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1. Background on hydrogen development and the role of nuclear energy
Key points:

In the overall quest to create a decarbonized future, and with low carbon hydrogen gaining attention in hard-
to-abate sectors, the present publication focuses on the option of hydrogen production using electricity from
operating nuclear power plants.

More and more countries are developing comprehensive hydrogen strategies, with some having included
hydrogen productionusing both existing nuclear power as well as future nuclear development.

Currently, hydrogen is mainly producedusing carbon based thermochemical processes that emit carbon dioxide 
(CO2) during production. Electric processes using renewable energy or nuclear power do not emit CO2, and so 
these processes are expected to become the primary methods of low carbon hydrogen productionin future.

Nuclear hydrogen as an energy carrier

The role of nuclear hydrogen in decarbonization

The energy sector, including electricity and heat, 
transport, buildings, industry, fuel combustion and 
fugitive emissions, is responsible for nearly three 
quarters of global greenhouse gas (GHG) emissions
[World Resources Institute, 2020]. Two major 
undertakings would need to take place simultaneously 
to reduce global GHG emissions: carbon intensive
sectors would need to be electrified wherever possible 
in terms of technology and economics, and the 
electricity sector would need to be decarbonized. To 
achieve climate goals, the power sources in this 
increasingly electrified world would thus need to shift 
from fossil fuel to low carbon generation sources, such 
as nuclear power or renewable energy.

Figure 1 [IAEA, 2020] shows that although nuclear and 
renewable energy technologies are generally labelled as 

all technologies nevertheless emit varying 
levels of CO2 over their life cycles. Nuclear, hydropower 
and most wind technologies emit less than 25 grams of 
median CO2 equivalent emissions per kilowatt hour
(kW·h) of energy produced, while solar power releases 
higher emissions (about 50 75 grams), primarily due to 
rare earth element compositions. 

Because of the increased interest in mitigating global 
carbon emissions and the difficulty to electrify some 
sectors, h
been gaining attention. If hydrogen is produced using 
low carbon energy sources (e.g. nuclear power), it emits 
almost no CO2, not only during the use of the hydrogen 
but also during the production process, as opposed to 
when hydrogen is produced using other sources of 
energy (e.g. fossil fuels).

Note: g CO2 eq/kW·h grams CO2 equivalent per kilowatt hour.
Source: adopted from Ref. IAEA [2020].
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Efforts to widely deploy hydrogen in the industry, 
transport and power sectors will support the creation of 
a decarbonized future. Hydrogen is a versatile energy 
carrier that can help decarbonize certainhard-to-abate 
sectors that are unable to undergo direct electrification 
because of technological or economic difficulties. 

The International Energy Agency (IEA), for example, has 
identified hydrogen and hydrogen based fuels as one of 
the key pillars of decarbonization (IEA, 2021a). 
According to the Energy Transitions Commission (ETC),
a global coalition of leaders from across the energy 
landscape working together to accelerate the transition 
to a zero emissions future, hydrogen can play a major 
role in decarbonization, whether it is used directly or in 
the form of derived fuels in sectors where direct 
electrification may not be possible or is uneconomic
(ETC, 2021). Nucleareurope (formerly FORATOM) 
considers it essential to adopt all mature low carbon 
energy sources, including nuclear power, which is 
capable of producing hydrogen [nucleareurope, 2021].

Nuclear power can provide both electricity and heat 
24/7 to support the efficient production of hydrogen 
through diverse processes. Existing nuclear plants today 
face the challenge of operating in energy systems with 
increasing shares of variable renewable energy. 
Hydrogen provides the option of storing energy and 
increasing the flexibility of these hybrid systems. In 
addition, hydrogen produced for external sale could be 
a valuable alternative revenue stream for nuclear power 
plants (NPPs) with surplus power.

The present International Atomic Energy Agency (IAEA)
publication examines the option of using currently 
operating NPPs for hydrogen production, and includes a 

discussion on how and when the technology makes 
sense economically. 

Potential uses of hydrogen

The potential uses of hydrogen as an energy carrier vary 
widely across many sectors of the global economy. 
Regional and national nuances will dictate the best use 
of hydrogen in each country, but some combination of 
centralized and large scale hydrogen production at NPPs 
with hydrogen applications in each sector will make an 
unquestionable contribution on the path towards 
decarbonization.

Industry:  Low carbon hydrogen can contribute 
significantly to the decarbonization of some industrial 
processes. Many industries use fossil fuels as chemical 
feedstock for processing. For example, some fossil fuels 
are currently being used for the production of hydrogen 
that is then used to produce chemicals such as 
ammonia. In other processes, such as steel production, 
coal and coke are currently used to remove oxygen, but 
if hydrogen was used to reduce iron ore there would be 
no CO2 emissions. 

Transport: Electric vehicles are among the most 
attractive technologies for decarbonization of the 
transport sector, but it is not the only way to 
decarbonize this sector. As a fuel in the transport sector,
hydrogen could help drive future decarbonization of 
large, long distance transport (e.g. shipping and 
aviation) because hydrogen has a higher energy density 
than currently commercialized battery storage 
technologies. It is thus well suited for transport that
requires a considerable amount of energy with minimal 
weight. 

Note: MW megawatt; GW gigawatt.
Source: adopted from Ref. IAEA [2020].

Super Capacitor

Minute Hour Day Week Season

Hydrogen storage

Pumped hydro storage

Compressed air

Fl
yw

he
el

Discharge duration

Ca
pa

cit
y

Figure 2. Energy storage technologies



4

Electric power: Hydrogen can be used as an energy 
storage technology to help mitigate the fluctuations in 
renewable output caused by the integration of large 
shares of variable renewables into the energy mix.
Figure 2 [IEA, 2015] on the previous page shows the 
characteristics of several energy storage technologies 
with respect to capacity and discharge duration. The 
battery, currently the most widely deployed means of 
storage, has a comparative advantage in

due to readiness. 
Hydrogen storage is, on the other hand, effective for 
large scale and long term power storage because of its 
low energy loss over time and the scalability of 
hydrogen tanks. In future, it will be important to create 
an appropriate system that combines energy storage 
technologies based on such characteristics, with the 
role of hydrogen as an energy storage technology 
expected to expand.

Hydrogen outlook

Given that hydrogen is expected to play an important 
role in emission reductions by 2050, the demand for 
hydrogen will therefore increase significantly over this 
time frame. The IEA estimates that global hydrogen 
demand will grow nearly sixfold from 90 million tonnes 
in 2020 to 530 million tonnes in 2050 [IEA, 2021a].
While at present most hydrogen is produced from fossil 
fuels, in future much of this hydrogen will need to come 
from low carbon sources to meet decarbonization goals. 
The IEA estimates that by 2050 more than 60% of global 

hydrogen production will come from water electrolysis 
[IEA, 2021a].

Recent hydrogen policy developments
National interest in hydrogen has grown rapidly in 
recent years. Figure 3 [HyResource, 2022] shows that 
several countries have developed comprehensive 
hydrogen strategies, reflecting their energy needs, 
environmental goals and economic objectives beyond 
research and development (R&D) programmes and 
vision documents. The Nuclear Hydrogen Initiative, 
which was established by various hydrogen and nuclear 
organizations, has also made several recommendations 
for policy actions, one of which is that hydrogen policies 
and roadmaps should include (a) mention of the 
importance of nuclear hydrogen production in 
decarbonization; (b) explicit goals and metrics for 
nuclear hydrogen production; and (c) a hydrogen hub 
with nuclear hydrogen production facilities [Nuclear 
Hydrogen Initiative, 2022].

Electricity and heat from NPPs can be harnessed to 
produce hydrogen, and yet most global energy scenario 

power sector. Despite many countries adopting or 
announcing their intentions to create national hydrogen 
development strategies, only a few countries have 
active projects related to nuclear hydrogen production, 
and even these are in the nascent stages.

Some countries mention in their hydrogen strategies 
the production of hydrogen from existing nuclear 

Figure 3. National hydrogen strategies as of June 2022

Source: based on data from Ref. HyResource [2022].

     Hydrogen strategy issued, and includes existing /generation III reactors.
     Hydrogen strategy or roadmap issued.



 

5 
 

power, as well as hydrogen production from future 
nuclear developments, such as small modular reactors, 
and more specifically the high temperature gas cooled 
reactor (HTGR). These national hydrogen development 
strategies may offer a promising future for nuclear 
hydrogen production. The following paragraphs provide 
specific descriptions of national hydrogen strategies 
with respect to hydrogen production using nuclear 
power. 

Canada [Ministry of Natural Resources, Canada, 2020] 
considers nuclear power to be an abundant, low carbon 

development strategy includes hydrogen produced via 
electrolysis using inexpensive off peak electricity from 
existing NPPs. For example, it mentions that efforts are 
underway to study the economics of nuclear hydrogen 
production in Ontario at the Bruce Nuclear Generating 
Station. However, the country has noted some 
important infrastructure challenges. Planning 
documents list, for example, obstacles related to 
hydrogen deployment at scale, which would include the 
storage of high volumes of hydrogen at existing nuclear 
sites. 

Czech Republic [Ministry of Industry and Trade, Czech 
Republic, 2021] has a limited number of hours of viable 
sunshine and wind conditions, necessitating the use of 
non-renewable technologies for power production. The 
country is therefore considering use of nuclear power 
for hydrogen production in order to meet its 
decarbonization goals. It has deemed it much more 
efficient to equip existing NPPs with large electrolysers 
and hydrogen storage on-site in an effort to limit energy 
losses. However, the strategy also mentions that the 
additional costs and energy losses associated with 
transporting hydrogen  which is produced using 
nuclear power or any other power source  to 
consumption locations also needs to be taken into 
account. 

Hungary [Ministry of Innovation and Technology, 
Hungary, 2021] needs low carbon hydrogen in the short 
and medium term to rapidly reduce emissions and 
establish a viable hydrogen market, but the country is 
focusing on low carbon hydrogen in the long term. The 
strategy mentions that the country will not ignore 
opportunities to produce low carbon hydrogen using 
electricity from nuclear power. To decarbonize the 
industrial sector, Hungary plans to establish two new 
hydrogen valleys, the Transdanubian hydrogen 
ecosystem and North-eastern hydrogen valley, by 2030. 
In the Transdanubian valley, plans are in place to 
produce hydrogen using electricity from the Paks NPP to 
supply hydrogen for the ammonia and refinery industry. 
There is also potential demand for hydrogen in this 
region, for example from iron and steel works, as well as 

from cement production, and thus further increases in 
hydrogen demand are expected. 

Poland [Ministry of Climate and Environment, Poland, 
2021] has decided that electrolysis using electricity from 
NPPs will be one of the technologies used to produce 
low carbon hydrogen, and that this will be possible after 
the first NPP unit starts operation, scheduled for 2033. 
The country considers the most important factor in 
starting hydrogen production in an NPP is to ensure in 
advance the conditions for the construction of hydrogen 
production facilities in the NPP. In terms of the 
competitiveness of hydrogen production in NPPs, the 
strategy mentions that it is possible to produce 
hydrogen on a large scale, and that the costs can be 
reduced using surplus electricity produced during the 
night. The country considers that in future it will be 
possible to produce hydrogen using heat from the HTGR, 
and it started cooperating with Japan on this technology 
in 2020. 

Slovakia [Ministry of Economy, Slovakia, 2021] 
considers that sustainable hydrogen production is 
necessary to introduce and expand the domestic and 
international hydrogen market in an efficient and 
expeditious manner. For this reason, Slovakia is focusing 
on hydrogen production using surplus electricity from 
nuclear power as one method of producing hydrogen. 

The United Kingdom [Department of Business, Energy 
and Industrial Strategy, UK, 2021] has committed to a 

supporting both electrolytic and carbon capture, 
utilization and storage (CCUS)-enabled hydrogen 
production, which would ensure that the country 
supports a variety of production methods in an effort to 
deliver the volume of hydrogen necessary to meet the 

target by 2050. Hydrogen production 
using existing and advanced nuclear power is one of 
several technologies currently in the demonstration 
phase in the UK hydrogen strategy. The UK expects to 
learn by producing hydrogen through readily available 
low temperature electrolysis with existing NPPs during 
the 2020s, and then expand the range of production 
technologies to include high temperature electrolysis 
and thermochemical water splitting from the 2030s 
onwards so as to enable commercial production at large 
scale. 

Primary hydrogen production methods 

Unlike natural gas, hydrogen needs to be produced from 
other matter by a chemical process using a supply of 
energy in the form of heat and/or electricity. The three 
main production methods are thermochemical carbon 
based processes, the electrolytic process and 
thermochemical water splitting. The former is typically 
used with fossil fuels and heat, while the latter two 
processes use water, electricity and/or heat. 
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Thermochemical carbon based processes
Currently, hydrogen is primarily produced from fossil 
fuels, which emit CO2 during hydrogen production. For 
this reason, carbon capture and storage (CCS) is being 
explored as a solution before the CO2 enters the 
atmosphere. 

The carbon intensity of the hydrogen production 
process can also vary, particularly if nuclear power is 
involved in the production process. When heat from 
nuclear power, in lieu of fossil fuels, provides high 
temperatures to perform hydrogen production 
processes, emissions will decrease. 

Steam methane reforming

The steam methane reforming reaction converts 
methane into hydrogen (H2) and carbon monoxide (CO)
using heat and steam. Since the reforming reaction is an 
endothermic reaction, a temperature of about 800°C is 
required. Normally, a part of the raw material is burned 
in a burner to obtain the necessary heat. H2 and CO2 are 
obtained through the shift reaction, in which water 
further reacts with the resulting CO. 

(1) CH4 + H2O -> CO + 3H2

(2) CO + H2O -> CO2 + H2

Coal gasification

To produce hydrogen from coal, oxygen (O2) is first 
added to coal to produce CO2 from the coal through 
combustion. The CO2 again reacts with the coal to 
produce CO. Further reaction of the CO with water 
vapour generates H2 and CO2. 

(1) C + O2 -> CO2

(2) C + CO2 -> 2CO

(3) CO + H2O -> CO2 + H2

Technologies reducing carbon emissions

Steam methane reforming and coal gasification 
processes thus emit large amounts of CO2, but these 
emissions can be reduced through CCUS, or purely 
through CCS. This process captures and stores CO2 

before it enters the atmosphere. With CCUS, the stored 
CO2 is then used for another purpose.

Electrolytic processes

into two types: (a) low temperature electrolysers (LTEs); 
and (b) high temperature electrolysers (HTEs). For low 
carbon hydrogen production, these technologies need 
to use electricity from renewable energy or from 
nuclear power. Table 1 [IEA, 2019] shows that each 
electrolyser has its own characteristics and is used 
according to the scale and purpose of the project.

Low temperature electrolysis

Low temperature electrolysis is an established 
technology that has already been deployed on a 
commercial scale. At present, it is an essential 
technology for producing large amounts of hydrogen 
using nuclear power and renewable energy. 

LTEs mainly consist of alkaline electrolysers and proton 
exchange membrane (PEM) electrolysers. While low 
carbon hydrogen is getting more attention, the demand 
for both technologies is increasing, which is ultimately 
helping each of these technologies to reach commercial 
scale. Figure 4 [IEA, 2021b] on the following page shows 
that alkaline electrolyser projects currently have a 
higher number of projects exceeding 100 MW
compared to PEM electrolyser projects. On the other 
hand, there has been a higher total number of PEM 
electrolyser projects compared to alkaline electrolyser 
projects. This trend makes sense given the attributes of 
each technology.

Note: SOEC solid oxide electrolyser cell; LHV lower heating value; CAPEX capital expenditure; kWe kilowatt electric.
Source: adapted from Ref. IEA [2019].

Table 1. Technoeconomic characteristics of electrolyser technologies 
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The alkaline electrolyser is a mature technology used on 
a commercial scale, with project sizes reaching over
100 MW in 2021. Alkaline electrolysers are 
characterized by relatively low capital costs compared 
to other electrolyser technologies, mainly due to the 
absence of precious materials.

PEM electrolysers perform electrolysis of water using 
solid polymer electrolytes that help to convert energy to 
hydrogen. PEM electrolysers are relatively small, 
making them potentially more attractive than alkaline 
electrolysers for dense urban areas. They can produce 
highly compressed hydrogen for decentralized 
production and storage at refuelling stations and offer 
flexible operation, including the capability to provide 
frequency containment reserves and other grid services. 
However, PEM electrolysers require expensive 
electrode catalysts (e.g. platinum, iridium) and 
membrane materials, and their lifetime is currently 
shorter than that of alkaline electrolysers. Their overall 
costs are also currently higher than those of alkaline 
electrolysers.

In addition to these low temperature electrolysis 
technologies, there is also the anion exchange 
membrane (AEM) electrolyser, which is currently in
R&D. The AEM is a device that changes the proton 
conductive electrolyte membrane of the PEM 
electrolyser to an anion conductive material so as to 
enable water electrolysis under alkaline conditions. The 
advantage of the AEM electrolyser is that it does not 
require precious metals for catalysts, thus reducing 
costs. Currently, however, there is a durability issue in 
relation to the electrolyte membrane, and the 
technological development of highly durable materials 
is underway.

