— Methods and infrastructure for managing by-products

Safety and 
regulatory  
aspects

	— Type of coupling scheme between the hydrogen plant and the nuclear 
power plant

	— Potential impact on the safety of the nuclear power plant
	— Hazard mitigation options
	— Regulatory framework and licensing process for integration of the nuclear 

power plant with the hydrogen plant
	— Human resource development (e.g. training) 

Codes and 
standards

	— Design codes for a nuclear coupled hydrogen plant (system and 
components)

	— Quality specifications for hydrogen
	— Codes for material selection in hydrogen service
	— Hydrogen safety codes and availability of associated legislation
	— Special materials requirements for the hydrogen plant

Environmental 
aspects

	— Project site selection criteria
	— Emissions and releases from the hydrogen plant (e.g. chemical effluents, 

by-products, waste heat)
	— Environmental impacts of emissions and releases
	— Fresh water withdrawal requirements

Business  
aspects

	— Business models (e.g. hydrogen purchase agreements, by-product oxygen 
sales)

	— Identification of the offtake industries
	— Methods of cost–benefit calculations
	— Funding and financing options
	— Subsidies and incentives applicable to the project
	— Business risk identification and management
	— Supply chains for materials and components

Policy aspects 	— National energy mix and share of renewable and nuclear sources
	— National hydrogen strategy
	— Determination of national electricity to hydrogen requirements ratio
	— Nuclear hydrogen purchase and/or procurement obligations for specific 

sectors
	— Project activity timelines
	— Linkage to programmes for low carbon infrastructure development 
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7.4.	 DEPLOYMENT INDICATORS FOR NUCLEAR HYDROGEN 
PRODUCTION PROJECTS

7.4.1. 	 Deployment indicators

Deployment indicators refer to those factors (qualitative and/or 
quantitative) that may be used to create a decision matrix for a technological 
decision [225], which in this case refers to the decision to deploy one or more 
nuclear hydrogen production projects. An illustrative, non‑exhaustive set of 
such indicators for a country interested in deploying nuclear hydrogen projects 
(and that is already nuclear power equipped or has made the decision to include 
nuclear power in its domestic energy mix) is indicated in Table  24, based on 
considerations identified in Section  7.3 of this publication. The indicators are 
classified under six broad headings pertaining to the different decision areas in a 
large scale energy transition. Brief insights into their relevance and significance 
to the development of a nuclear hydrogen roadmap are provided subsequently. 
A thorough understanding of these indicators and quantitative determination of 
the values of these metrics wherever applicable, along with incorporation of the 
relevant aspects from the IAEA Milestones approach [206], are a crucial part of 
deciding whether a country wishes to implement these nuclear hydrogen projects 
and then developing the roadmap for actual commercial scale deployment.



125

TABLE 24. DEPLOYMENT INDICATORS FOR COUNTRIES PLANNING 
NUCLEAR HYDROGEN PROGRAMMES

1.

Energy use

2.

Industries and 
sectors

3.

GHG 
emissions

4.

Hydrogen 
technologies

5.

Economics and 
finance

6.

Regulatory 
framework

Per capita 
energy 
consumption

Industry 
types and 
sectors in the 
economy 

Total GHG 
emissions of 
the country

Indigenous 
or imported 
technologies; 
extent of 
localization 
possible

Levelized 
cost 
(production, 
storage and 
distribution), 
cost–benefit 
ratios, 
by-product 
value, 
system value 
creation

Nuclear 
regulation 
system

Forms of 
consumption 
and extent of 
nuclear power 
available

Energy 
forms used; 
alternatives 
available

Committed 
emissions 
reduction / 
nationally 
determined 
contributions 

State of 
supply chain 
of systems 
and 
components 
related to 
hydrogen 
and its 
resilience

Sources and 
allocation of 
finances to 
nuclear 
hydrogen 
projects; 
potential 
business/
revenue 
models

Availability of 
licensing 
scheme for 
nuclear 
hydrogen 
projects

Clean energy 
options for 
various 
sectors and 
policies 
(national/
regional)

Potential 
industrial/
sectoral 
hydrogen 
users and 
near and 
long term 
hydrogen 
demand; 
hubs/valleys

Sectoral 
emissions, 
emissions 
intensity and 
methods of 
reduction 
available; 
potential 
contribution 
from 
hydrogen to 
decarboniza-
tion

Options for 
dispatching 
hydrogen to 
connect the 
point of 
generation 
and the point 
of use 

Green 
finance 
availability/
green 
taxonomy 
considera-
tions

National or 
international 
codes and 
standards for 
hydrogen 
service, safety
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TABLE 24. DEPLOYMENT INDICATORS FOR COUNTRIES PLANNING 
NUCLEAR HYDROGEN PROGRAMMES (cont.)

1.

Energy use

2.

Industries and 
sectors

3.

GHG 
emissions

4.

Hydrogen 
technologies

5.

Economics and 
finance

6.

Regulatory 
framework

State of 
energy 
security of 
country

Projected 
industrial 
growth rates; 
readiness for 
switching to 
hydrogen

Carbon 
pricing; 
availability 
of carbon 
dioxide 
capture/
removal 
technologies

Alternative 
sources of 
hydrogen 
available

Extent of 
involvement 
of the private 
sector in 
nuclear 
industry

Certification 
schemes, 
guarantees of 
origin and 
hydrogen 
purchase 
obligations

7.4.2. 	 Significance of the deployment indicators for nuclear hydrogen 
projects

The energy resource and utilization related deployment indicators in 
column  1 of Table  24 enable a country to quantify its current and projected 
energy demands (e.g. through metrics such as primary/final energy consumption 
per capita, extent of electricity in final consumption, emissions intensity 
associated with energy consumption and hence economic activities) as a function 
of the growth and development of its economy; the options available for it to 
meet current and projected energy demands; and the share of low carbon energy 
forms available to it for energy transition. This sets the context for adding nuclear 
power to the country’s energy mix.

The indicators in column 2 of Table 24 pertain to energy use patterns from 
different sectors of the economy as well as the low carbon options available to 
them. They also identify the sectoral needs for low carbon hydrogen as one of 
the decarbonization options and the possibility of locating hydrogen production 
facilities in the vicinity of potential demand centres or consumption sites.

The indicators in column  3 of Table 24 quantify the carbon (and other 
GHG) emissions intensity of the various activities or sectors contributing to the 
country’s economy, committed reduction in these emissions (such as nationally 
determined contributions submitted by the government to the United Nations 
Framework Convention on Climate Change) and the timeframes to act on these 
commitments; demand from sectors for which hydrogen would be a relevant 
option for emissions reduction; and mechanisms to finance these reductions.
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The indicators in column 4 of Table 24 identify the state of readiness of 
the country to produce hydrogen for, and distribute the hydrogen to, the relevant 
sectors; the energy forms (including nuclear power where available) likely to 
be used for hydrogen production; hydrogen technology availability and extent 
of localization (both indigenous and imported, including both supply side and 
demand side technologies); and the supply chains for materials and components 
relevant to hydrogen technologies.

The indicators in column  5 of Table 24 are the economic and financial 
metrics useful for hydrogen project evaluation. They include levelized or life 
cycle costs of production, storage and distribution of hydrogen using different 
energy forms and feedstock materials; the relative economic and environmental 
costs and benefits; fiscal incentives (e.g. revoking fossil fuel subsidies, making 
available concessional finance available under climate finance schemes, 
inviting foreign investors) that can support hydrogen production; and the 
costs of alternative GHG abatement technologies that a particular industry 
might make use of in place of hydrogen. These indicators are meant to support 
holistic comparisons of the alternatives and provide useful insights for project 
deployment decision making.

The indicators in column 6 of Table 24 describe the regulatory preparedness 
to support the growth of a hydrogen economy in general and nuclear hydrogen 
production in particular. This includes provisions available for certification of 
low carbon hydrogen, rules and regulations pertaining to safety, quality standards 
for hydrogen and the availability of frameworks to guide nuclear hydrogen 
project deployment. The availability of a strong regulatory framework helps to 
send clear signals about a country’s policies and commitment towards hydrogen 
energy and facilitates financial de-risking of the projects (or at least the first of its 
kind deployment initiatives).

7.4.3. 	 Opportunities, challenges and questions 

Table  25 presents a list of opportunities, challenges and questions to be 
considered by the key organizations and actors involved in a nuclear hydrogen 
project. However, this list is not exhaustive.
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TABLE 25. OPPORTUNITIES, CHALLENGES AND QUESTIONS TO 
BE CONSIDERED BY THE KEY ORGANIZATIONS AND ACTORS 
INVOLVED IN A NUCLEAR HYDROGEN PROJECT

Key organization/ 
actor Opportunities Challenges and questions

NPP operators/
owners

	— Operating plants: Hydrogen 
collocation could be a 
justification to extend a nuclear 
power plant’s lifetime or renew 
its licence, as the hydrogen 
production can benefit from 
low cost and low carbon 
electricity/heat from the 
nuclear reactor and provide an 
additional revenue stream for 
the nuclear power plant.