High temperature electrolysis

High temperature electrolysis uses heat in addition to 
electricity to produce hydrogen, and thus it is expected 
to increase efficiency in comparison with low 
temperature electrolysis. Improvements in efficiency 
are related more specifically to the temperature of the 
steam. As the temperature increases, the required 
proportion of energy for electrolysis that is supplied by 
heat increases and the supply of energy from electricity 
decreases, thus enabling electrolysis with less 
electricity. The Nuclear Industry Association [Nuclear 
Industry Association, 2021] has reported, for example,
that electrolysis taking place between around 600
1000oC requires a third less energy than electrolysis 
using LTEs. It has also underlinedthat even with the use 
of steam at 150 200oC from existing NPPs, efficiency 
can be expected to improve. In one method, because 
heat supplied by an existing NPP may not be sufficient 
to operate the HTE, heat from the nuclear reactor could 
be used primarily to vaporize water, and the steam after 
vaporization could then be raised to the HTEs operating 
temperature range using temperature recuperation,
electrical topping heaters or heat pumps. This method 
would make it possible to use heat from existing NPPs 
to increase the efficiency of electrolysis.

The solid oxide electrolyser cell (SOEC) is a key 
technology for the HTE. SOECs use ceramics as the 
electrolyte and have low material costs. On the other 
hand, one key challenge for those developing SOEC 
electrolysers is addressing the rapid degradation of 
materials that results from the high operating 
temperatures. In order to scale up system size, slower 
degradation processes or materials will need to be 

Note: Years refer to the planned start of operations, and only projects with a known start year are considered.
Source: based on data from Ref. IEA [2021b].

Figure 4. Electrolysis project numbers 
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developed and the appropriate replacement timing of 
degraded cells will need to be studied so as to optimize 
costs. The technology is still in the R&D phase, and 
compared to LTE projects, both the number and size of 
projects are small. In addition, SOEC projects that use 
heat from NPPs need to be installed in proximity to the 
NPP sites, and so the utility has to meet all of the 
different engineering codes and standards, as well as 
related regulations. The HTE nevertheless remains an 
attractive technology for nuclear power, since it can 
produce both electricity and heat. 

Thermochemical water splitting

Water splits into hydrogen and oxygen at temperatures 
above 4000°C. However, it is difficult to secure such high 
temperatures, and materials that can withstand such 
temperatures are limited. One method is under
consideration to indirectly split water into hydrogen and 
oxygen by combining various reactions. Among the 
different cycles, the sulfur-iodine (S-I) and copper-
chlorine (Cu-Cl) cycles are considered to be promising 
[Suppiah, 2020].

In the S-I cycle, it is possible to decompose water into 
hydrogen and oxygen with heat at about 900oC. The 
HTGR design is also suitable for this technology, as it can 
provide heat of 850 950oC. Hydrogen production via 
the S-I process was successfully operated for 150 hours
in 2019 using test equipment made of practical and 
industrial material [JAEA, 2021a].  During 
demonstration, in addition to the challenge of heat 
resistance, challenges in relation to equipment blockage 
due to iodine precipitation, and corrosion caused by 
hydrogen iodide and sulfuric acid were overcome. The 
next challenge for practical application is to develop a 
system that can produce large amounts of hydrogen for 
much longer periods in a stable manner.

In comparison with other thermochemical cycles, the 
Cu-Cl cycle requires relatively low temperatures of up to 
530oC, and so it may be well suited for coupling with 
small modular reactors. For the same reason, 
construction materials and corrosion issues are more 
manageable than for other thermochemical cycles. 
However, some unique challenges involve solid handling 
requirements and developing corrosive resistant 
materials in the high temperature molten copper 
chloride environment. This method, using the Cu-Cl 
cycle, is still approaching laboratory scale 
demonstration.

Emissions from hydrogen production  
Figure 5 [Hydrogen Council, 2021a] shows the various 
methods used to produce hydrogen, each with its own 
lifetime CO2 emissions. This information makes clear 
that adding CCS or using electrolysis can significantly 
reduce emissions. CO2 capture rates of CCS are expected 
to be very high, at about 90%. However, this statistic 
does not imply that CO2 emissions can be reduced by 
90%, because energy (and the resulting emissions) is 
required to peform the extraction, capture, transport 
and sequestration processes. Emissions from natural 
gas are estimated to be reduced by about 80% over the 
lifecycle when using CCS. On the other hand, even with 
such large emission reductions, the resulting emissions 
are still large compared to the emissions from 
electrolysis. In the case of hydrogen production using 
electrolysis, there are no direct emissions, although 
there is a large difference in terms of indirect emissions 
depending on the individual method used. S
emissions are particulaly large compared with other 
methods because of the considerable emissions during 
the production of solar panels.

Note: Energy production = indirect emissions from producing the supply of main input into the H2 plant (natural gas, coal, electricity);
H2 production = direct emissions from producing H2.

Source: adapted from Ref. Hydrogen Council [2021a].

Figure 5. Carbon equivalent emissions by hydrogen production pathways in 2030
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2. The business case for nuclear hydrogen
Key points:

The electrolysis process entails higher costs for hydrogen production than the fossil fuel based process, but
electricity accounts for most of the cost of the electrolysis process.

In order to improve the profitability of hydrogen production, there are several ways to decrease the cost of the 
electricity used in the production process and to increase the capacity factor of the electrolyser, for example by 
using electricity from NPPs in long term operation (LTO), or by combining renewable energy and nuclear power.

Although current hydrogen demand is limited to some sectors, such as oil refining and the chemical industry, it 
is expected that various sectors, such as long distance transport, steel production and power storage, will also 
experience increased demand. Cluster projects involving nuclear power have thus been started as a strategy to 
stimulate such demand.

Cost breakdown and revenue maximization

Cost breakdown

Most hydrogen produced in the world today is derived 
from fossil fuels, through steam reforming of natural gas 
or the gasification of coal. For hydrogen to fulfil its 
potential as an energy carrier in a decarbonized 
economy, it would need to be produced in large 
quantities and in a sustainable way. However, for this to 
happen, low carbon hydrogen production would also 
need a sound business case that emphasizes important 
factors such as cost competitiveness with alternative 
production technologies.

When discussing the economics of hydrogen, the focus 
is generally on the cost of production per kilogram (kg).
Figure 6 [IEA, 2019] shows that in China, for example, 
the cost of hydrogen production using natural gas 

without CCUS was assumed to be about US $1.80/kg as 
of 2018, while this cost would increase to $2.20/kg by 
adding CCUS. The cost of hydrogen production using 
coal gasification is even lower, at $1.00/kg without 
CCUS and $1.50/kg with CCUS. Hydrogen production 
using electrolysis is more expensive than other 
methods, at $2.90/kg using renewable energy and 
$5.50/kg using the grid. The differences in cost between 
the production of hydrogen by electrolysers using 
renewable energy and its production using natural gas 
with CCUS is therefore small. One of the main reasons
may be that China relies on imported natural gas at 
relatively high costs and abundant renewable energy 
resources at relatively low costs (assumed to be 
$30/megawatt hour (MW·h) in this case). As shown in 
the breakdown of hydrogen production costs, fuel costs 
account for a large proportion of the cost of hydrogen 
production. When hydrogen is produced by electrolysis, 

Note:  OPEX operational expenditures.
Assuming a renewable electricity cost of $30/MW·h power price, electricity prices in China = $113/MW·h.

Source: adopted from Ref. IEA [2019].

Figure 6. Hydrogen production costs in China in 2018 
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the cost of electricity accounts for a large proportion of 
the cost, at about 60 80%.

Various publications have outlined the costs of 
hydrogen production using electrolysis. Since the price 
of renewable energy differs greatly depending on the 
region, the cost of hydrogen production using 
electrolysis has also been shown to differ greatly. It is 
for this reason that hydrogen production costs are often 
shown in ranges. As shown in Fig. 7, the IEA has assumed 

a high case of $8.50/kgH2, and the ETC has assumed a 
low case of $2.80/kgH2 [ETC, 2021] (IEA, 2021c)
[Hydrogen Council, 2021b] [IRENA, 2020]. 

Revenue optimization

Three main parameters are crucial for the profitability 
of hydrogen production: (a) capital investment for the 
electrolyser; (b) the cost of electricity used in the 

Source: based on data from Ref. IEA [2021c]; Hydrogen Council [2021b]; IRENA [2020]; Energy Transition Commission [2021].

Figure 7. Hydrogen production costs with electrolysers in 2020 

Source: adapted from Ref. IRENA [2020].

Figure 8. Electrolyser investment cost as a function of module size for various technologies 
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production process; and (c) the capacity factor of the 
electrolyser.

Capital costs

The most expensive component of low temperature 
electrolysis is not the electrolyser itself but rather all of 
the supporting components and auxiliary systems 
needed to deliver energy. Figure 8 [IRENA, 2020]on the 
previous page shows that increasing the module size 
can lead to benefits in economies of scale because 
investment costs decrease with module size a 
100 MW electrolyser can deliver 10 times the power of 
a 10 MW electrolyser by adding only about 30 40% of 
the costs. As a large power generation facility, nuclear 
plants are well suited for the installation of a large 
electrolyser. 

Electricity costs

The cost of the low emission electricity used by the 
electrolyser can be further reduced by using low cost 
nuclear power and renewable energy, which have lower 
marginal costs compared to traditional fossil fuel 
generators. Figure 9 [IEA, OECD NEA, 2020] shows that 
the levelized cost of energy (LCOE) for new build NPPs is 
assumed to be around $70/MW·h at an 85% capacity 
factor, while the LCOE for existing NPPs in LTO is 
assumed to be around $30/MW·h at an 85% capacity 
factor, depending on the extension period. The LTO of 
existing NPPs is defined as the operation of nuclear 
plants beyond the typical design life of 40 years. 
Investments in lifetime extensions for required
upgrades and equipment replacement have been 
shown to be the most cost effective solution for the 
continued production of nuclear power. Since,
according to the Hydrogen Council and the ETC (see 

Fig. 7 on page 10), the cost of renewable energy is 
assumed to be $25 73/kgH2,hydrogen production from 
nuclear power would be competitive with renewable 
energy. Therefore, investment in LTO is also beneficial 
for the production of hydrogen by utilities.

Achieving a hydrogen production cost of $1/kgH2, which 
is the 2030 target of the United States Department of 
Energy (DOE) Hydrogen Energy Earthshot (or Hydrogen 
Shot initiative, is equivalent to an electricity price of 
$20/MW·h without capital expenditure (CAPEX) or 
operational expenditure (OPEX) [Satyapal, 2021]. 

In order for hydrogen production from nuclear power to 
achieve such an ambitious hydrogen cost target, further 
cost reductions, for example in the case of NPPs in LTO, 
would need to be promoted. The cost of LTO differs 

Source: adopted from Ref. IEA & NEA [2020].

Figure 9. Sensitivity of the LCOE of new build and LTO to 
capacity factor

Note: CAPEX = US $800/kWe; efficiency (LHV) = 64%; discount rate = 8%.
Source: adopted from Ref. IEA [2019].

Figure 10. Hydrogen costs from electrolysis using grid electricity 
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from new construction in that operation and 
maintenance (O&M) account for a large proportion of 
the cost in the case of LTO. It is therefore important to 
reduce the cost of O&M, as well as that of investment.

Capacity factor

The potential exists to use the surplus power in power 
systems with an increasing share of variable renewable 
energy to produce low cost, low carbon hydrogen. 
However, if this surplus power is only available 
occasionally, it cannot be reliably depended upon to 
keep costs down. Figure 10 (IEA, 2019) on the previous 
page shows that the longer the electrolyser runs, the 
greater the impact of the cost of electricity and the 
lesser the impact of CAPEX on the levelized cost of 
hydrogen. It is therefore essential to minimize the cost 
of hydrogen production by achieving an optimal annual 
level of operating hours to balance this trade-off. If we 
consider the IEA assumption [IEA, 2019], the area of 
lowest hydrogen costs can be found whenoperating an 
electrolyser for 3000 to 5000 hours, which is equivalent
to a capacity factor of 34 57%. Since inexpensive grid 
electricity may only be available for a few hours during 
the day on a high renewable penetration grid, the 
utilization rate of the electrolyser will be low and the 
hydrogen cost will be high, reflecting the high CAPEX
that is spread across only a handful of hours. However, 
it should be noted that a higher number of utilization 
hours increases the demand for electricity, producing 
higher electricity costs. Over time, the cost of producing 
hydrogen rises as a result of higher electricity prices 
during peak hours.

Maximizing surplus output

There are various methods of producing hydrogen, 
using fossil fuels, renewable energy or nuclear power, 

with each having its own advantages and disadvantages. 
While these methods may appear to be competing, in 
reality they are not. All of these methods and 
technologies complement each other and are necessary 
to achieve carbon neutrality by 2050. Hydrogen 
production from existing nuclear power is not an 
exception as it is vital to utilize a wide array of 
production methods.

Nuclear power has the advantage of producing 
electricity in a stable manner, which is useful for 
continuous hydrogen production and for increasing the 
capacity factor of the electrolyser. As shown in Fig. 11
[INL, 2017], using nuclear power during the night, when 
both demand and electricity prices are low, would be 
another advantage since the surplus electricity from 
nuclear power that is used as baseload power could be 
used to produce hydrogen. Conversely, at midday, when 
solar power output is high, surplus electricity could also 
be used to produce hydrogen. By using a combination of 
renewable energy and nuclear power in this way, it is 
also possible to boost the electrolyser utilization rate 
and minimize hydrogen production costs.

Demand and market conditions

Hydrogen demand 

At present, the demand for hydrogen is much smaller 
than the demand expected in 2050 since it is limited to 
the refining and chemical industrial sectors [IEA, 2021c]. 
Even in sectors such as transport, steel manufacturing 
and power generation, where demand is expected to 
grow significantly over the coming decades, rapid 
increases in hydrogen demand are not anticipated in the 
near future. To create a decarbonized economy, it will 
nevertheless be vital to both replace existing cases of 
hydrogen use with low carbon hydrogen, as well as to 

Note: The data used for this figure represents notional power demand and supply curves in summer with high penetration of solar power, 
where baseload capacity is 60% of total daily demand and solar capacity is 45% of total daily demand.

Source: adapted from Ref. INL [2017].

Figure 11. Daily generation supply and demand curve
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focus on expanding hydrogen use to new sectors. As 
shown in Fig. 12 [ETC, 2021], the ETC groups the 
potential uses of hydrogen in a zero carbon economy 
into four categories, depending on the ease of 
introducing hydrogen utilization into existing systems.

Potential hydrogen demand can be broadly categorized 
into existing hydrogen and new hydrogen demand. New 
hydrogen demand can be further subdivided into 
demand expected in the near future, transitional 
opportunities, demand expected in the distant future, 
and potential demand for hydrogen in the distant 
future. 

Existing use cases include crude oil refining, ammonia 
productionfor fertilizer, and methanol production for a 
variety of products such as paints, plastics and 
explosives. Most of these cases use hydrogen produced 
from fossil fuels, which can be replaced with low carbon 
hydrogen to reduce CO2 emissions. This is a high 
certainty demand that low carbon hydrogen producers
could initially consider targeting. 

Transitional opportunities include co-firing hydrogen in 
gas power plants, co-firing ammonia in coal power 
plants and blending low levels of hydrogen into existing 
natural gas pipelines. It would be relatively easy to start
such endeavours with small amounts of hydrogen as 
most technical challenges have been cleared. However, 
while these technologies are expected to reduce CO2

emissions, they cannot eliminate them. Such
opportunities are therefore considered as short term 
and transitional until 100% hydrogen or ammonia 
power generation can be established, and natural gas is 
replaced by hydrogen.

Future demand with certainty includes steel 
production, long distance shipping, long distance 

aviation and power storage. All of these technologies 
are difficult to electrify and are thus called hard-to-
abate sectors, making hydrogen or hydrogen based 
fuels essential for cost effective decarbonization. Since 
no other technologies other than hydrogen are 
currently available, the certainty of demand for 
hydrogen in these sectors is high, and rapid 
technological development is underway. It is therefore 
important to keep a close eye on these sectors. 

Future demand with uncertainty includes fuel cell 
transport, such as long distance trucking, rail and 
forklifts, residential heating, high temperature heat in 
industrial applications, and plastics and other chemical 
production. Hydrogen is being considered for use in the 
decarbonization of these sectors, but it is not 
necessarily considered superior to electrification or 
other options. Therefore, it is not clear at this time 
whether hydrogen demand will increase in such cases. 
For example, the technological development of electric 
vehicles is advancing rapidly, and they have the range to 
compete with fuel cell vehicles. In addition, heat pumps 
are by far the most efficient way to provide residential 
heat, meaning that hydrogen has a limited range of 
applications in this regard. Also, the use of heat in the 
industrial setting is limited given its flame 
characteristics. Furthermore, demand for hydrogen in 
plastic production is uncertain because of the increasing 
number of alternative materials to replace plastics, and 
because CO2 is required in addition to hydrogen.