	— Financial aspect: 
Diversification of revenues 
from hydrogen production, as 
well as storage (where 
applicable).

	— New plants: Hydrogen 
production could be integrated 
into the new designs from an 
early stage, with the possibility 
of optimization for hydrogen 
production.

	— Operating plant: How to assess 
risks with respect to remaining 
lifetime and investment 
trade-off?

	— Licensing: Is the non-nuclear 
licensing or current nuclear 
licensing sufficient for the 
nuclear hydrogen licensing?

	— Security considerations: 
Hydrogen plant requiring 
separate physical protection; 
new staff who may not work 
full time at the plant and who 
might need separate training 
and operator certification, etc.

Nuclear 
technology and 
hydrogen 
technology 
developers

	— Funding: Favourable 
government policies could 
significantly reduce the burden 
associated with necessary 
funding, facilitating the nuclear 
technology developers to move 
ahead with their design and 
obtain licensing.

	— Time frames: Possibility of 
engaging regulators in 
reviewing the nuclear 
hydrogen production plant 
project at an early stage.

	— Time frames: Time is required 
by the regulator to review and 
approve the adjustments to the 
project (the coupling of the 
hydrogen production plant with 
the nuclear power plant).

	— Hydrogen plant technology 
suppliers need to be prepared to 
understand the modifications 
that might be needed in design 
codes, fabrication standards, 
testing and quality assurance 
requirements for the 
components of the hydrogen 
plant when it has to be coupled 
with a nuclear power plant.
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TABLE 25. OPPORTUNITIES, CHALLENGES AND QUESTIONS TO 
BE CONSIDERED BY THE KEY ORGANIZATIONS AND ACTORS 
INVOLVED IN A NUCLEAR HYDROGEN PROJECT (cont.)

Key organization/ 
actor Opportunities Challenges and questions

Regulatory 
bodies

	— International collaboration: 
Experience sharing and 
regulatory harmonization 
through international 
collaboration.

	— Development of necessary 
regulations: Development of a 
phase wise regulatory 
mechanism with a graded 
approach and early 
engagement with the regulator 
could save time during detailed 
review periods.

	— New technology: The 
regulation of a nuclear reactor 
coupled with a hydrogen 
production facility has 
implications on the nuclear 
regulator when the hydrogen 
production facility is collocated 
with the nuclear power plant, as 
the hydrogen production facility 
can impact the safety of the 
nuclear power plant; if not 
collocated with the nuclear 
power plant, the hydrogen 
production facility can be 
treated as a regular energy 
consumer:

	● How will reviews be 
completed?

	● How to harmonize 
necessary regulations as 
approaches to codes and 
standards for both nuclear 
and hydrogen fields vary in 
different countries?
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TABLE 25. OPPORTUNITIES, CHALLENGES AND QUESTIONS TO 
BE CONSIDERED BY THE KEY ORGANIZATIONS AND ACTORS 
INVOLVED IN A NUCLEAR HYDROGEN PROJECT (cont.)

Key organization/ 
actor Opportunities Challenges and questions

Government 	— Policy support: Financial 
policies and clean energy 
standards are prerequisites to 
large scale, broad sector 
decarbonization using nuclear 
power. Technology neutral 
policy making will be needed 
and all forms of low carbon 
hydrogen production processes 
have to be given similar 
incentives.

	— Net zero goals: Nuclear 
hydrogen technologies can 
contribute to achieving net 
zero goals.

	— Hybrid systems: Foster 
understanding of the benefits 
of renewables and nuclear 
partnership in an integrated 
grid as well as in the context of 
hydrogen production.

	— Public acceptance: Acceptance 
of a ramp-up of the hydrogen 
market has to be sought.

	— Additional policies: For 
example, at large scale, water 
policy consideration may be 
necessary.

	— Tax policy: Introduction of a 
carbon tax, removal of 
subsidies to fossil fuel based 
hydrogen production (or vice 
versa, support for hydrogen 
producers) and the definition of 
tax parameters that may differ 
for the different hydrogen 
production options.

Hydrogen 
producers and 
users

	— New markets: Nuclear, 
hydrogen production can 
enable the project developers 
to diversify into a new market 
but backed up by a mature 
technology. 

	— Siting options: New reactor 
designs may add flexibility to 
overcome the siting challenges 
and speed up the siting process. 
A location closer to large 
industrial users may be 
possible, thus minimizing the 
need for a transportation and 
distribution infrastructure.