Numerous R&D and demonstration projects are 
ongoing for each of these applications. The decision on 
which type of demand to target will reflect the goals of 
the project and the characteristics of different regions 
and markets.

Source: adopted from Ref. IAEA [2021a].

Figure 12. Potential use cases of hydrogen
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Using hydrogen clusters to boost initial 
hydrogen demand

Hydrogen is already used widely in the refining and 
chemical industries, but has yet to advance into other 
industries. In order to stimulate market demand, 
hydrogen clusters are being developed in an effort to 
integrate hydrogen production, storage, transport and 
end use in various cases.

The potential for hydrogen clusters will depend on 
geographic locations and regional circumstances. In 
general, however, a focus on cluster based 
development can provide hydrogen producers with 
greater certainty in terms of local hydrogen demand, 
allowing them to de-risk their business cases by 
diversifying off takers. Within a cluster, it is relatively 
easy to expand beyond hydrogen to other valuable high 
end products, for example, by supporting the 
simultaneous development of several new end use 
applications. Furthermore, clusters can minimize the 
initial need for investment costs to share large scale 
transport and storage infrastructure among several 
users. Finally, clusters are expected to receive public 
support in the funding and licensing of developments 
that will benefit several companies and sectors. 

Various types of hydrogen clusters are being envisioned, 
with the ETC identifying four of these cluster types. 

Refining and fertilizer clusters are the most hydrogen 
intensive industries at the moment. Since these sectors
share gas supply systems and exchange intermediate 
products, plants are frequently co-located. Currently,
such industries are initiating several projects to use 
hydrogen produced from renewable energy, but most 
of them are being pursued independently. These 
projects nonetheless have the potential to develop into

cluster projects involving neighbouring facilities in the 
near future.

Port clusters, as logistics hubs, have enormous potential 
for hydrogen use in transport. A number of hydrogen 
cluster projects have already been launched, exploring 
the use of hydrogen not only in shipping but also for 
trucks and forklifts. In addition, ports are often located 
close to heavy industry sites, such as steel plants and 
petrochemical plants, and therefore hydrogen is 
expected to be used throughout these industries. 

City clusters serve as (non-coastal) transport hubs and 
provide well connected gas pipeline infrastructures.
Demand from road transport and building heat could
therefore develop as a result. This cluster has the 
potential to be in large demand, and some feasibility
studies are currently underway.

Steel plant clusters have economies of scale in 
hydrogen demand alone because the large hydrogen 
demand potential is concentrated in the plant itself. 
Therefore, facilities are needed that can provide a stable 
supply of hydrogen in large quantities. Because steel 
plants are often located in coastal areas, they are likely 
to be developed as part of port clusters.

Opportunities for growth

Many of the cluster types mentioned above can benefit 
from existing NPPs across the world. Pillsbury has 
mapped hydrogen projects around the world [Pillsbury, 
2022], and overlaying existing NPPs on this map shows 
that, in many places, NPPs and hydrogen projects 
overlap. 

For example, Fig. 13 [Pillsbury, 2022] shows the location 
of hydrogen projects and NPPs in Europe. In the UK and 
Germany, where there are a large number of hydrogen 
projects, many NPPs are located adjacent to hydrogen 

Source: Nuclear power plant data adopted from Ref. IAEA [2022]
and Hydrogen project data adopted from Ref. Pillsbury [2022].

Figure 14. Location of hydrogen projects and nuclear power 
plants in North America

Source: Nuclear power plant data adopted from Ref. IAEA [2022]
and Hydrogen project data adopted from Ref. Pillsbury [2022].

Figure 13. Location of hydrogen projects and nuclear power 
plants in Europe 
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projects. Also, in countries with a large number of NPPs, 
such as France, several hydrogen projects are located 
next to NPPs. Figure 14 [Pillsbury, 2022] on the previous 
page shows the location of hydrogen projects and NPPs 
in North America. While most hydrogen projects are 
currently located on the west coast, the figure shows 
that there are relatively few NPPs here. On the other 
hand, most hydrogen projects on the east coast of North 
America are located near NPPs. The location affinity 
between NPPs and hydrogen projects is thus high on the 
east coast. As the number of hydrogen projects 
increases in future, it is expected that more projects will 
be undertaken in very close vicinity to existing NPPs, 
with geographical advantages offering cost optimization 
through the formation of hydrogen clusters that include 
NPPs. 

On the other hand, from the outset of a project, more 
and more efforts are being made to utilize electricity 
from NPPs in an effort to promote efficient hydrogen 
production. In the UK and the Russian Federation, 
hydrogen cluster projects using NPPs to support 
facilities for hydrogen hubs have already begun to 
appear, and something similar is being proposed in 

 national hydrogen strategy. In the USA, an 
infrastructure law for clean hydrogen hubs has been 
launched and includes $8 billion in investment. 
Hydrogen hubs will create networks of hydrogen 
producers, consumers and local connective 
infrastructure to accelerate the use of low carbon 
hydrogen produced from renewable energy and nuclear 
power [US DOE, 2022]. Hydrogen clusters using nuclear 
energy are therefore gradually expanding around the 
world. 
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3. Utility demonstration projects
Key points:

In recent years, small scale projects for hydrogen production using electricity from existing NPPs have been 
initiated around the world to demonstrate their technical feasibility and economic competitiveness.

Major nuclear hydrogen projects are underway five in the North America (Canada: one project; USA: four
projects) and four in Europe (Russian Federation: one project; Sweden: two projects; UK: one project) and 
the utilities operating the NPPs are acting as core members of these projects.

By producing low carbon hydrogen, utilities are contributing to the realization of a decarbonized society, as well 
as to making effective use of electricity while securing new revenue sources. 

An overview of demonstration projects
Progress in nuclear hydrogen demonstration projects 
differs depending on the region of the world. Currently, 
several projects have started or are preparing to start in 
North America and Europe, but little progress has been 
made in Asia at the time of writing this publication
Selected nuclear hydrogen demonstration projects from 
around the world, shown in Fig. 16 and ordered from 
the most advanced to those in the early stages of 
research or conception, are outlined in the following 
paragraphs.

Energy Harbor (USA)

NPP: Davis-Besse Nuclear Power Plant
           PWR (894 MW)
Location:          Oak Harbor, Ohio, USA
Electrolyser: LTE  PEM (2 MW)

Energy Harbor in the USA operates 3947 megawatt 
electric (MWe) of nuclear power capacity (comprising 
four reactors at three sites in the country), supplying 
about 33 terawatt hours (TW·h) of low carbon 
electricity from NPPs annually, as shown in Fig. 15. In 
2019, Energy Harbor was part of a consortium of 
companies which included Xcel Energy and Arizona 
Public Service that was selected to receive a grant 
from the US DOE in the framework of the Advanced 
Reactor Development Project funding pathway pathway 
[INL, 2019] [US NE, 2019]. This project met the DOE 
objective to support innovation in and the 

competitiveness of the US nuclear industry through 
research, development and demonstration of 
commercial applications that pair carbon free nuclear 
energy in a hybrid, non-electric application to produce 
hydrogen.

Energy Harbor is planning a two year demonstration 
project at the Davis-Besse NPP in Ohio, where the 
company is installing a 2MW LTE skid to produce 
hydrogen. The demonstration project is expected to 
begin nuclear hydrogen production in 2024. The LTE is a 
PEM electrolyser, which consumes electricity from the 
NPP and produces 800 1000 kg/day H2. The power will 
be supplied from behind the meter to reduce the cost 

41.3 TW·h

Source: based on data from Ref. Government of USA [2019].

Figure 15. Energy Harbor generation in 2019

Figure 16. Hydrogen production using existing NPPs equipped with electrolysers

Source: based on data from Ref. IAEA (2022)
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is to explore the economic viability of hydrogen 
production in the NPP, and to demonstrate the 
compatibility and synergy of the two technologies. 
Potential uses include public transport and steel 
production. The nuclear plant is located near major 
hydrogen markets, such as oil refineries and steel 
manufacturers, making it ideal for reducing hydrogen 
transport costs. In 2022, the company joined with these 
regional hydrogen related companies,  the University of 
Toledo and several national laboratories, as well as
others, to launch a new industry led coalition, called 
Great Lakes Clean Hydrogen (GLCH) [Energy Harbor, 
2022a].

The continued operation of the Davis-Besse NPP is 
dependent on local energy and capacity prices to 
operate the plant in a cost effective manner. Production 
of nuclear hydrogen at the plant could provide a new 
source of revenue to improve overall economics.

Xcel Energy (USA)

NPP: Prairie Island Nuclear Generating Plant
           PWR (1041 MW)
Location:          Welch, Minnesota, USA
Electrolyser: HTE (240 kW, maximum 1 MW)

Xcel Energy in the USA has set a target of delivering 
carbon free electricity by 2050, and as Fig. 17 shows, in 
addition to increased wind power and reduced fossil 
fuel use, stable nuclear power operation has 
contributed to reductions incarbon in recent years. Xcel 

will use high temperature steam electrolysis (HTSE), a 
highly efficient process that will use steam and 
electricity from the Prairie Island NPP in Minnesota. 
More specifically, a solid oxide type electrolyser will be 
combined with the NPP to extract the steam generated 
during normal nuclear operations and use heat in an 
effort to lower the amount of power required for the 
electrolyser, resulting in lower electricity consumption 
on the part of the electrolyser.

Since Xcel Energy has several wind power facilities in its 
energy generation portfolio, it typically curtails nuclear 
power when wind power is able to meet electricity 
demand (Xcel Energy, 2022). Rather than curtailing 
nuclear power in low or negatively priced hours, Xcel 
Energy is evaluating opportunities to produce hydrogen 
from surplus nuclear power. If this excess electricity can 
be used to produce hydrogen, it has the potential to 
create an additional revenue stream that will help cover 
fixed costs.

In this project, the 240 kW electrolyser (moving towards 
a maximum of 1 MW in future) will produce about 
130 kg/day H2. Because the project size is smaller than 
the curtailment increment, the electrolyser will be able 
to run continuously, independent of nuclear curtailment 
resulting from variable wind generation. Hydrogen 
produced by the demonstration project is being 

scale, the cost to compress, store and ship the hydrogen 
may not offset savings from hydrogen use. However, 
given the location of the NPP, if the scale of production 
is expanded, hydrogen could be used in a variety of 
nearby industries, including oil and gas production and 
agricultural ammonia manufacturing, as well as 
transport and power generation. 

Xcel Energy conducted a technoeconomicanalysis with 
Idaho National Laboratory (INL), the Argonne National 
Laboratory (ANL) and the National Renewable Energy 
Laboratory (NREL) and the Electric Power Research 
Institute (EPRI) of the potential hydrogen demand 
around NPPs and of optimal hydrogen production with 
the HTSE using electricity from NPPs [INL, ANL, NREL, 
EPRI, Xcel Energy, 2021]. The analysis identified the
hydrogen market, including ammonia production, 
which should be targeted in terms of the CO2 emission 
reductions required for each application in the vicinity 
of the Prairie Island and Monticello NPPs. It also 
identified the target electricity price for hydrogen 
produced with the HTSE and NPPs so as to be 
competitive with steam methane reforming, and 
underlinedthat a large CO2 credit will be required given
the unlikelihood of significant reductions in NPPs O&M 
costs. Additionally, the analysis considers the optimal 
combination of HTSE capital expenses, HTSE capacity 
and a possible hydrogen production tax credit to ensure 
profitability compared to a business as usual case. It also
notes the importance of identifying hydrogen demands, 
along with the required delivery requirements that will 
drive hydrogen storage requirements and overall 
project costs.

In 2020, the DOE provided approximately $14 million in 
funding for the project [INL, 2020][US NE, 2020], which
is expected to start hydrogen production in 2024.

80.1 TW·h

Source: based on data from Ref. Government of USA [2019].

Figure 17. Xcel Energy  generation in 2019
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APS and PNW Hydrogen (USA) 

NPP: Palo Verde Nuclear Generating Station 
            PWR (3937 MW) 
Location:           Wintersburg, Arizona, USA 
Electrolyser: LTE PEM (17 MW) 

Arizona Public Service (APS), main subsidiary of Pinnacle 
West Capital Corporation (PNW), has also set a goal to 
provide carbon free electricity by 2050. The Palo Verde 
NPP, which is mainly operated by APS, is the largest 
plant in the country. As can be seen in Fig. 18, it 
generates more than 32 TW·h annually, contributing to 
the production of clean energy. APS recently conducted 
a technoeconomic assessment of the use of hydrogen, 
produced with electricity generated by its Palo Verde 
NPP as an energy storage medium to help run the 
natural gas fired combustion turbines used to meet 
peak electricity loads. The assessment showed that the 
cost of capacity from co-firing hydrogen in a peaking 
natural gas fired turbine electricity generator compared 
favourably to the capacity from batteries when the 
energy storage duration is four hours or more.  

Based on the results of the assessment, and building 
upon its collaboration with consortium members, 
Energy Harbor and Xcel Energy, PNW Hydrogen, a 
subsidiary of PNW, submitted an application to the DOE 
for funding to run a three year nuclear-to-hydrogen-to-
electricity capacity demonstration project beginning in 
2022.  The size of the electrolyser will be approximately 
17 MW. A compression and storage system will also be 
installed. PNW Hydrogen is seeking to use surplus 
nuclear energy during hours when renewable 
production is high so as to produce hydrogen. The 
electrolyser will produce hydrogen when electricity 
demand is low, and the stored hydrogen will then be 
used to supply electricity during peak demand at times 
when solar energy resources are not available and 
energy reserves are low. The objectives of the 
demonstration project are to co-fire a 30%/70% (or 
greater) hydrogen/natural gas blend in the APS Saguaro 

gas fired peaking power plant and use a small quantity 
of the hydrogen to produce synthetic hydrocarbons. On 
7 October 2021, the DOE notified PNW Hydrogen that 
its application regarding this first of a kind project had 
been accepted and awarded $20 million, which is 
approximately 25% of the total project cost [US DOE, 
2021]. 

The amount of electricity generation by solar energy in 
Arizona, where APS’s Palo Verde NPP is located, began 
to increase in 2012, and by 2020 the amount reached 
about 6 GW·h, accounting for 5% of total electricity 
generation in Arizona. Across the rest of the 
southwestern USA, solar power generation is booming. 
The rapid deployment of solar power in California is 
attributed to its 100 Percent Clean Energy Act of 2018, 
which sets interim targets of 60% of total retail sales of 
electricity from renewable energy by 2030 on the path 
towards 100% carbon free electricity in the state by 
2045.  

Within California, the amount of solar electricity 
generation in 2020 was about 31 GW·h, accounting for 
about 16% of total electricity generation. APS’s Palo 
Verde NPP has access to the California power market, 
making the state an attractive off taker of stored energy 
when demand peaks in late afternoon hours. In a power 
market dominated by solar power, as is the case in 
California, the ability to also use hydrogen for energy 
storage is very attractive and worth demonstrating.  

Constellation Energy (USA) 

NPP: Nine Mile Point Nuclear Station 
            BWR (1890 MW) 
Location:           Scriba, New York, USA 
Electrolyser: LTE PEM (1.25 MW) 

Constellation Energy (formerly Exelon’s power 
generation business) is one of the largest NPP operators 
in the USA. As shown in Fig. 19, more than 90% of annual 
output emanates from nuclear and wind, helping to 

53.3 TW·h

Source: based on data from Ref. Government of USA [2019].

Figure 18. APS generation in 2019 

189.5 TW·h 

Source: based on data from Ref. Exelon [2020].

Figure 19. Constellation Energy generation in 2019 
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accelerate the transition to a carbon free future. 
Constellation Energy plans to demonstrate the 
production, storage and use of hydrogen in existing 
NPPs. The project began in 2020 and will have a project 
duration of three years (becoming operational by the 
end of 2022), with a budget of $14.4 million. It will 
receive up to $5.6 million in funding as part of the DOE 
H2@Scale project [Exelon, 2021a].

The project is a collaboration between Constellation 
Energy, NREL, Nel Hydrogen (a Norwegian Nel ASA 
subsidiary), INL and ANL. A 1.25 MW PEM electrolyser 
will be installed on-site. Constellation Energy plans to 
explore dynamic operation of the electrolyser.

The project will provide an in-house supply of hydrogen 
for nuclear power generation to eliminate the need to 
rely on external suppliers. Hydrogen produced in the 
demonstration project will be used as a cooling gas for 

in order to reduce the O&Mcosts 
of the plant, and ensure chemistry control for the plant 
components. Future hydrogen applications include 
injecting the hydrogen into gas pipelines and selling it to 
the local hydrogen market. In anticipation of this use 
case, a demand study of the hydrogen market near NPPs 
is also being included in the project.