	— Safety: How to regulate 
hydrogen safety (explosion) 
with large volumes of hydrogen 
production and its storage near 
the production site.
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TABLE 25. OPPORTUNITIES, CHALLENGES AND QUESTIONS TO 
BE CONSIDERED BY THE KEY ORGANIZATIONS AND ACTORS 
INVOLVED IN A NUCLEAR HYDROGEN PROJECT (cont.)

Key organization/ 
actor Opportunities Challenges and questions

Renewable 
sector

	— Enhancing the technology:

	● Partnering renewables and 
nuclear energy will address 
variability and ensure grid/
system stability and high 
annual capacity utilization 
of the hydrogen plants.

	● Energy generation hubs 
can offset risk, improving 
reliability for hydrogen 
customers.

	— Funding: Hybrid energy 
systems that include nuclear 
energy for hydrogen 
production can benefit from 
attractive funding partnerships.

	— Net zero goals: Partnerships 
with the renewables sector may 
provide benefit from attractive 
government policies.

	— Competition: Nuclear power 
programmes are frequently 
perceived to be a competitor for 
subsidies and political support, 
etc.

Public 	— Partnership nuclear–renewable 
energies: Foster an 
understanding of the benefits 
of renewables and nuclear 
partnership in an integrated 
decarbonized grid as well as in 
the context of hydrogen 
production for industrial 
decarbonization.

	— Lack of general understanding 
of the need for baseload 
electricity supply, and roles/
benefits of nuclear energy in a 
diverse, integrated and reliable 
low carbon energy system.
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7.5.	 LINKAGE WITH OTHER DECARBONIZATION ROADMAPS

A nuclear hydrogen roadmap cannot be developed in isolation, as it needs 
to have strong interlinkages with short and long term national energy policies, 
decarbonization/net zero strategies and the sustainable development agenda 
of the country concerned, as shown by the deployment indicators discussed in 
Section 7.4. It also needs to be directly related to the overall national hydrogen 
strategy of the country, which has to consider nuclear hydrogen as one of the low 
carbon hydrogen options available to it, alongside alternatives such as renewable 
hydrogen or hydrogen from biomass with carbon capture.

A publication of a consortium of academia, industry and international 
organizations — the Nuclear Hydrogen Initiative — describes that currently 
more  than 50  countries have a declared national hydrogen strategy, and about 
15% of them have explicitly stated plans for using their nuclear power assets 
(existing or upcoming) to produce hydrogen [226]. Technologies of choice for the 
first of its kind nuclear hydrogen production programmes among Member States 
include water and steam electrolysis for coupling with water cooled reactors for 
the near term (e.g.  Canada, UK, USA) and thermochemical processes for the 
intermediate to long term, based on the maturity of advanced high temperature 
reactor technologies (e.g. Japan, UK).

The combination of hydrogen production technology and nuclear reactor 
technology is an important aspect that has to be assessed critically by a country 
considering nuclear hydrogen project deployment. Particularly for a first of 
its kind project of this nature, the availability of technically and commercially 
mature alternatives will set the timeline by which project deployment may be 
expected to be completed.

7.6.	 NUCLEAR HYDROGEN ROADMAP PROJECT

Table 26 presents the roadmap for a nuclear hydrogen project, building on 
the previous sections of this publication and addressing the following dimensions:

	— The national policy framework for nuclear hydrogen programmes 
(see Sections 2, 3 and 7);

	— Nuclear technology selection (see Section 4);
	— Hydrogen technology selection (see Section 4);
	— Coupling schemes (see Sections 3 and 4);
	— Safety aspects (see Section 5);
	— Regulations, codes and standards (see Section 5);
	— Market creation and other commercial aspects (see Section 3);
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	— Stakeholder engagement (see Section 6).

The major considerations for the workstreams are included, as well as the 
specific tasks to be addressed under the different phases of the project: 

	— Phase 1: Planning of policy and technology; 
	— Phase 2: Development of technology and infrastructure; 
	— Phase 3: Demonstration of technology and industry uses; 
	— Phase 4: Sustaining a long term nuclear hydrogen programme.

The major project milestones based on the activities identified in the 
roadmap are the following:

	— Identification of the nuclear power plant site for the nuclear hydrogen 
project;

	— Identification of the hydrogen technology and vendor selection;
	— Decision on the final investment for coupling with the nuclear reactor;
	— Identification of the hydrogen end users;
	— Finalization of the reactor to hydrogen plant coupling scheme and the 

hydrogen plant to hydrogen user coupling scheme;
	— Completion of stakeholder engagement and environmental impact 

assessment studies;
	— Licensing of the design and receipt of regulatory clearance for plant 

construction;
	— Construction and commissioning of the plant;
	— Production and commercial dispatch of the product to the end user.

Text cont. on p. 145.
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7.7.	 CONSIDERATIONS AND CONCLUDING REMARKS

A roadmap for nuclear hydrogen production processes might be designed as 
a decision making support tool for the planning agencies and decision makers of 
the country. Therefore, it needs to provide a short and long term focus on several 
cross-cutting issues. It might attempt to be generic and lay out all the various 
possible courses of action under different workstreams, so that individual project 
developers can perform assessments, derive useful insights and finally select 
the best alternatives keeping in mind their specific considerations. The generic 
roadmap presented in Table 26 lists several relevant issues for consideration by 
the policy makers and relevant authorities and is therefore intended to be used 
as a practical guidance tool for interested countries, technology partners and 
potential investors.

The salient considerations for the decision making bodies relating to the 
practical realization of nuclear hydrogen projects may be presented as follows:

	— The decision to deploy a nuclear hydrogen project coupled with an existing 
or upcoming nuclear power reactor has to be taken while keeping the broad 
energy needs, decarbonization objectives and climate change mitigation and 
adaptation goals of the concerned country in mind. Many such factors are 
indicated in Table 24.

	— Once the final decision on project deployment is reached, detailed 
consideration of the factors in Table 23 is required. Specific activities to be 
taken up in each phase (1–4) of project deployment are detailed in Table 26. 
Major project milestones to track progress are provided in Section 7.6.

	— The first of its kind nuclear hydrogen project may be deployed as a pilot 
initiative to understand the technical and regulatory aspects of such 
programmes, including development of a graded licensing approach for the 
projects. Sections 4 and 5 provide guidance on these aspects.

	— Subsequent expansion of these projects will have to be based on a strong 
business case that includes, among others, a clearly identified commercial 
value proposition, a well-defined market and sustained ‘offtakers’ for 
the produced hydrogen, sources of funding and financing, sharing of 
business risks, stable business model, reliable supply chain for systems and 
components, and clear benefits including decarbonization, industrial growth 
and availability of jobs. Section 3 provides detailed information on the key 
commercialization aspects.

	— Stakeholders need to be mapped very early in the project development stage 
(for an indicative list, see Fig. 27) and channels of communication have to be 
kept open throughout. Indicative questions to pursue as part of stakeholder 
engagement are provided in Tables 20 and 21 in Section 6.
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Annex 
 

EXAMPLES OF NATIONAL ROADMAPS FOR THE COMMERCIAL 
DEPLOYMENT OF NUCLEAR HYDROGEN PRODUCTION

This Annex provides an overview of national strategies and plans in 
Canada, India and Japan aimed at advancing the commercial deployment of 
nuclear hydrogen production. These roadmaps highlight the diverse approaches 
and commitments of different countries in leveraging nuclear technology to 
produce clean hydrogen, supporting global efforts towards sustainable energy 
and decarbonization.

A–1. CANADA

Canada is one of the top ten hydrogen producers in the world. It has 
abundant access to clean, reliable and affordable electricity, with nearly 82% of its 
electricity coming from non‑greenhouse gas emitting sources, namely renewable 
energy and nuclear power. Given that an important driver for the use of hydrogen 
in Canada is the reduction of greenhouse gas emissions that hydrogen can offer, 
it is important for Canada to focus future hydrogen production on economic, low 
carbon intensity pathways.

On 16 December 2020, Natural Resources Canada released the Hydrogen 
Strategy for Canada, working in partnership with industry, academic and 
non‑governmental organizations and governments at all levels to identify 
opportunities and challenges associated with hydrogen deployment  [A–1]. The 
hydrogen strategy lays out the framework and foundational actions that will 
cement hydrogen as a key pathway to achieve Canada’s goal of net zero emissions 
by 2050 and position Canada as a global industrial leader in clean fuels, with 
aspirations to increase hydrogen production to 4  Mt of hydrogen per year by 
2030 and up to 20 Mt by 2050. In support of the implementation of the hydrogen 
strategy, Natural Resources Canada established 16  thematic working groups to 
foster coordination and collaboration among its stakeholder participants and to 
advance the policy and technical work required to take actions on the strategy’s 
recommendations  [A–2]. Two groups are of relevance for this publication: the 
Electricity Working Group and the Nuclear Working Group.