Constellation Energy operates 21 497 MWe of nuclear 
power capacity, comprising 21 reactors at 12 facilities 
across Illinois, Maryland, New York and Pennsylvania. 
Because of the company
site selection was identified as one of the most 
important challenges for the demonstration project. In 
2021, Constellation Energy chose the Nine Mile Point 
NPP as the site for the demonstration, based on 
technical and business factors [Exelon, 2021b]. 

mechanical, land and hydrogen consumption, as well as 
water availability. Business factors include the price of 
hydrogen, the electricity price and agreements with 
state and market operators. The company has 
recognized in particular the strong support for hydrogen 
provided through the New York Clean Energy Standard, 
which has set a goal of 50% clean energy consumption 
in the state of New York by 2030.

EDF Energy (United Kingdom)
EDF Energy is generating low carbon electricity from 
wind, solar and nuclear to help cut UK carbon emissions 
to zero. As shown in Fig. 20, nuclear energy accounts for 

The utility conducted a feasibility study for the 
production of hydrogen from nuclear power at the 
Heysham Power Station, and it is preparing a 
demonstration project at the Sizewell Power Station.

Heysham Power Station

NPP: Heysham Power Station
           AGR (2300 MW)
Location:           Morecambe, Lancashire, UK
Electrolyser: LTE alkaline (1 MW) + PEM (1 MW)

EDF Energy received funding from the UK government 
to carry out a hydrogen production project at the 
Heysham NPP so as to forge the way towards 
production of low carbon hydrogen on a large scale [EDF 
Energy, 2019]. In Phase 1, the utility worked with 
Lancaster University, the European Institute for Energy 
Research and the Atkins consulting firm to conduct a 
feasibility study for low carbon hydrogen production 
with the direct installation of a 1 MW PEM electrolyser 
and a 1 MW alkaline electrolyser, producing up to 800 
kg/day H2 at the Heysham NPP. 

It was concluded that the system should be installed 
outside of the nuclear licence area for security and 
operational efficiency reasons. The technical viability of 
hydrogen production in combination with NPPs was 
confirmed via a feasibility study and via conceptional 
design, both of which confirm that production meets 
the requirements of nuclear safety and industrial 
regulations. 

Since a hydrogen production system that uses a 
combination of nuclear power and electrolysis can be 
replicated at other EDF Energy NPPs, it was also 
concluded that scaling up of the electrolyser will enable 
hydrogen to be supplied on a large scale in order to 
meet the UK's future hydrogen demand. 

If utilized to an annual capacity factor of 95%, through
stable nuclear power and oxygen as a by-product of the 
Heysham NPP, the cost of producing hydrogen could be 
reduced to a level comparable to steam methane 
reforming with CCS.

The project has not proceeded to the demonstration 
stage as a result of challenges in developing a successful 
business model without production subsidies or 

59.6 TW·h

Source: based on data from Ref. EDF [2020].

Figure 20. EDF Energy generation in 2019
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incentives for end users to consume the hydrogen 
produced [Nuclear Industry Association, 2021].

Sizewell power stations

NPP: Sizewell B Power Station
           PWR (1198 MW)
Location:          Leiston, Suffolk, UK
Electrolyser: LTE (2 MW)

NPP: Sizewell C Power Station
           EPR (3200 MW)
Location:          Leiston, Suffolk, UK
Electrolyser: HTE (capacity to be determined)

EDF Energy is exploring hydrogen production at the site 
of the Sizewell B NPP to help contribute to the net zero 
ambitions of the UK [EDF Energy, 2022]. The utility plans 
to install a 2 MW electrolyser in 2022 and begin 
producing up to 800 kg/day H2 using electricity from the 
Sizewell B NPP [EDF Energy, 2020]. The hydrogen 
produced will be used to fuel some of the vehicles and 
machinery that are to be operated during the 
construction of the Sizewell C NPP, reducing the use of 
diesel fuel. 

Further applications include the potential to supply 
hydrogen to local government, nearby ports, industry 
and local bus and rail transport. In such cases there is a 
potential to scale up production to meet demand. The 
future potential of the project to produce hydrogen 

from the Sizewell C NPP will also be evaluated 
throughout the demonstration phase.

An electrolyser at the Sizewell C NPP would have the 
potential to use some of the electricity and heat at the 
site to produce low carbon hydrogen more efficiently. 
The Freeport East project, which would include the 
Sizewell C NPP, was announced as one of eight new 
freeports in 2021, and is intended to be a hub for global 
trade, as shown in Fig. 21 [Freeport East, 2022]. 
Freeports are designated areas that are eligible for a 
wide range of special regulatory requirements, tax relief 
and government support. They are specifically designed 
to encourage companies to import, process and 
re-export products. 

Sizewell B and Sizewell C nuclear power stations are
expected to produce hydrogen as part of an energy hub 
that will support this freeport. Freeport East's plan is to 
install a 1 GW electrolyser by 2030 to produce 
145 000 tonnes of hydrogen, which would supply cargo, 
public transport, ships, aviation, industrial processes 
and district heating. Given the presence of many 
offshore wind farms in the area surrounding Freeport 
East, the development of a hydrogen hub will be 
promoted in cooperation with the wind farms in order 
to balance the variable electricity production. This 

a Green Industrial Revolution (i.e. hydrogen, nuclear, 
wind, a greener maritime, zero emission transport and 
innovation) [Government of UK, 2020].

Source: adopted from Ref. Freeport East [2022].

3. Wind: 
Hydrogen will also be produced 
via renewable energy from 
nearby offshore windfarms, with 
the extra demand bolstering 
investment and accelerating 
progress to the 40 GW target.

Equivalent size of a 
small shipping container

1. Hydrogen: 
At its peak by 2030, 1 GW of low 
carbon hydrogen production 
capacity could be produced 
achieving 20% of the UK's 5 GW 
target.

6. Innovation: 
The hub will 
enable at-scale 
trials of multiple 
innovative low 
carbon initiatives 
centred around 
hydrogen and 
nuclear 
technologies.

5. Zero emission vehicles:
A cluster based approach 
to hydrogen supply and 
demand will allow for a 
quick rollout of hydrogen 
buses, trucks, emergency 
vehicles, trains, 
construction and 
agriculture vehicles across 
the region, in London and 
beyond.

4. Greener maritime: 
Hydrogen applications 
will be developed at 
Felixstowe and 
Harwich ports to 
power port 
equipment and
marine vessels.

2. Nuclear: 
Large parts of this hydrogen will 
be produced via nuclear energy 
at Sizewell B and then Sizewell C, 
when the latter comes online.

Freeport East

Figure 21. Freeport East Hydrogen Hub
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Thus far, the feasibility of different steam tapping 
points, their impact on the plant design and the trade-
offs of using a part of the steam to produce hydrogen 
have been evaluated. A decision on whether to 
incorporate flexible operation and design in the energy 
hub are challenges that would need to be addressed in 
future.

Rosatom (Russian Federation)

NPP: Kola Nuclear Power Plant
           VVER (1644 MW)
Location:          Polyarnyye Zori, Murmansk, 

Russian Federation
Electrolyser: LTE AEM (1 MW)

As shown in Fig. 22, Rosatom generates about 200 TW
h of nuclear power, making it the first source of energy 
in the Russian Federation in terms of electricity power 
generation, and representing around 20% of the total 

power generated in the country. Rosatom has been 
carrying out extensive research on hydrogen production 
since 2018, with priority being given to the development 
of water electrolysis using existing NPPs, as well as 
steam methane reforming using the HTGR.

For hydrogen production using existing NPPs, the 
country plans to develop and demonstrate the 
production and storage of hydrogen at the Kola NPP and 
then to further scale up this production and storage. In 
future, the technology from this demonstration project 
will be used to deploy hydrogen production facilities at 
other NPPs. This project involves the construction and 
commissioning of a hydrogen production facility using
proprietary designed anion exchange matrix electrolysis 
units (initial capacity 1 MW), and will begin producing
hydrogen in 2025 [Rosatom, 2021a]. In order to make 
effective use of the resources at the Kola NPP, 
consideration will be given to the use of surplus energy 
and the infrastructure facilities used to produce small 
amounts of hydrogen.

In addition, the project is being strongly promoted as 
part of the Development of Hydrogen Energy in the 
Russian Federation until 2024 Plan [Government of 
Russian Federation, 2020a] and the Concept for the 
development of hydrogen energy in the Russian
Federation [Government of Russian Federation, 2021]. 
The former includes an evaluation of regulations related 
to nuclear hydrogen by 2022, the development of a 
safety concept for hydrogen production, transport and 
storage by 2023, and the development of a programme 
for nuclear energy technologies applicable to hydrogen 
energy projects by 2024. The latter assumes the 
development of hydrogen over three phases with the 
first phase (2021 to 2024) being to establish hydrogen 

208.8 TW·h

Source: based on data from Ref. Rosatom [2022].

Figure 22. Rosatom generation in 2019

Source: adopted from Ref. Rosatom [2021b].

Figure 23. Potential locations for hydrogen industrial clusters and hydrogen pilot projects in the Russian Federation 
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clusters, such as the West hydrogen cluster, which will 
include the Kola NPP as shown in Fig. 23 [Rosatom, 
2021b] on the previous page. 

The hydrogen produced in these clusters will not only be 
used to decarbonize domestic industry, transport and 
energy sectors, but also to be exported to Europe from 
the West hydrogen cluster and to the Asia-Pacific region 
from the East hydrogen cluster. In its energy planning 
documents, the Russian Federation outlines its aims to 
increase low carbon hydrogen exports to 0.2 million 
tonnes by 2024 and to 20 million tonnes by 2035 
[Government of Russian Federation, 2020b].

Vattenfall (Sweden)

NPP: Ringhals Nuclear Power Plant
           PWR (2202 MW)
Location:          Ringhals, Väröbacka, Sweden
Electrolyser: LTE (0.8 MW)

Vattenfall owns 5485 MWe of operating capacity 
(comprising five reactors) located in Sweden. As shown 
in Fig. 24, nuclear generation represented around 62% 

Vattenfall has been producing hydrogen using electricity 
from the Ringhals NPP since 1997 [Vattenfall, 2018]. The 
LTE electrolyser has a capacity of 0.8 MW and normally 
produces 60 110 m3/hour hydrogen. The hydrogen 
produced is used to cool nuclear generators. Vattenfall 
does not currently have any projects to expand or 
develop hydrogen production on-site at the Ringhals 
and Forsmark NPPs.

However, Vattenfall is applying this experience in a pilot 
study with Preem, the largest oil company in Sweden, to 
produce hydrogen using electricity from a power grid in 
Gothenburg [Vattenfall, 2021a]. Vattenfall sells only 
nuclear, hydro, wind and minimal amounts of biomass 
electricity in Sweden, and so the electricity from the 
power grid is fossil free. Preem and Vattenfall are 
testing the use of hydrogen in the production of biofuels 
using detritus from the Swedish paper industry. 

Hydrogen reduces the oxygen content of the polymers 
that make up the plant tissue in the pulp, creating 
biofuel. A feasibility study for a larger 50 MW 
electrolyser plant is underway to move to the next 
phase in 2022. 

Vattenfall has also established the Hydrogen 
Breakthrough Ironmaking Technology (HYBRIT), a joint 
venture with the Luossavaara-Kiirunavaara AB (LKAB)
mining company and Svenskt Stål AB (SSAB) steel, which 
together have been working on a hydrogen based 
steelmaking process since 2016 [Vattenfall, 2021b]. The 
project is targeting completion by 2035. The pilot plant 
in Luleå, in northern Sweden, started operation in 
August 2020. In May 2021, the construction of a 100 m3

pilot scale storage facility next to the pilot plant in a 
cave around 30 metres underground also began, with 
the goal of completion by 2022 [Vattenfall, 2021c]. In 
July 2021, Vattenfall delivered to the car manufacturer, 
Volvo, the world's first steel produced using the HYBRIT 
technology. The production process involved the use of 
100% fossil free hydrogen rather than coal and coke 
[Vattenfall, 2021d]. In 2026, the transition to 1.3 million 
tonnes of plant scale production is planned to begin at 
a demonstration plant in Gällivare, in northern Sweden, 
and production is planned to increase to 2.7 million 
tonnes by 2030.

OKG (Sweden)

NPP: Oskarshamn Nuclear Power Plant
           BWR (1450 MW)
Location:           Simpevarp, Oskarshamn, Sweden
Electrolyser: LTE alkaline (0.7 MW)

OKG Aktiebolag (OKG) owns only one reactor that
produces
boiling water reactors (BWRs) with a gross output of 
1450 MW and generation of 11.4 TW h of electricity 
annually in 2019, as shown in Fig. 25. OKG signed a 
contract in 2022 to supply hydrogen produced at the 
Oskarshamn NPP to the industrial gas company, Linde 
Gas [OKG, 2022]. At the Oskarshamn NPP, hydrogen is 

11.0 TW·h

Source: based on data from Ref. IAEA [2022]

Figure 25. OKG generation in 2019

86.8 TW·h

Source: based on data from Ref. Vattenfall [2020a]

Figure 24. Vattenfall generation in Sweden in 2019



23

produced using electricity from the NPP and has been
used for the cooling of generators since 1992. The 
alkaline electrolyser is located next to the plant and has 
the capacity to produce hydrogen for three NPPs. Since
Oskarshamn NPP units 1 and 2 were shut down 
permanently in 2013 and 2017, and only unit 3 is in 
operation, the hydrogen plant currently has some 
overcapacity. Although the amount of hydrogen 
produced with this excess capacity is relatively small, 
the company expects the demand for hydrogen to 
increase in the future, and it is thus essential to expand 
the hydrogen plant. In view of the importance of 
maximizing the use of hydrogen facilities already in 
place, modernization and replacement of the 
equipment, including the control system, is currently 
underway.

Bruce Power (Canada)

NPP: Bruce Nuclear Generating Station
           PHWR

(6358 MW)
Location:          Tiverton, Ontario, Canada
Electrolyser: LTE PEM (5 MW)

Bruce NPP total capacity is 6358 MWe (comprising eight 
units) and is one of the largest NPPs in the world. As 

shown in Fig. 26, in 2019 it generated 46.1 TW h, which 
is equivalent to half of nuclear generation in the
province of Ontarioas a baseload supply. However, the 
plant has a flexible capability, which is also utilized to 
meet falling and peaking demand in the province.

As a result, more than 90% of Ontario's electricity is 
generated by nuclear, hydro and renewable energy 
sources (see Fig. 27), and thus Ontario could potentially 
have a global competitive advantage in producing low 
carbon hydrogen. In fact, there is sufficient demand for 
hydrogen in Ontario from the oil refining and chemical 
industries, as well as for home heating. The above
factors make Ontario an ideal place to start a hydrogen 
project.

As one of the eight immediate actions included in 
carbon hydrogen strategy [Ministry of 

Energy, Ontario, 2022], Bruce Power has a plan to 
explore opportunities for optimized energy production, 
including hydrogen production during the night using
reactors at the Bruce NPP [Bruce Power, 2022]. The 
project will be undertaken in collaboration with the 
renewable fuels manufacturer, Greenfield Global; with
Hydrogen Optimized, which has the high current
unipolar water electrolysis system technology;and with 
the agricultural company, Hensall Co-op. The project is 
expected to be completed in early 2023.

46.1 TW·h

Source: based on data from Ref. Bruce Power [2020a].

Figure 26. Bruce Power generation in 2019

Source: based on data from Ref. Bruce Power [2020a].

Figure 27. Ontario's electricity production in 2019 
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4. Status of other countries with nuclear power plants
Key points:

While there are many existing nuclear power plants in Asian countries, very few have associated hydrogen 
production projects using the electricity from these plants, mainly due to the large share of fossil fuels and the 
small share of low carbon energy in net generation.

China and Japan are nevertheless actively engaged in R&D for more efficient hydrogen production using 
electricity and heat, or only heat, from the high temperature gas cooled reactor. They are thus leading the 
region in efforts to combine next generation nuclear reactors and hydrogen.  

Overview of other countries
Although neither China or Japan have initiated projects 
to produce hydrogen with existing nuclear plants, both
countries have started advanced reactor development 
and have realized prototype construction for non-
electric energy markets, including for hydrogen. Korea, 
which, similar to China and Japan, has many NPPs, has 
begun to consider hydrogen production using the HTE 
and nuclear power. Other countries have also expressed
an interest in nuclear based hydrogen production, 
although none have activeprojects ongoing. 

China

the China National 
Nuclear Corporation (CNNC), recognizes the importance 
of producing hydrogen with nuclear power as an energy 

power system [CNNC, 2021]. The CNNC also hopes to 
provide low carbon hydrogen to local governments in 
order to support emission reductions.

In 2021, China completed construction of a 
demonstration HTGR at the Shidao Bay Nuclear Power 

[World 
Nuclear News, 2021].  The development of an HTR 
capable of highly efficient power generation and 
hydrogen production has been emphasized by the 
Chinese government and is receiving long term support
[Tsinghua University, 2010]. In addition to electricity, 

markets for non-electric products are also being 
targeted throughthis project, including hydrogen. 

The CNNC has been conducting research on hydrogen 
production from nuclear power.  At present, under the 
influence of China's zero carbon policy, the load factor 
of nuclear power as a clean energy is on the rise, and the 
economic viability of nuclear power generation is 
improving. On the other hand, China's hydrogen energy 
industry is not fully mature, with local demand for 
hydrogen energy unclear and the cost of hydrogen 
production using electricity from nuclear power 
relatively high, making it less economical to produce 
hydrogen from nuclear power than to generate 
electricity. As can be seen in Fig. 28, the share of 
renewable energy in China is still low, and so the CNNC 
has assumed that commercial hydrogen production 
from nuclear energy will be viable only after 2025 as the 
share of renewable energy increases.

At the same time, hydrogen production from renewable 
energy, for example from a solar photovoltaic farm 
located nearby a chemical plant, is making progress. 
Hydrogen production from renewable energy in China is 
considered to be more flexible in terms of location and 
demand, and the price is expected to lower in future 
compared with nuclear hydrogen production [CNNC, 
2021].

Japan

7541.0 TW·h

Source: based on data from Ref. IEA [2022].

Figure 28. China generation in 2019

1045.0 TW·h

Source: based on data from Ref. IEA [2022].

Figure 29. Japan generation in 2019
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Japan has 31 679 MWe of operable nuclear power 
capacity (comprising 33 reactors) and was one of the 
first countries to develop a national hydrogen strategy. 
In 2021, the Japan Atomic Energy Agency (JAEA) 
restarted the High Temperature Engineering Test 
Reactor (HTTR), a 30 MW experimental HTGR in Oarai, 
Japan [JAEA, 2021b], and from 2022, the JAEA and 
Mitsubishi Heavy Industries started a demonstration 
project for hydrogen production by connecting the 
HTTR, which supplies high temperature heat via helium 
gas, to a hydrogen production plant [World Nuclear 
News, 2022]. In this project, licensing procedures and 
equipment modifications and tests will be carried out 
step by step to connect the HTTR to a hydrogen 
production facility using the steam methane reforming
process. The technologies used for connection purposes
will be confirmed up to around 2030. In the interim, the 
agency is also developing low carbon hydrogen 
production technologies that include an S-I cycle, and 
these low carbon hydrogen production technologies will 
be used to demonstrate the capability of connecting the 
HTTR around 2040. Japan aims to use these 
technologies to provide a stable and economical supply 
of low carbon hydrogen in massive amounts by around 
2050.

On the other hand, no hydrogen production projects 
using existing NPPs currently exist in Japan. Although 
9486 MWe of nuclear power capacity (comprising ten 
reactors) have been restarted since the accident at the 

electricity mix is still large (see Fig. 29on page 24). There 
is not enough additional nuclear power in Japan today 
to produce hydrogen. In areas where high renewable
energy capacity exists, supply may temporarily exceed 
demand. However, nuclear plants in Japan have a 
limited ability to adjust their output over a short time 
frame, given technical, regulatory and economic 
constraints, since Japanese priority feed-in rules have 
dictated that solar and wind output should be curtailed 
before nuclear power. As a result, when supply exceeds 
demand today, it may be possible to curtail renewable 
energy, but rarely nuclear power, meaning that there is 
almost no surplus nuclear power in Japan.

In addition, Japan imports its fossil fuels from costly 
international markets, and geographic and weather 
conditions are not ideal for renewable energy. Since it is 
too costly for Japan to produce hydrogen from natural 
gas, coal or renewable energy, the country is focusing 
on importing hydrogen in order to secure a stable 
supply. Agreements have already been signed with 
Australia in this regard, and projects are thus underway.

Korea, Republic of
In Korea, a national project has started to produce 
hydrogen using electricity and high temperature steam 

from existing nuclear power, accounting for about a 
quarter of net generation (see Fig. 30). The project is 
planned to take place near the Hanul NPP site in Uljin 
[The Korea Electric Times, 2022]. As for the project 
schedule, it will start with the demonstration of 
hydrogen production using the 5 MW class LTE and the 
50 kW class HTE in phase 1 and then gradually move to 
commercial hydrogen production with the 100 MW 
class HTE by 2030 in phase 2. The combination of the 
HTE with an existing NPP is expected to demonstrate 
large scale hydrogen production at a low cost. One of 
the key points for cost reduction is how to add heat for 
HTE operation, which is insufficient using the heat from 
existing NPPs. Along with demonstration at an existing 
NPP, the design and utilization plan for the HTGR are 
included in the project in order to help resolve this 
challenge.

A memorandum of understanding for the project has
already been signed between Uljin County, Seoul 
National University and Korea Electric Power Corp., the 
Korea Institute of Energy Research, the Korea Institute 
of Machinery and Materials and Doosan [Doosan, 2021].
In addition, Elcogen, a fuel cell and stacks manufacturer
in Estonia, will cooperate to supply a large scale HTE for 
the project. [Elcogen, 2022].

Additional countries considering nuclear 
hydrogen production
Other countries around the world are also considering 
nuclear hydrogen production, but their projects are in 
much more nascent development stages. The nuclear 
hydrogen status of other countries is detailed below in 
the order of the most concrete plans for near term 
nuclear hydrogen development to those that may 
inaugurate a nuclear hydrogen project in the more 
distant future Brazil, Argentina, the United Arab 
Emirates (UAE) and France. 

At the Angra NPP in Brazil, sodium hypochlorite is 
produced from sodium chloride and water using an 

581.6 TW·h

Source: based on data from Ref. IEA [2022].

Figure 30. Korea generation in 2019
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electrolysis system for sterilization to prevent pipe 
corrosion by microbiotas in the seawater that is used for 
cooling the tertiary loop. Hydrogen is produced as a 
by-product of this process. Until now, this hydrogen has 
been released into the atmosphere, but a project has 
been launched to instead utilize the hydrogen. The 
current production volume of hydrogen is 150 kg/day, 
but the plan is to increase this amount to 300 kg/day, 
with further hopes to increase the amount to 
500 kg/day in future. The hydrogen will be used as fuel 
for fuel cells, power plants and hydrogen vehicles. The 
company has developed a partnership to conduct a 
feasibility study (i.e. economic, technical and safety) to 
further capture and use the hydrogen for various 
applications, including self-consumption. 

Argentina is in the process of exploring hydrogen 
production at existing NPPs. An evaluation of the cost of 
hydrogen with electricity from the CANDU reactor in 
Cordoba through the IAEA Hydrogen Economic 
Evaluation Program (HEEP) has shown the cost to be 
$4/kg H2 [IAEA, 2018a]. This estimate does not include 
the cost of storage and transport, and since there is little 
demand for hydrogen in industries nearby the NPP, the 
final cost would likely be higher. In addition, advanced 
reactors such as small modular reactors are considered 
to be a more realistic approach to hydrogen production 
in Argentina, because in the future, small modular 
reactors could be located nearby industries with a high 
demand for hydrogen, resulting in a major contribution 
to decarbonization. Progress in the construction of a 
CAREM small modular reactor near the Atucha NPP is 
currently at 60% [National Atomic Energy Commission 
of Argentina, 2021]. 

The UAE announced a Hydrogen Leadership Roadmap in 
2021 with the goal of achieving a 25% share in the low 
carbon hydrogen market by 2030 [Emirates News 
Agency, 2021]. The country considers that hydrogen will 

not only play a key role in the UAE 2050 Net Zero goal 
but that it can also support world decarbonization 
through hydrogen export. The Emirates Nuclear Energy 
Corporation (ENEC) notes that once all 5452 MWe (four 
reactors) of Barakah NPP are operational, it will 
contribute significantly to the electricity supply, as well 
as to hydrogen production for decarbonization in the 
UAE [ENEC, 2021a]. Currently, two reactors are in 
operation and two reactors are under construction. 
ENEC has started efforts to explore hydrogen 
production with nuclear power and announced a 
cooperation plan with Électricité de France (EDF) for 
nuclear R&D in June 2021 [ENEC, 2021b]. 

France announced a five year investment plan called 
France 2030, which includes two electrolyser giga 
factories by the end of the decade [Government of 
France, 2021]. France aims to become a leader in 
hydrogen production by 2030 through this plan, 
producing low carbon hydrogen in its own country 
instead of relying on imports. To achieve this aim, the 
investment is expected to reach 2.3 billion. France 
considers that renewable energy capacity will never be 
enough for the electricity needed to produce sufficient 
low carbon hydrogen, and  nuclear 
plants could be a major asset [Dalton, 2021].    

In addition, in 2022, EDF announced a hydrogen plan 
that aims to develop 3 GW of electric hydrogen projects 
worldwide by 2030, which will involve between 2 and 
3 billion of investment [EDF, 2022]. The group considers 
that the challenge is to produce hydrogen as close as 
possible to the demand site in order to reduce hydrogen 
transport costs. Since more than 90% of electricity 
generation in France comes from nuclear power and 
renewable energy, it is possible to produce low carbon 
hydrogen by connecting electrolysers to the grid, 
making it relatively easy for France to meet this 
challenge compared with other countries. 
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5. Demonstration project comparisons
Key points:

A comparison of demonstration hydrogen production projects using electricity from existing nuclear power 
plants reveals a number of characteristics and challenges regarding motivations, the supply side and the 
demand side. 

motivation for low carbon hydrogen production.

On the supply side, cost reduction is recognized as the most important challenge, and each project is 
characterized in terms of the utilization of surplus energy and high temperature electrolysers, government 
financial support, and collaboration with laboratories and electrolyser companies.

On the demand side, the most important challenge is to predict and secure near term and future hydrogen 
demand. The development of various target markets is being considered, along with the electrolyser location
including at nuclear power plants and the promotion of projects involving end users.

Utility strategy and climate targets
Many of the utilities forging forward with nuclear 
hydrogen demonstration projects have set their own 
decarbonization targets, as shown in Table 2. Others 
have set climate targets to contribute to national 
decarbonization policies. Most utilities include 
hydrogen production with nuclear power as a part of 
their strategy to achieve the targets, and they are using 
these goals as motivation to move forward with nuclear 
hydrogen projects. 

Also, the elaboration of explicit policies by governments 
are a major encouragement for utilities to pursue 

nuclear hydrogen projects. For example, Canada and 
the UK include hydrogen from existing nuclear power in 
their national hydrogen strategies and are positioning 
nuclear power as one of the leading methods of 
hydrogen production. Nuclear hydrogen energy in the 
Russian Federation has also gained support at the state 
level, with a detailed action plan and concept officialized
in decrees on hydrogen development. 

Goals set spontaneously

To achieve a sustainable energy future, Xcel Energy has 
set ambitious goals to deliver 100% carbon free 
electricity by 2050, with an aggressive interim target to 

Source: adapted from Ref. Energy Harbor (2022b); Xcel Energy (2022); APS (2020); Constellation Energy (2022a); EDF Energy (2021); Vattenfall 
(2021e); Bruce Power (2021).

Table 2. Roadmap for low carbon electricity
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cut carbon emissions by 80% before 2030 [Xcel Energy, 
2022]. The utility has been changing its energy mix by 
incorporating wind and solar power, and retiring coal 
power plants, and it considers that with these 
economically available technologies, the interim target 
is achievable. On the other hand, the utility has
underlinedthat looking beyond 2030, advanced carbon 
free, 24/7 power technologies at affordable prices will 
be needed to reduce the remaining 20% of carbon, and 
more innovation is required today. As one of these 
technologies, zero carbon fuels, such as hydrogen
produced using nuclear energy, will be included in these
ambitious goals.

APS reported on its clean energy commitment in 2020 
to create a sustainable energy future for Arizona, with 
three goals: to reach 

to achieve 
to eliminate 

coal by t [APS, 2020]. This clean energy 
plan  emphasizes that the goal is not just clean energy, 
but should also include affordable and reliable energy. 
The main pathways to achieve the goal are adding large 
scale renewable energy, such as solar power and wind 
power, as well as battery storage facilities, although
these will not be sufficient in the long term. The utility 
also considers that energy innovations,  including 
hydrogen as another storage technology, are required 
and that the continued pursuit of advancements in new 
and emerging technologies will be essential. 

Constellation Energy has already reduced its emissions
significantly and is committed to providing 100% carbon 
free electricity by 2040 [Constellation Energy, 2022a]. In 
the mass production of low carbon hydrogen, the utility 
considers that the combination of nuclear power and 
hydrogen holds the key to solving the climate crisis, 
since some major obstacles exist in relation to cost and 

time when combining renewable energy and hydrogen 
in the USA [Constellation Energy, 2022b]. The company 
thus recognizes that it is uniquely positioned to solve 
this problem, because its NPPs are located close to 
heavy industry, and it has numerous customers seeking 
clean energy solutions.  

Goals to help achieve national objectives

In 2020, EDF Energy made a commitment that includes 
four ways to help the UK achieve net zero emissions by 
2050, one of which is low carbon electricity [EDF 
Energy, 2021]. Low carbon electricity focuses on a way 
to accelerate the shift to low carbon nuclear and 
renewable energy. It also includes the exploration of 
hydrogen production using renewable energy and 
nuclear power. Hydrogen is expected to be used as a 
fuel for heavy goods vehicles, forexample.

In 2020, Bruce Power also announced NZ-2050 , which 

stated goal of net zero emissions by 2050 [Bruce Power, 
2020b]. The strategy consists of five pillars and one is
producing hydrogen with nuclear power generation 
utilize nuclear power generation to produce clean fuels 

and electrify industrial processes and transportation 
with an historic opportunity to contribute to a national 

Building off this 
announcement in 2021, Bruce Power announced its 
commitment to achieve net zero GHG emissions from its 
site operations by 2027 (Bruce Power, 2021). 

Minimizing costs to maximize revenue

Approaches to reducing costs

There are two main approaches to reducing the cost of 
low carbon hydrogen production for utilities. One is by 
reducing and optimizing the cost of inputs in relation to 
the hydrogen production process, and the other is to 

Source: based on data from Ref. IAEA [2021b].

Figure 31. Number of utilities engaging in cost reduction methods
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increase the efficiency of hydrogen production by using 
both electricity and heat.  

Since the main cost of producing hydrogen using an 
electrolyser is the cost of electricity, using cheap surplus 
electricity from nuclear power would reduce the costs 
of hydrogen production. Assuming that nuclear plants 
can make money selling hydrogen, this new revenue 
stream is also one way of increasing revenues and 
keeping the plant online. Another approach to 
increasing the efficiency of hydrogen production is to 
harness both the electricity and steam produced from 
existing NPPs by using advanced technologies. HTEs 
which utilize the nuclear steam by-product, are 
expected to increase the efficiency of low temperature 
electrolysers by about 10 30%. 

As shown in Fig. 31 on the previous page, five of the nine 
utilities surveyed are considering the utilization of 
surplus electricity, and two utilities are considering the 
utilization of the HTE, demonstrating that many utilities 
see great potential in the effective use of surplus 
electricity. It also shows that while many utilities are 
aware of the effectiveness of the HTE, they are aware 
that there are many challenges to adopting the HTE in 
the place of the LTE. 

Utilization of surplus electricity 

Xcel Energy is considering the constant operation of an 
electrolyser in its demonstration project since it will 
account for only a small percentage of the nuclear 

intention is to operate the electrolyser using power 
from behind the meter at the NPP. 

However, Xcel Energy has considered a different 
operating paradigm for a large scale system that would 
maximize NPP value. The paradigm would be to produce 
hydrogen continuously, except when electricity prices 
exceed high thresholds  Xcel Energy expects the total 
number of hours to be only three to six per day. This 
alternative operating paradigm has the potential to 
maximize nuclear plant revenue and reduce overall 
system costs. 

PNW Hydrogen and APS plan to run the electrolyser 
during off peak demand periods to produce hydrogen 
when wholesale market conditions reflect low priced 
electricity from solar energy. The company expects to 
run the demonstration project electrolyser for about 
16 hours a day, since for about 8 hours a day electricity 
from the NPP will need to be sold to meet the system 
load. 

Constellation Energy considers that continuous 
operation of an electrolyser is the preferred option, and 
so during the demonstration project the company plans 
to operate the electrolyser in a continuous manner. 
However, since the electricity cost has a significant 

impact on the cost of hydrogen, consideration is being 
given to interrupting production if the electricity price is 
high. Preparations are therefore underway to develop a 
front end controller in collaboration with partners. This 
device optimizes the operation of the electrolyser, 
turning the system on and off according to information 
input, such as electricity price forecasts, the status of 
hydrogen storage and hydrogen demand. 