The Electricity Working Group works to identify challenges and 
opportunities for stakeholders in the electricity sector. It conducts deep dive 
research and analysis on topics, including the identification and assessment of:
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	— Grid impacts from the integration of hydrogen production and use;
	— Production opportunities and the potential contribution of the electricity 

sector in Canada’s production of low carbon hydrogen;
	— Barriers, gaps and potential solutions from a regulatory, policy, economic 

and financial perspective.

The Nuclear Working Group explores opportunities to leverage Canada’s 
nuclear expertise and capabilities to support a future low carbon hydrogen 
economy. It works to showcase opportunities to produce hydrogen with nuclear 
energy in Canada, and has established four task forces to advance specific 
activities as follows:

	— Production Opportunities Task Force. This task force explores and evaluates 
opportunities to produce hydrogen with nuclear energy, including assessing 
the use of ‘off-peak’ nuclear energy compared with dedicated production, 
the use of existing large scale nuclear power plants compared with new 
small modular reactors (SMRs), and the relative size and scale of potential 
applications for hydrogen produced at or near a nuclear facility. The work of 
the task force is used to inform the analysis of the subsequent groups.

	— Technology and Infrastructure Task Force. This task force provides a 
technical review and assessment of pathways for hydrogen production 
from nuclear energy. This includes conventional water electrolysis, high 
temperature steam electrolysis, thermochemical processes or the use of 
nuclear heat to reduce emissions associated with steam methane reforming. 
The task force also explores technologies that could enable hydrogen 
production, including specific SMR technologies, and also identifies 
hydrogen derived product production processes with nuclear energy. This 
group supports the identification of gaps relating to the use of existing 
infrastructure or equipment to produce hydrogen with nuclear energy.

	— Economics, Finance, Business Models and Policy Task Force. This task 
force explores the economics of producing hydrogen with nuclear energy, 
and works to identify possible financing mechanisms, project structures and 
policies that may accelerate demand for nuclear energy to produce hydrogen. 
The task force also coordinates and seeks inputs from the other working 
groups and international efforts exploring the economics of producing 
hydrogen, including the Electricity Working Group.

	— Safety, Regulations, Code and Standards Task Force. This task force 
evaluates and identifies challenges, gaps and other considerations associated 
with producing hydrogen with nuclear energy from the perspective of 
safety, regulations, codes and standards. The task force works to identify 
safety considerations for activities being undertaken internationally. It 
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also looks at historical activities in Canada relating to the collocation of a 
hydrogen production plant with a nuclear power plant. Notably, the federal 
government committed the Bruce Heavy Water Plant in 1968, which operated 
continuously from April 1973 until March 1998, to the production of reactor 
grade heavy water [A–3]. This is a unique example that set a precedence for 
a large scale industrial hydrogen installation operated with shared services 
and resources close to a nuclear station. The task force released a Canadian 
Hydrogen Codes and Standards Roadmap in 2025  [A–4], presenting the 
best available information to identify and prioritize the most critical gaps 
in deploying the hydrogen economy, highlighting areas where additional 
expertise may be necessary.

Furthermore, the federal government has pledged to align efforts on 
nuclear energy with the hydrogen strategy as part of Canada’s SMR Action 
Plan, released in December 2020 [A–5]. The action plan brought together more 
than 100 partners and outlined approximately 500 actions taken to advance the 
development, demonstration and deployment of SMRs for multiple applications 
in Canada and abroad.

A–2. INDIA

Nuclear power is considered by the Government of India to be one of the 
low carbon energy sources (alongside solar, wind and hydropower) critical to 
achieving climate action objectives through economy wide decarbonization. 
Nuclear power is explicitly mentioned as a low carbon energy source in India’s 
Nationally Determined Contributions1 and long term low carbon development 
strategy for climate change mitigation [A–7]. In this context, nuclear hydrogen 
production using commercially mature water electrolysis technology can be a 
promising, low carbon route to obtaining bulk quantities of hydrogen for industrial 
decarbonization. This is strongly relevant to all countries like India that are net 
energy importers today and that have to make vast quantities of energy available 
to their growing population, decarbonize their economies and simultaneously 
reduce their dependence on imported fossil fuels and chemical feedstock such 
as natural gas. It is even more significant in the context of the target date of 
2070 for a ‘net zero India’, which has given rise to an increased momentum in 

1	 Nationally Determined Contributions (NDCs) are climate action plans that countries 
create to outline their efforts to reduce greenhouse gas emissions and adapt to the impacts of 
climate change. These plans are a key part of the Paris Agreement, where each country commits 
to specific targets and actions to help limit global warming to well below 2°C, with efforts to 
limit it to 1.5°C [A–6]. 
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hydrogen economy initiatives in the country. It is widely recognized that India’s 
hydrogen initiatives have to be integrated with its long  term energy planning 
and low  carbon energy transition strategies. Consequently, India is adopting a 
comprehensive approach to transform these initiatives into a plan of action.