Rosatom has announced its plans to utilize excess 
electricity produced from NPPs for hydrogen 
production, and the Kola NPP was selected for the 
demonstration project because of its relatively low 
installed capacity utilization rate [Rosatom, 2021b].  
Bruce Power 
from the Bruce NPP. Electricity customers in Ontario 
face a considerable difference in electricity prices during 
times of high demand compared to times of low 
demand because electricity rates in Ontario include an 
Hourly Ontario Energy Price, which changes through the 
day depending on electricity supply and demand  
[Independent Electricity System Operator, 2022]. For an 
electrolyser connected to the provincial grid, it would 
likely be economical to avoid production at times of 
highest electricity prices. Bruce Power will therefore 
attempt to produce hydrogen using optimized site 
electricity. In fact, Ontario sometimes has a surplus of 
baseload generation, and the Bruce Power NPP is 
applied in flexible plant operation [IAEA, 2018b]. At the 
same time, Bruce Power does not consider this method 
as the only possible economic model for hydrogen 
production; it is also exploring an economic model for 
continuous operations.  

Improving efficiency through advanced technology 

Xcel Energy will also use steam and electricity from a 
nuclear plant in HTSE through a demonstration project. 
The HTSE has the potential to be up to 30% more 
efficient than the LTE by boiling the water entering the 
HTSE with 150 200oC steam from the Prairie Island NPP. 
The amount of steam required for the HTSE is much less 
than the amount of electricity required. If, for example, 
a 10 MWe HTSE is installed in future, 1.5 megawatt 
thermal (MWt) of steam will be required. 

EDF Energy is also considering the use of heat and 
electricity from nuclear power generation to support 
electrolysis. The utility has concluded that steam at 
180oC will be sufficient for solid oxide electrolysis and 
will contribute to increasing the efficiency of hydrogen 
production by around 10% [Nuclear Industry 
Association, 2021], with minimal disruption to nuclear 
reactor technology.  The largest HTE to date is within the 
kW range, and so the challenge is to make them large 
enough for commercialization considering the rapid cell 
degradation. 
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Appropriate capacity and production

Electrolyser capacities are becoming larger and larger as 
a result of the expected cost reduction from economies 
of scale. However, the capacity of the electrolyser in 
nuclear hydrogen production projects remains smaller. 
As shown in Fig. 32, almost all utilities using the LTE start 
with a small scale hydrogen production demonstration 
project of around 1 MW, while those using the HTE start 
with an even smaller scale project. These demonstration 
projects tend to choose the electrolysis that is sized to 
meet the demand, which is small but highly reliable. 
However, after successful production on a small scale, 
the utilities also begin to consider gradually expanding 
the project to commercial scale. 

Low temperature electrolysis

Energy Harbor will demonstrate a 2 MW low 
temperature electrolyser to produce commercial 
quantities of hydrogen.

PNW Hydrogenand APS are considering the installation 
of a 17 MW PEM electrolyser in their demonstration 
project. The size of hydrogen production has been
informed by the hydrogen blending estimated in the
demonstration programme of hydrogen/natural gas 
co-firing at an APS-owned natural gas fired power plant. 
PNW Hydrogen and APS believe that the manufacturing 
of PEM electrolysers at scale will continue to drive the 
costs of electrolysers lower, while increasing the 
manufacturing capability and further enabling scale up.

Constellation Energy will install a 1.25 MW PEM 
electrolyser at the Nine Mile Point NPP. The company 
considers that the PEM technology is suitable for a small 
demonstration project. Potential scale-up technology is 
yet to be assessed. The NREL and Nel Hydrogen have 
completed a factory acceptance test for a prototype 
electrolyser.

Rosatom is actively developing low temperature 
electrolysis units of modular design based on the 

proprietary designed anion-exchange matrix. Using this 
technology, a test facility with a 1 MW electrolyser will 
initially be built, but the electrolyser capacity can
eventually be increased to 10 MW. Electrolysers and 
other main process equipment manufactured by 
Rosatom will be used in the creation of the bench-scale 
test.

feasibility study is exploring multiple 
options in terms of electrolyser technology, size and 
other options to scale. Bruce Power expects that its 
demonstration project will begin with roughly a 5 MW 
electrolyser, with the option to scale up to 20 100 MW 
in the medium term.

High temperature electrolysis

Xcel Energy plans to produce 130 kg/day H2 with a 
240 kW HTSE in a pilot project. To meet the growing 
demand for hydrogen, Xcel Energy considers that it will 
need to increase the size of the HTSE in future, but it has 
no specific plans to do so at this time.

EDF Energy plans to install approximately a 2 MW 
alkaline or PEM electrolyser to produce around 800 kg 
of hydrogen for various vehicles through a 
demonstration project powered by the Sizewell B NPP. 
In this project, an HTE will also be installed at the 
Sizewell C NPP, but the electrolyser size remains to be 
determined.

Government support

The US and UK governments have provided funding 
support for demonstration projects to expand hydrogen 
supply capacity. The USA also provides funding for 
nuclear hydrogen projects with the perspective of 
expanding the use of nuclear energy. 

Nuclear hydrogen demonstration projects owned by 
Energy Harbor, Xcel Energy, PNW Hydrogen and APS,
and Constellation Energy in the USA; and EDF Energy in 
the UK have benefited from these funds.

Source: based on data from Ref. IAEA [2021b].

Figure 32. The scale of electrolysers at the beginning of projects
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Vattenfall
of approximately $25 million in financial support from 
the Swedish Energy Agency to begin a study to scale up 
a demonstration project [Vattenfall, 2020b].

Bruce Power
received any financial support from the Canadian 
government. However, Canada has a carbon price, 
which will help to push the market towards low carbon 

includes a CAD $1.5 billion fund to incentivize zero 
emission fuels such as hydrogen, will likely help the 
nuclear hydrogen project.

How to proceed with nuclear hydrogen 
projects

Thus far, two primary means have been adopted to
better allocate nuclear hydrogen projects and minimize
losses: (a) collaboration with other companies; and 
(b) the milestone approach. 

Collaborating with other companies makes a project 
more complex and difficult to control; however, it can
complement technical capabilities and spread the cost
and losses of the project more broadly. As shown in 
Table 3, nuclear hydrogen demonstration projects can 
be broadly categorized into cases in which utilities 
collaborate with laboratories, electrolyser companies or 
end users. Utilities that want to enhance the technical 
aspects of hydrogen production collaborate with 
laboratories or electrolyser companies. On the other 
hand, utilities that want to secure or develop a reliable 
hydrogen demand cooperate with end users.

Some projects also attempt to minimize losses in the 
case of failure by setting milestones before starting the 
project so that they can decide whether to proceed at 
each step of the project.

Collaboration with companies and laboratories

Energy Harbor, Xcel Energy and PNW Hydrogen and 
APS are cooperating in a consortium with the INL to 
receive technical support for hydrogen production. 
Energy Harbor and others havealso launched the GLCH 
coalition with the goal of creating a hydrogen supply 
chain and job opportunities by using an NPP as a major 
hub for hydrogen production. The coalition includes, as 
major end users, Cleveland-Cliffs, which intends to use 
hydrogen for steelmaking; Toledo Rea Regional Transit 
Authority, which is proposing a project to operate 
hydrogen buses; and GE Aviation, which is considering 
the use of hydrogen as an alternative jet fuel. In 
addition, four national laboratories and five universities 
will undertake research on the technical challenges of 
using hydrogen and will support the commercial 
deployment of hydrogen [The University of Toledo, 
2022]. Furthermore, Xcel Energy is collaborating with 
the ANL and the NREL, in addition to the INL, to 
complete a technoeconomic analysis of regional 
nuclear-to-hydrogen integration opportunities. In 
addition, it has been announced that multiple 
stakeholders in research, academia, industry and state 
level government will be cooperating in the PNW 
Hydrogen and APS project. Among these partners, 
OxEon, which is developing the SOEC, will be providing 
insight on the electrolyser. Siemens, which is developing 
gas turbines with hydrogen as fuel, and the Los Angeles
Department of Water and Power, which is participating 
in another project to operate gas fired power plants 
with hydrogen, will be providing their input on the use 
of hydrogen in gas fired power plants [US DOE, 2021].

Constellation Energy is collaborating with Nel 
Hydrogen, the INL, the ANL and the NREL. The NREL and 
Nel Hydrogen are developing the PEM electrolyser, and
the INL is developing a front end controller to ensure 
dynamic operation. The ANL is surveying hydrogen 
demand and infrastructure in the area surrounding the 
NPPs for potential scale-up sites.

Source: based on data from Ref. IAEA [2021b].

Table 3. Collaboration with companies, laboratories and end users
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EDF Energy collaborated with Lancaster University, the 
European Institute for Energy Research and Atkins 
consulting firm to conduct a feasibility study for 
hydrogen production at the Heysham NPP. Also, the 
company B and Sizewell C nuclear power 
stations will be a part of an energy hub for Freeport East 
and will supply hydrogen to meet the local 
requirements for maritime activities, such as those 
involving port equipment, marine vessels and transport,
including hydrogen buses, trucks, trains, construction
and agriculture vehicles. This hydrogen cluster project 
will be developed with Ryse Hydrogen, which is building 
a hydrogen production and distribution network. Also 
participating in the scheme are Wrightbus, a bus 
manufacturer, and JCB, which manufactures equipment 
for construction, agriculture, waste handling and 
demolition. 

Vattenfall has created HYBRIT, a collaboration between 
the LKAB mining company and SSAB steel producer, 
supported by the Swedish Energy Agency. For this 
project, hydrogen will be used in the place of coal for 
steel production.

Bruce Power is involved in a feasibility studyon the case 
for nuclear hydrogen production. The project, which 
explores the feasibility of using excess energy for 
hydrogen production, is proceeding in collaboration 
with the biofuels production company, Greenfield 
Global, as well as Hydrogen Optimized, which has the 
electrolysis system technology, and the agricultural 
co-operative Hensall Co-op.

Milestone approach

Constellation Energy has divided its hydrogen 
demonstration project into budget periods 1 and 2. 
Budget period 1 includes site selection and initial 
engineering design. In August 2021, the decision was 
made to proceed to budget period 2. In budget period 2, 
the developed electrolyser will be installed at the Nine 
Mile Point NPP, and demonstration tests will be 
conducted.

EDF Energy s Hydrogen to Heysham project was divided 
into a feasibility study during phase 1 and 
demonstration in phase 2. During phase 1, it was 
confirmed that the system was technically feasible, with 
compliance in relation to all of the relevant safety 
requirements. There was strong interest from local 
customers, but the hydrogen price was not competitive 
with that of gas or diesel inputs that were used at the 
time of evaluation. Given these commercial challenges,
the project did not proceed to phase 2.

Demand and market

Finding or creating demand for hydrogen

Another challenge for nuclear hydrogen demonstration 
projects is finding enough demand to incentivize 
hydrogen production in the first place. This chicken and 
egg problem has meant that utilities often need to get 
creative with off take solutions. Many nuclear hydrogen 
projects are still in the demonstration stage, and the 
amount of hydrogen produced is small. As shown in 
Fig. 33, utilities are therefore implementing or planning 
to use hydrogen produced at NPPs for their own use, 

Source: based on data from Ref. IAEA [2021b].

Figure 33. Nuclear hydrogen demand development
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such as to cool generators or add it to the primary 
cooling water so as to suppress the generation of 
oxygen due to radiolysis, and to prevent corrosion 
cracking of materials due to dissolved oxygen. If the 
owners of the hydrogen projects also own natural gas 
fired power plants, they may consider blending 
hydrogen with natural gas and using it as fuel, which is 
the most reliable demand. On the other hand, when the 
nuclear hydrogen project is scaled up, utilities can then 
consider replacing hydrogen demand from oil refining 
and agricultural ammonia production (i.e. hydrogen 
produced using fossil fuels) with low carbon hydrogen. 
These utilities can also expect to capture the demand 
from transport, steel production and fuel cell 
generation in future.    

Energy Harbor is looking at a business model that would 
provide an alternative means of revenue outside of 
supplying power to the grid. There are many potential 
sources for hydrogen demand, including oil refineries, 
steel production and public transport in the area where 
the Davis-Besse NPP is located. The company is 
exploring current and project demand and has not 
specified the applications yet. 

Xcel Energy is currently evaluating the best application 
for its hydrogen. In the demonstration project, Xcel 
Energy will not be able to produce a sellable quantity of 
hydrogen due to the small size of the project. As a result, 
the company is considering using the hydrogen from the 
demonstration project at its own NPPs. The BWR at the 
Monticello site requires much more hydrogen than the 
pressurized water reactor (PWR) at Prairie Island where 
the demonstration project will be conducted. However, 
the Monticello nuclear generating plant is 145 km away 
from the Prairie Island NPP, and so Xcel Energy is 
evaluating whether the cost to compress, store and ship 
the hydrogen can offset the savings from hydrogen 
produced on site. 

uses for hydrogen will include oil and gas production, 
agricultural ammonia manufacturing, and transport and 
power generation. 

PNW Hydrogen and APS will blend 30% hydrogen with 
70% natural gas, and will co-fire it as a fuel at an APS- 
owned peaking natural gas fired power plant (the APS 
Saguaro gas fired power plant, unit 3, with 71 MWe) in 
this project. They also have a more ambitious goal of 
co-firing up to 50% hydrogen without any mechanical 
changes to the plant, although there could be some 
complications related to air quality permits. PNW 
Hydrogen and APS have avoided regulatory issues with 
this demonstration project by selecting a site that is 
small enough to avoid having to obtain an 
environmental compatibility certificate. 

Constellation Energy intends to supply its own NPPs 
with hydrogen to offset O&M costs in the 
demonstration project. In the future, Constellation 
Energy is considering the use of stored hydrogen to 
generate electricity during peak hours, the injection of 
hydrogen into gas pipelines or its transport for sale to 
future hydrogen markets. The company is focusing on 
hydrogen demand as one of the determining factors for 
the demonstration project site, and has conducted a 
study of potential nuclear hydrogen demand in the 
future within 40 km of Constellation Energy
plants. For example, Constellation Energy has estimated 
the hydrogen demand emanating from natural gas 
power plants, ethanol production facilities, and iron and 
petroleum refineries in the area around the Dresden 
Generating Station in Illinois, USA. 

EDF Energy will use hydrogen produced from the 
Sizewell B NPP for buses and construction equipment 
for the Sizewell C NPP. In the future, the hydrogen 
produced from the Sizewell B and Sizewell C nuclear 
power stations could supply local manufacturers and 
ports within the planned Freeport area. 

Rosatom plans to use hydrogen produced at the Kola 
NPP for local partners around the NPP, such as the 
industry, transport and energy sector, as well as for 
export. Depending on future demand, the NPP could 
produce ammonia, methanol or other synthetic fuels. 

In cooperation with potential industrial consumers, 
Rosatom is working on various possibilities for the use 
of low carbon hydrogen in the Russian Federation. It is 
in the beginning phases of commercializing hydrogen 
supply in local markets, including through mobility 
projects using fuel cells and industrial facilities. In order 
to develop these hydrogen markets, the company is 
working on R&D related to consumption, such as 
developing hydrogen fuel cells and providing solutions 
to industry and transport for decarbonization. The 
company is also focusing on hydrogen production for 
export and is considering Europe and the Asia-Pacific 
region as strong potential markets. 

Vattenfall began producing hydrogen at the Ringhals 
NPP to supply it with hydrogen. However, the utility 
applied this experience to the production of hydrogen 
from a renewable energy source and has expanded the 
scope of hydrogen demand to include biofuel and steel 
production. 

OKG plans to use hydrogen at its own NPP and to supply 
the surplus hydrogen to gas companies. It has already 
signed a contract with Linde Gas Aktiebolag, for 
instance. 

Bruce Power has listed promising local markets for 
nuclear hydrogen, including fertilizer production, power 
and heat for heavy industry, blending with natural gas, 
transport trucks and commuter trains. 
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Electrolyser system location

Where to locate the electrolyser system can be a 
challenging decision to make as shown in Fig. 34, 
whether it is located at the nuclear power site or closer 
to end use applications depends on many factors, each 
specific to the individual project.

When hydrogen is produced close to the energy source, 
there are no grid costs nor the ability to use existing 
hydrogen storage facilities at NPPs. For hydrogen to be 
used outside of the NPP, however, transport either 
by gas pipeline, trucks or ships would be necessary. 
The low energy density of hydrogen makes it difficult to 
transport, and this will have a significant impact on the 
total cost of hydrogen. In addition, for a small 
demonstration project, a licence amendment review is 
not expected to be required, but for larger production, 
a comprehensive regulatory review may be needed.

On the other hand, in the case that hydrogen demand is 
certain, for example for the APS natural gas power plant 

to be sited around the end use facilities.

Close to the energy source

Energy Harbor, Constellation Energy, EDF Energy,
Rosatom and OKG are installing or planning to locate 
LTEs near NPPs, and there are several reasons for this.
By locating the electrolyser close to the power plant, 
Energy Harbor is trying to lower the power cost to the 
electrolyser and the transmission cost so as to establish 
competitive pricing. Constellation Energy and EDF 
Energy are prioritizing the use of hydrogen at their own 
NPPs, and Energy Harbor will likely be its own customer
as well. Rosatom is developing hydrogen compression 
or liquefaction systems and transport with an on-site 

hydrogen production demonstration project. OKG is 
also the original owner of the hydrogen production 
facility, and so it can use the hydrogen at its own NPP. 
For this reason, the facility is located near the NPP. The 
company plans to make maximum use of this facility and 
will also produce hydrogen for supply outside the NPP 
at the same hydrogen plant. 

Xcel Energy and EDF Energy are also considering the 
installation of HTEs next to NPPs in order to minimize 
the distance needed to transport the steam. Xcel Energy 
is working through the regulatory process for its small 
scale demonstration project as it considers the plant 
modifications necessary for the HTE, which are more 
complex than those for the LTE due to routing steam 
and condensate lines for the HTSE system. The company 
is also working with INL to form a regulatory peer group 
that will involve the NRC investigating regulatory 
concerns for future, large scale projects.

Close to end users

PNW Hydrogen and APS plan to locate their hydrogen 
electrolyser at the APS Saguaro gas fired power plant, 
unit 3, which is about 170 km away from the Palo Verde 
NPP. Locating the electrolyser at the end use facility 
avoids the need to transport the hydrogen. PNW 
Hydrogen and APS will be using a special contract to 
purchase nuclear electricity from the Palo Verde NPP for 
the period of its demonstration project.

Vattenfall has installed its demonstration electrolysers 
at steel and chemical plants, which have relatively high 
capacity demand and use electricity from the grid to 
produce hydrogen. A large hydrogen storage facility is 
also under construction next to the steel plant. Avoiding 
grid connection costs will be a challenge in future.

Source: based on data from Ref. IAEA [2021b].

Figure 34. The type and location of the electrolyser
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Multiple locations 

For its demonstration project, Bruce Power is 
considering multiple locations, for example placing the 
electrolyser nearby the NPP or in a dedicated facility 
nearby the end users. Both on-site and off-site options 
are under consideration. However, the hydrogen that is 
produced can only be considered low carbon if it can be 
demonstrated that it was produced using electricity 
from the NPP. 

Creating demand through clusters 

To solve the problem of ensuring reliable hydrogen 
demand, several projects are underway to create 
hydrogen clusters. Several hydrogen cluster projects 
that include hydrogen production using existing NPPs 
have also been started. The demand for hydrogen in 
these clusters would thus be concentrated, and the 
infrastructure could be developed intensively.  

EDF Energy is participating in the Freeport East 
Hydrogen Hub and will produce a large amount of 
hydrogen via nuclear energy at the Sizewell B NPP, and 
then at the Sizewell C NPP once it comes online. A 
cluster based approach to hydrogen supply and demand 

will allow for a quick rollout of hydrogen buses, trucks, 
trains, and construction and agriculture vehicles across 
the London region and beyond. It is also expected that 
hydrogen applications will be rapidly developed to 
power equipment and marine vessels at the Felixstowe 
and Harwich ports. EDF Energy is proposing solutions 
through electrification and hydrogen use in industrial 
processes, and transport to increase the use of 
electricity and hydrogen from nuclear power. Thus, the 
characteristics of this port cluster are the choice of 
nuclear power as the main hydrogen supply technology 
and stimulation of hydrogen demand in various types of 
transport. Another feature of this cluster is the ease 
with which offshore wind energy can be used to 
supplement electricity production. 

Rosatom the West hydrogen cluster 
currently under development. This cluster is expected to 
pair a potentially large demand for hydrogen with the 
hydrogen supply needed. In addition, in order to keep 
the transport distance of hydrogen from the Russian 
Federation as short as possible, hydrogen production 
facilities in the Russian Federation tend to form clusters 
in regions close to Europe and Asia, where hydrogen 
imports are being considered. 
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6. Conclusions
Factors for deployment at present
In order for hydrogen produced from nuclear power to 
be deployed on a broader scale, it is important to make 
use of demonstration projects and their results to 
inform future projects. Similarities, differences and 
challenges should be examined to determine, for 
example, whether the attributes of one project should 
be shared among other projects or whether these 
attributes are specific to the unique goals and regional 
considerations of the demonstration projects in 
question. In the case of hydrogen demonstration 
projects, some similarities and differences have been
observed, as shown in Fig. 35.

Some of the observed project similarities that could 
continue include:

Government support in various forms has shown to 
be key to project promotion. Because existing 
nuclear power plant based hydrogen production 
projects are still not competitive with fossil fuel 
based hydrogen production, and it is not clear 
whether they will be profitable and sustainable in 
the future, it is not easy for utilities to invest 
significant amounts in these projects. Although
these projects may entail higher risks, utilities that 
are able to receive government funding are actively 
pursuing such projects to reduce their own project 
costs. In addition, the inclusion of hydrogen 
production using existing nuclear power plants in 
national hydrogen strategiesor hydrogen roadmaps 
provides additional support for utilities by increasing 
certainty in the future prospects of such projects.

Pathways to obtaining cheap electricity for hydrogen 
production vary. In order to mitigate the cost of 
electricity, which makes up the majority of the total 
cost of hydrogen production, it is effective to 
produce hydrogen when electricity costs are low. 
For example, hydrogen production could take place 
during times of excess electricity supply from 
renewable energy or from nuclear power and during 
the night when electricity demand is low. Such 
solutions would avoid having to simply curtail 
nuclear power or sell electricity at lower prices.

Various methods are being used to increase the 
probability of success and to reduce the cost and 
losses. Thus far, demonstration projects have 
remained small so as to keep costs relatively low. For 
many projects, the size of the electrolyser has been 
about 1 MW. Most have startedwith a small amount 
of hydrogen production with plans to gradually scale 
up. To ensure a viable use case, these projects have 
not been carried out independently, but in 
cooperation with research institutes, electrolyser 
manufacturers and companies with hydrogen 
demand.

Some differences that were observed in demonstration 
projects include:

The electrolyser selected for each project is 
different, with no clearly defined superior 
technology to date. Low temperature electrolyser 
(LTE) technologies, such as alkaline and proton 
exchange membrane (PEM) electrolysers, have been 
used on a commercial scale, but each has 

Figure 35. Factors related to current hydrogen project deployment

Source: based on data from Ref. IAEA [2021b].
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advantages and drawbacks, including capital 
expenditures, limitations on rapid output 
adjustments, efficiency, size and durability. While 
the LTE technology was chosen in many projects, 
some projects chose the high temperature 
electrolyser (HTE) technology to take advantage of 
the characteristics of nuclear power, which produces 
not only electricity but also heat. The HTE 
technology is expected to show some increases in 
efficiency as opposed to the LTE technology because 
it also uses heat. However, the HTE has some 
technical issues to be resolved, including rapid cell 
degradation. It is for this reason that few large scale 
projects exist today. In addition, there are also 
regulatory issues specific to nuclear power, which 
concern installations that are next to a nuclear 
power plant (NPP). 

 The location of the electrolyser can be either near 
the NPP or near the hydrogen demand facility  in 
which case it would use nuclear electricity through 
the grid. The production of hydrogen on-site is ideal 
when the hydrogen is mainly used by the NPP. 
When, on the other hand, the hydrogen is produced 
on-site, the challenge of transporting the hydrogen 
to the end use location remains an important factor. 
The choice to locate the electrolyser near the 
hydrogen demand facility is beneficial when the 
hydrogen is mainly used by a large demand facility, 
such as a thermal gas power plant or a steel 
production plant. The choice of locating the 
electrolyser closer to the demand facility 
nonetheless comes with its own challenges, 
including grid interconnection and the associated 
costs, as well as certification issues related to 
producing hydrogen using electricity from NPPs. 
Both cases show the importance of considering not 
only the cost of hydrogen production, but also the 
total cost, including transport and storage. 

 Each project reflects regional and market 
characteristics. Some projects target hydrogen 
demand facilities in neighbouring areas, while others 
aim to export hydrogen. Hydrogen clusters are one 
approach to boosting both the demand and supply 
of hydrogen simultaneously. Thus, while each 
project may target a different market and have 
different ways of finding or creating markets, all 
utilities nevertheless have in common the need to 
search for a reliable revenue stream as the most 
important aspect of their hydrogen project. 

Some of the challenges that have been observed in 
demonstration projects include: 

 A taxonomy has emerged that uses a colour scheme 
to indicate the source or process of hydrogen 

production [Bulletin H2, 2021]. While this taxonomy 
may be a useful reference for some users, it places 
too much emphasis on factors other than the carbon 
intensity of the hydrogen, which may ultimately 
exclude some low carbon technologies needed for 
hydrogen production. In order for the potential of 
hydrogen to gain widespread acceptance and deep 
penetration into worldwide and economy wide 
decarbonization efforts, objective, transparent, 
verifiable and harmonized methods are expected to 

 

Hydrogen can serve both electric applications (e.g. 
an energy storage tool) and non-electric applications 
(e.g. transport or industrial processes). When a 
deregulated power asset produces hydrogen that is 
used for both electric and non-electric applications, 
the cost of the electrolyser will  depending on the 
application  be included in the hydrogen or 
electricity price. Once a market for hydrogen 
develops and hydrogen producers begin to switch 
back and forth between producing electricity and 
hydrogen, deregulated power assets are likely to 
include the opportunity cost of hydrogen in their 
electricity offers to ensure efficient operations. 

However, given the regulatory limitations, it is likely 
that hydrogen produced by regulated power assets 
will have to allocate the cost of the electrolyser to 
their customers, and therefore they will presumably 
be limited to selling the hydrogen solely for electric 
applications. In regulated power markets, the 
electricity price paid by customers is the sum of 
capital investments and other costs entailed by the 
regulated utility. For this reason, it is important to 
point out that utilities in the regulated electricity 
market may have to consider facilitating 
deregulation in order to use hydrogen for non-
electric applications.  

Future development and scheduling of the 
demonstration projects 

Almost all nuclear hydrogen projects are still in the early 
stages of demonstration before hydrogen production 
has in fact begun, and these projects are only expected 
to be completed in several years. It will be useful to 
follow these projects closely in order to identify 
successes and challenges in the deployment of 
hydrogen production using electricity from NPPs. As 
nuclear hydrogen projects are scaled up to commercial 
size, it is important to identify how to resolve challenges 
that arise, such as scaling  up the electrolyser, meeting 
regulatory requirements, transporting and storing 
hydrogen, further development of hydrogen demand, 
surveying the water supply and stakeholders and public 
engagement.

  



38 
 

References 
APS. (2020). We're All in for Arizona: Our Clean Energy Comitment. Retrieved from Arizona Public Service 

Company: https://s22.q4cdn.com/464697698/files/doc_downloads/2020/06/20-APS-0173-Clean-Energy-
Commitment-Report_DIGITAL_FINAL.pdf 

Bruce Power. (2020a). The Ontario Energy Report. Retrieved from Bruce Power: 
https://www.brucepower.com/wp-content/uploads/2020/01/2020_OntarioEnergyReport-1.pdf 

Bruce Power. (2020b). Net Zero 2050. Retrieved from Bruce Power: https://www.brucepower.com/what-we-
do/net-zero-2050/ 

Bruce Power. (2021). What Net Zero 2027 means for Bruce Power. Retrieved from Bruce Power: 
https://www.brucepower.com/wp-
content/uploads/2021/03/March31_NZ2027BrucePower_InfoSheet.pdf 

Bruce Power. (2022). Bruce Power to explore feasibility of using excess energy for hydrogen production . Retrieved 
from Bruce Power: https://www.brucepower.com/2022/04/07/bruce-power-to-explore-feasibility-of-
using-excess-energy-for-hydrogen-production/ 

Bulletin H2. (2021). Hydrogen colours codes. Retrieved from Bulletin H2: 
https://www.h2bulletin.com/knowledge/hydrogen-colours-codes/ 

CNNC. (2021). Hydrogen Production with Nuclear Power, IAEA Technical Meeting on Building the Business Case for 
Nuclear Hydrogen Production. Vienna. 

Constellation Energy. (2022a). . Retrieved from Constellation 
Energy: https://www.constellationenergy.com/sustainability/environment/climate-commitment.html 

Constellation Energy. (2022b). Hydrogen: The New Frontier in Energy. Retrieved from Constellation Energy: 
https://www.constellationenergy.com/our-work/what-we-do/generation/clean-hydrogen.html 

Dalton, D. (2021). France/ Macron Announces Plans for First SMR and Green Hydrogen from Nuclear Plants by 
2030. Retrieved from NUCNET: https://www.nucnet.org/news/macron-announces-plans-for-first-smr-
and-green-hydrogen-from-nuclear-plants-by-2030-10-2-2021 

Department of Business, Energy and Industrial Strategy, UK. (2021). UK Hydrogen Strategy. London: Department 
of Business, Energy and Industrial Strategy, UK. 

Doosan. (2021). Doosan participates in a demonstration project to produce green hydrogen using nuclear power [in 
Korean]. Retrieved from Doosan: https://www.doosannewsroom.com/?p=44999&cat=8 

EDF. (2020). 2019 Performance. Retrieved from Électricité de France: 
https://www.edf.fr/sites/default/files/contrib/groupe-edf/engagements/rapports-et-
indicateurs/2020/edfgroup_performance-2019_1a_en.pdf 

EDF. (2022). The EDF Group launches a new industrial plan to produce 100% low-carbon hydrogen. Retrieved from 
Électricité de France: https://www.edf.fr/en/the-edf-group/dedicated-sections/journalists/all-press-
releases/the-edf-group-launches-a-new-industrial-plan-to-produce-100-low-carbon-hydrogen 

EDF Energy. (2019). Hydrogen Supply Programme: H2H Feasibility Report. Retrieved from EDF Energy: 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/866
374/Phase_1_-_EDF_-_Hydrogen_to_Heysham.pdf 

EDF Energy. (2020). Sizewell C seeks partners to develop Hydrogen and Direct Air Capture. Retrieved from EDF 
Energy: https;//www.edfenergy.com/energy/nuclear-new-build-projects/sizewell-c/news-views/sizewell-
c-seeks-partners-develop-hydrogen-and-direct-air-capture 

EDF Energy. (2021). 
year to help Britain achieve Net Zero. Retrieved from EDF Energy: 
https://www.edfenergy.com/sites/default/files/edf_energy_sustainable_business_roadmap_-
_october_2021.pdf 

EDF Energy. (2022). Sizewell C and hydrogen. Retrieved from EDF Energy: 
https://www.edfenergy.com/energy/nuclear-new-build-projects/sizewell-c/news-views/sizewell-c-and-
hydrogen 

Elcogen. (2022). Elcogen sign MOU to provide electrolysis technology for nuclear hydrogen production in Korea . 
Retrieved from Elcogen: https://elcogen.com/elcogen-sign-mou-to-provide-electrolysis-technology-for-
nuclear-hydrogen-production-in-korea/ 

Emirates News Agency. (2021). 
to driving economic opportunity through decisive climate action . Retrieved from Emirates News Agency: 
www.wam.ae/en/details/1395302988986 

ENEC. (2021a). At COP 26, ENEC Continues to Deliver Clean Energy Transition with Unit 3 Construction Completion 
of the Barakah Nuclear Energy Plant. Retrieved from Emirates Nuclear Energy Corporation: 



 

39 
 

www.enec.gov.ae/news/latest-news/at-cop-26-enec-continues-to-deliver-clean-energy-transition-with-
unit-3-construction-completed/ 

ENEC. (2021b). ENEC and EDF to sign Memorandum of Understanding on Research and Development. Retrieved 
from Emirates Nuclear Energy Corporation: www.enec.gov.ae/news/latest-news/enec-and-edf-to-sign-
memorandum-of-understanding-on-research-and-development/ 

Energy Harbor. (2022a). Great Lakes Clean Hydrogen Partnership. Retrieved from Energy Harbor: 
https://energyharbor.com/en/about/news-and-information/Energy-Harbor-Announces-Great-Lakes-
Clean-Hydrogen-Partnership 

Energy Harbor. (2022b). Transition to 100% Carbon Free Energy. Retrieved from Energy Harbor: 
https://energyharbor.com/en/about/news-and-information/energy-harbor-transitions-to-100-percent-
carbon-free-energy-infrastructure-company-in-2023 

ETC. (2021). Making the Hydrogen Economy Possible: Accelerating Clean Hydrogen in an Electrified Economy. 
London: Energy Transitions Commission. 

Exelon. (2020). 2019 Exelon Corporation Sustainability Report. Retrieved from Exelon: 
https://www.exeloncorp.com/sustainability/interactive-csr?year=2019&page=1 

Exelon. (2021a). Building the Business Case for Hydrogen Production with Operating Nuclear Power Plants, IAEA 
Technical Meeting on Building the Business Case for Nuclear Hydrogen Production. Vienna. 