Initiatives relating to nuclear hydrogen production in India date back 
to 2006, when the first draft of a national hydrogen roadmap was released. 
The emphasis of this roadmap was research, development and pilot scale 
demonstrations for all aspects of hydrogen economy, through collaborations 
between industry and academia. It specifically included hydrogen production by 
nuclear power, particularly by high temperature processes supported by advanced 
nuclear reactors [A–8].

The first phase of the National Green Hydrogen Mission with a commercial 
focus was approved in January 2023 and emphasized low carbon hydrogen and 
ammonia production for domestic consumption using renewable and biomass 
resources [A–9]. The petroleum refineries and fertilizer sectors have been given 
mandates to gradually shift to low carbon hydrogen from their current practice 
of using steam methane reformers to produce the required hydrogen on the 
site, using renewable energy, following a phased approach [A–10]. A target 
production capacity of 5 Mt per year of green hydrogen (i.e. hydrogen produced 
using renewable energy) to be completed by 2030 has been proposed by the NITI 
Aayog (the Indian Government’s planning and advisory organization) as part of 
this mission [A–9, A–11], although other industry organizations and consortia 
have called for greater ambition in domestic hydrogen production. 

Officially, there is no mention of nuclear assisted hydrogen production 
in this mission document as of now, thus there is no government endorsed 
roadmap created specifically for the deployment of related projects. However, 
need–gap assessments to understand the long term potential for such projects are 
being conducted and nuclear driven hydrogen production technology is being 
developed by the research organizations under the Department of Atomic Energy. 
For considerations of reliability of supply, the energy sources for hydrogen 
production need to be diversified in a country.

In keeping with these developments and policy articulations, India has 
been carrying out R&D activities on various aspects of nuclear hydrogen 
production, including techno-commercial analysis. According to Ref.  [A–12], 
India’s existing, upcoming and planned nuclear reactors can power modular 
water electrolysers to produce 1.8–4.0  Mt of hydrogen per year at annualized 
production costs of US $3–8.5 per kg of hydrogen, which is competitive with the 
current renewable hydrogen costs using the same kind of electrolysers. Nuclear 
hydrogen can meet 6–15% of the current green hydrogen demand of priority 
sectors in India. Switching to green hydrogen in these sectors can avoid CO2 
emissions of up to 570 Mt per year, which is about 15% of India’s current total 
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greenhouse gas emissions. This will make it possible for the nuclear industry to 
diversify and support the decarbonization beyond the Indian electricity sector. 
It also creates a stronger case for further expansion of India’s nuclear power 
capacity, which would help overcome the current 85% green hydrogen supply 
deficit, a percentage that would further increase when newer end use sectors for 
hydrogen open up.

At present, R&D initiatives in India in the field of nuclear hydrogen 
production are based on several technologies. This includes alkaline and pure 
water electrolysis and steam electrolysis process development; intermediate 
temperature (~550oC) thermochemical cycles (e.g.  copper–chlorine cycle); and 
high temperature (~850–950oC) thermochemical cycles (e.g.  iodine–sulphur 
process and its variants). Advanced nuclear reactor technologies (e.g. molten salt 
reactors, high temperature reactors, fast breeders) to support efficient electricity 
generation and high temperature hydrogen production are also being developed 
domestically, particularly with a view towards effective utilization of India’s 
large domestic thorium reserves [A–13].

The Bhabha Atomic Research Centre has domestically developed highly 
compact, skid mounted, modular alkaline water electrolysers using advanced 
porous nickel electrodes in a zero‑gap filter‑press type construction, capable of 
producing up to 10 Nm3/h of high purity (99.9%) hydrogen from a solution of 
30% potassium hydroxide dissolved in demineralized water, working at current 
densities of up to 5000 A/m2 [A–14]. Owing to its modular construction, plant 
capacity can be scaled up by adding more electrolysis cells in series and stacks 
in parallel. The technology has been transferred to private and public sector 
industries in India for scale‑up and deployment.

Hydrogen storage technology development is also an active area of 
research in the nuclear power sector [A–15], as are research, development and 
deployment of technologies for the prevention and mitigation of hydrogen related 
fire hazards, particularly those that might arise in the context of severe nuclear 
accidents in water cooled reactor systems [A–16].

In accordance with the relative maturities of the various hydrogen 
technologies, for near term implementation in India a programme based on water 
electrolysers and ancillary technologies coupled with domestic water  cooled 
nuclear reactors is likely to be adopted as the entry point for the nuclear industry 
into the hydrogen domain. Demonstration projects are planned at selected power 
reactor sites, focused on meeting the on-site requirement for hydrogen (e.g. for 
turbo-generator cooling or coolant water chemistry control) using small scale 
water electrolyser plants and initial techno-commercial analyses [A–17]. Vendor 
development and technology incubation for scale up and commercialization of 
the developed technologies are in progress.
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A–3. JAPAN

For Japan to meet its national commitment to achieve carbon neutrality by 
2050, a reduction in the emissions from the steel and chemicals sectors, which 
account for about 25% of total domestic CO2 emissions, is essential. To achieve 
this, a large scale and economical supply of hydrogen is necessary in order to 
displace the high demand by the sectors for fossil fuel [A–18].

Japan has invested in the development of high temperature gas cooled reactor 
technology for decades. The construction of the high temperature test reactor 
(30  MWt and 950°C output temperature) was completed with first criticality 
attained in 1998 and it has since been operated successfully by the JAEA [A–19]. 
The high temperature test reactor has reached a technology readiness level from 
which a demonstration reactor can be developed for commercialization as a 
means of producing nuclear heat and carbon free hydrogen [A–20]. The JAEA 
has also developed and operated pilot scale hydrogen production facilities based 
on steam reforming and iodine–sulphur thermochemical methods [A–21].

In 2021, the Ministry of Economy, Trade and Industry launched a 
demonstration project for large scale nuclear hydrogen production using high 
temperature gas cooled reactor technology. The ministry decided to invest a total 
of JPY 43.1 billion (about US $330 million) in the project until 2030. The project 
aims to achieve three major milestones below by 2030:

	— The JAEA will establish the technology of coupling the high temperature test 
reactor with a steam reforming hydrogen production plant and demonstrate 
the feasibility of nuclear hydrogen production using the high temperature 
nuclear heat source.

	— Japan will demonstrate prospects for the technological feasibility of 
carbon free hydrogen production using one or more methods including the 
iodine–sulphur thermochemical method, the methane pyrolysis method and 
high temperature steam electrolysis.

	— When the project is completed in 2030, the evaluation technology for 
hydrogen production will be established such that the design margin of error 
between the forecasted value and the actual measured value will be limited 
to ±10%.

The ultimate goal of Japan’s nuclear hydrogen commercialization roadmap 
until 2050 is a stable mass supply of hydrogen for industrial uses in steel making, 
chemistry and other industries through high temperature heat of above 800°C and 
clean hydrogen production methods.
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BWR	 boiling water reactor
CAPEX	 capital expenditures
CCS	 carbon capture and storage
CCUS	 carbon capture, utilization and storage
CFR	 Code of Federal Regulations
CNL	 Canadian Nuclear Laboratories
CRI	 commercial readiness index
DRI	 direct reduction of iron
ETC	 Energy Transition Commission
FIT	 feed-in tariffs
FSAR	 final safety analysis report
GHG	 greenhouse gas
HAZID	 hazard identification
HAZOP	 hazard and operability analysis
HTE	 high temperature electrolysis
HTGR	 high temperature gas cooled reactor
HTSE	 high temperature steam electrolysis
HTTR	 high temperature test reactor
IEA	 International Energy Agency
IEC	 International Electrotechnical Commission
IPCC	 Intergovernmental Panel on Climate Change
IRENA	 International Renewable Energy Agency
ISO	 International Organization for Standardization
JAEA	 Japan Atomic Energy Agency
LCOH	 levelized cost of hydrogen
LTE	 low temperature electrolysis
O&M	 operation and maintenance
PEM	 polymer electrolyte membrane
PPA	 power purchase agreement
PV	 photovoltaics
R&D	 research and development
RCSs	 regulations, codes and standards
SMR	 small modular reactor
SOEC	 solid oxide electrolysis cell
SSCs	 structures, systems and components
SWIFT	 structured what if technique
SWOT	 strengths, weaknesses, opportunities, threats
TRL	 technology readiness level
UNECE	 United Nations Economic Commission for Europe
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