Exelon. (2021b). Exelon Generation Receives DOE Grant to Support Hydrogen Production Project at Nine Mile Point 
Nuclear Station. Retrieved from Exelon: https://www.exeloncorp.com/newsroom/Pages/DOE-Grant-to-
Support-Hydrogen-Production-Project-at-Nine-Mile-Point.aspx 

Freeport East. (2022). HYDROGEN. Retrieved from Freeport East: www.freeporteast.com/hydrogen# 
Government of France. (2021). France 2030 [in French]. Paris: Government of France. 
Government of Russian Federation. (2020a). Plan of measures on development of hydrogen energy in the Russian 

Federation until 2024 [in Russian]. Moscow: Government of Russian Federation. 
Government of Russian Federation. (2020b). The energy strategy of the Russian Federation until 2035 [in Russian]. 

Moscow: Government of Russian Federation. 
Government of Russian Federation. (2021). The Russian Federation's hydrogen energy development concept [in 

Russian]. Moscow: Government of Russian Federation. 
Government of UK. (2020). The Ten Point Plan for a Green Industrial Revolution: Building back better, supporting 

green jobs, and accelerating our path to net zero. London: Government of UK. 
Hydrogen Council. (2021a). Hydrogen decarbonization pathway: A life-cycle assessment. Brussels: Hydrogen 

Council. 
Hydrogen Council. (2021b). Hydrogen Insights: A perspective on hydrogen investment, market development and 

cost competitiveness. Brussels: Hydrogen Council. 
HyResource. (2022). Policy/International. Retrieved from HyResource: 

https://research.csiro.au/hyresource/policy/international/ 
IAEA. (2018a). Examining the Technoeconomics of Nuclear Hydrogen Production and Benchmark Analysis of the 

IAEA HEEP Software, IAEA-TECDOC-1859. Vienna: International Atomic Energy Agency. 
IAEA. (2018b). Non-baseload Operation in Nucler Power Plants: Load Following and Frequency Control Modes of 

Flexible Operation. IAEA Nuclear Energy Series No. NP-T-3.23. Vienna: Interanational Atomic Energy 
Agency. 

IAEA. (2020). Climate Change and Nuclear Power 2020, Non-serial Publications. Vienna: Interanational Atomic 
Energy Agency. 

IAEA. (2021a). Nuclear Energy for a Net Zero World, Non-serial Publications. Vienna: IAEA. 
IAEA. (2021b). Building the Business Case for Nuclear Hydrogen Production, IAEA Technical Meeting on Building the 

Business Case for Nuclear Hydrogen Production. Vienna. 
IAEA. (2022). PRIS Power Reactor Information System. Retrieved from International Atomic Energy Agency: 

https://pris.iaea.org/PRIS/home.aspx 
IEA. (2015). Technology Roadmap: Hydrogen and Fuel Cells. Paris: Interanational Energy Agency. 
IEA. (2019). The Future of Hydrogen: Sizing today's opportunities  Report prepared by the IEA for the G20, Japan. 

Paris: Interanational Energy Agency. 
IEA. (2021a). Net Zero by 2050: A Roadmap for the Global Energy Sector. Paris: Interanational Energy Agency. 
IEA. (2021b). Hydrogen Projects Database. Retrieved from Interanational Energy Agency: 

https://www.iea.org/data-and-statistics/data-product/hydrogen-projects-database 
IEA. (2021c). Global Hydrogen Review 2021. Paris: Interanational Energy Agency. 



40 
 

IEA. (2022). Energy Statistics Data Browser: Energy supply, Electricity generation by source. Retrieved from 
Interanational Energy Agency: https://www.iea.org/data-and-statistics/data-tools/energy-statistics-data-
browser?country=JAPAN&fuel=Energy%20supply&indicator=ElecGenByFuel 

IEA, OECD NEA. (2020). Projected Costs of Generating Electricity: 2020 Edition. Paris: International Energy Agency, 
OECD Nuclear Energy Agency. 

Independent Electricity System Operator. (2022). Electricity Pricing Explained: The Hourly Ontario Energy Price 
(HOPE). Retrieved from Independent Electricity System Operator: 
https://www.ieso.ca/en/Learn/Electricity-Pricing-Explained/The-Hourly-Ontario-Energy-Price 

INL. (2017). Figures of Merit for Nuclear/Hydrogen Hybrid Systems, Idaho Falls, Idaho 83415. Idaho: Idaho National 
Laboratory . 

INL. (2019). INL Selected to Partner with Three Utilities on First-of-a-kind Integrated Energy Systems. Retrieved 
from Idaho National Laboratory: https://inl.gov/article/inl-selected-to-partner-with-three-utilities-on-
first-of-a-kind-integrated-energy-systems/ 

INL. (2020). Private-Public Partnership will Use Nuclear Energy for Clean Hydrogen Production. Retrieved from 
Idaho National Laboratory: https://inl.gov/article/xcel-energy-inl-hydrogen-production/ 

INL, ANL, NREL, EPRI, Xcel Energy. (2021). Techno-Economic Analysis of Product Diversification Options for 
Sustainability of the Monticello and Prairie Island Nuclear Power Plants, Idaho Falls, Idaho 83415.  Idaho: 
Idaho National Laboratory. 

IRENA. (2020). Green Hydrogen Cost Reduction: Scaling up Electrolysers to Meet the 1.5°C Climate Goal. Abu 
Dhabi: International Renewable Energy Agency. 

JAEA. (2021a). HTGR Hydrogen System for Carbon Neutralilty, IAEA Technical Meeting on Building the Business 
Case for Nuclear Hydrogen Production. Vienna. 

JAEA. (2021b). Restart of High Temperature Engineering Test Reactor. Retrieved from Japan Atomic Energy 
Agency: www.jaea.go.jp/english/news/press/2021/073003/ 

Ministry of Climate and Environment, Poland. (2021). Polish Hydrogen Strategy until 2030 with an Outlook until 
2040 [in Polish]. Retrieved from Ministry of Climate and Environment, Poland: 
www.gov.pl/web/klimat/polska-strategia-wodorowa-do-roku-2030 

Ministry of Economy, Slovakia. (2021). National hydrogen strategy "Prepared for the future" [in Slovak]. Bratislava: 
Ministry of Economy, Slovakia. 

Ministry of Energy, Ontario. (2022). -Carbon Hydrogen Strategy. Ontario: Ministry of Energy, Ontario. 
Retrieved from Ministry of Energy, Ontario. 

Ministry of Industry and Trade, Czech Republic. (2021). The Czech Republic's Hydrogen Strategy. Prague: Ministry 
of Industry and Trade, Czech Republic. 

Ministry of Innovation and Technology, Hungary. (2021). Hungary's National Hydrogen Strategy: Strategy for the 
Introduction of Clean Hydrogen and Hydrogen Technologies to the Domestic Market and for Establishing 
Background Infrastructure for the Hydrogen Industry. Budapest: Ministry of Innovation and Technology, 
Hungary. 

Ministry of Natural Resources, Canada. (2020). Hydrogen Strategy for Canada: Seizing the Opportunities for 
Hydrogen, A Call to Action. Ottawa: Ministry of Natural Resources, Canada. 

National Atomic Energy Commission of Argentina. (2021). Hydrogen related activities at the National Atomic 
Energy Commission of Argentina. Vienna: IAEA Technical Meeting on Building the Business Case for 
Nuclear Hydrogen Production. 

Nuclear Hydrogen Initiative. (2022). Hydrogen Production from Carbon-Free Nuclear Energy: Overview of Current 
Policies and Recommendations for Government Actions. New York: Nuclear Hydrogen Initiative. 

Nuclear Industry Association. (2021). Hydrogen Roadmap. London: Nuclear Industry Association. 
nucleareurope. (2021). NUCLEAR HYDROGEN PRODUCTION  A KEY LOW-CARBON TECHNOLOGY FOR A 

DECARBONISED EUROPE. Brussels: nucleareurope. 
OKG. (2022). OKG Sells Fossil Free Hydrogen to External Markets [in Swedish]. Retrieved from OKG Aktiebolag: 

www.okg.se/nyheter-och-press/okg-saeljer-fossilfri-vaetgas-till-extern-marknad 
Pillsbury. (2022). The Hydrogen Map: A regularly updated compendium of global low-carbon hydrogen projects 

and their status. Retrieved from Pillsbury: www.thehydrogenmap.com/ 
Rosatom. (2021a). Rosatom to launch hydrogen production at Kola NPP by 2023, construction of new units by 

2028. Retrieved from Rosatom: https://rosatom-asia.com/press-centre/news/rosatom-to-launch-
hydrogen-production-at-kola-npp-by-2023-construction-of-new-units-by-2028/ 

Rosatom. (2021b). Rosatom Approach to Nuclear Hydrogen Projects Development: Kola NPP case study, IAEA 
Technical Meeting on Building the Business Case for Nuclear Hydrogen Production. Vienna. 



 

41 
 

Rosatom. (2022). Rosenergoatom. Retrieved from Rosatom: https://rosatom.ru/en/rosatom-group/power-
generation/rosenergoatom/ 

Satyapal, S. (2021). 2021 AMR (Annual Merit Review) Plenary Session, AMR Proceedings. Washington DC: US 
Department of Energy. Retrieved from US Department of Energy. 

Suppiah, S. (2020). GIF VHTR Hydrogen Production Project Management Board. Retrieved from Generation IV 
International Forum: www.gen-4.org/gif/upload/docs/application/pdf/2020-
04/gen_iv_webinar_series_40_sam_suppiah_presentation_final__29april2020_2020-04-28_17-24-
58_919.pdf 

The Korea Electric Times. (2022). Korea's first nuclear hydrogen production demonstration "start up" [in Korean]. 
Retrieved from The Korea Electric Times: www.electimes.com/news/articleView.html?idxno=300335 

The University of Toledo. (2022). Great Lakes Clean Hydrogen Moves Forward Toward Hydrogen Hub Designation. 
Retrieved from The University of Toledo: http://news.utoledo.edu/index.php/09_08_2022/great-lakes-
clean-hydrogen-moves-forward-toward-hydrogen-hub-designation 

Tsinghua University. (2010). Division of HTR-PM Project. Retrieved from Tsinghua University: 
https://www.inet.tsinghua.edu.cn/ineten/jgsz/Division_of_HTR_PM_Project.htm#num01 

US DOE. (2021). DOE Announces $20 Million to Produce Clean Hydrogen From Nuclear Power. Retrieved from US 
Department of Energy: www.energy.gov/articles/doe-announces-20-million-produce-clean-hydrogen-
nuclear-power 

US DOE. (2022). DOE Launches Bipartisan Infrastructure Law's $8 Billion Program for Clean Hydrogen Hubs Across 
U.S. Retrieved from US Department of Energy: www.energy.gov/articles/doe-launches-bipartisan-
infrastructure-laws-8-billion-program-clean-hydrogen-hubs-across 

US EIA. (2019). Electricity: Form EIA-923 detailed data with previous form data (EIA-906/920). Retrieved from US 
Energy Information Administration: www.eia.gov/electricity/data/eia923/ 

US NE. (2019). US Department of Energy Awards $15.2 Million for Advanced Nuclear Technology. Retrieved from 
US Office of Nuclear Energy: www.energy.gov/ne/articles/us-department-energy-awards-152-million-
advanced-nuclear-technology-0 

US NE. (2020). US Department of Energy Announces $26.9 Million for Advanced Nuclear Technology. Retrieved 
from US Office of Nuclear Energy: www.energy.gov/ne/articles/us-department-energy-announces-269-
million-advanced-nuclear-technology 

Vattenfall. (2018). - . Retrieved from 
Vattenfall: https://group.vattenfall.com/press-and-media/newsroom/2018/ringhals-lesser-known-
hydrogen-gas-factory-contributes-to-tomorrows-biofuel 

Vattenfall. (2020a). Annual and Sustainability Report 2019. Retrieved from Vattenfall: 
https://group.vattenfall.com/siteassets/corporate/investors/annual-reports/2019/vattenfall-annual-and-
sustainability-report-2019.pdf 

Vattenfall. (2020b). tep receives support from Swedish Energy Agency. Retrieved from Vattenfall: 
https://group.vattenfall.com/press-and-media/newsroom/2020/hybrits-next-step-receives-support-
from-swedish-energy-agency 

Vattenfall. (2021a). Vattenfall and Preem continue their collaboration on fossil-free hydrogen gas for biofuels. 
Retrieved from Vattenfall: https://group.vattenfall.com/press-and-media/newsroom/2021/vattenfall-
and-preem-continue-their-collaboration-on-fossil-free-hydrogen-gas-for-biofuels 

Vattenfall. (2021b). HYBRIT: SSAB, LKAB and Vattenfall first in the world with hydrogen-reduced sponge iron. 
Retrieved from Vattenfall: https://group.vattenfall.com/press-and-media/pressreleases/2021/hybrit-
ssab-lkab-and-vattenfall-first-in-the-world-with-hydrogen-reduced-sponge-iron 

Vattenfall. (2021c). HYBRIT: SSAB, LKAB and Vattenfall building unique pilot project in Luleå for large-scale 
hydrogen storage investing a quarter of a billion Swedish kronor. Retrieved from Vattenfall: 
https://group.vattenfall.com/press-and-media/pressreleases/2021/hybrit-ssab-lkab-and-vattenfall-
building-unique-pilot-project-in-lulea-for-large-scale-hydrogen-storage-investing-a-quarter-of-a-billion-
swedish-kronor 

Vattenfall. (2021d). -free steel ready for delivery. Retrieved from Vattenfall: 
https://group.vattenfall.com/press-and-media/pressreleases/2021/hybrit-the-worlds-first-fossil-free-
steel-ready-for-delivery 

Vattenfall. (2021e).  Retrieved from Vattenfall: 
https://group.vattenfall.com/what-we-do/roadmap-to-fossil-freedom/co2-roadmap 

World Nuclear News. (2021). China's HTR-PM reactor achieves first criticality. Retrieved from World Nuclear News: 
www.world-nuclear-news.org/Articles/Chinas-HTR-PM-reactor-achieves-first-criticality 



42 
 

World Nuclear News. (2022). JAEA, MHI team up for HTTR hydrogen project. Retrieved from World Nuclear News: 
www.world-nuclear-news.org/Articles/JAEA,-MHI-team-up-for-HTTR-hydrogen-project 

World Resources Institute. (2020). This Interactive Chart Shows Changes in the World's Top 10 Emitters. Retrieved 
from World Resources Institute: www.wri.org/insights/interactive-chart-shows-changes-worlds-top-10-
emitters 

Xcel Energy. (2022). Horizon Bound: 2021 Sustainability Report. Retrieved from Xcel Energy: 
https://s25.q4cdn.com/680186029/files/doc_downloads/2022/06/2021-Sustainability-Report-Full.pdf 

 
  



 

43 
 

List of abbreviations 
 
AEM anion exchange membrane 
AGR advanced gas cooled reactor 
ANL Argonne National Laboratory (USA) 
APS Arizona Public Service Company 
BWR boiling water reactor 
CAPEX capital expenditure(s) 
CCS carbon capture and storage 
CCUS carbon capture, utilization and storage 
CO carbon monoxide 
CO2 carbon dioxide 
CNNC China National Nuclear Corporation  
Cu-Cl copper-chlorine 
DOE Department of Energy (USA) 
EDF Électricité de France 
EIA Energy Information Administration (USA) 
ENEC Emirates Nuclear Energy Corporation 
EPR European pressurized water reactor 
EPRI Electric Power Research Institute (USA) 
ETC Energy Transitions Commission 
FORATOM European Atomic Forum (  
g CO2 eg/kW·h  grams CO2 equivalent per kilowatt hour 
GHG greenhouse gas 
GLCH Great Lakes Clean Hydrogen 
GW gigawatt 
GW·h gigawatt hour(s) 
H2 hydrogen 
HEEP Hydrogen Economic Evaluation Program (IAEA) 
HTE high temperature electrolyser 
HTGR high temperature gas cooled reactor 
HTSE high temperature steam electrolysis 
HTTR High Temperature Engineering Test Reactor 
HYBRIT Hydrogen Breakthrough Ironmaking Technology (Sweden) 
IAEA International Atomic Energy Agency 
IEA International Energy Agency 
INL Idaho National Laboratory (USA) 
IRENA International Renewable Energy Agency 
JAEA Japan Atomic Energy Agency 
kg kilogram 
kW kilowatt 
kW·h kilowatt hour(s) 
LCOE levelized cost of energy 
LHV lower heating value 
LKAB Luossavaara-Kiirunavaara AB (Sweden) 
LTE low temperature electrolyser 
LTO long term operation 
MW megawatt 
MWe megawatt electric 
MWt megawatt thermal 
MW·h megawatt hour(s) 
NE Office of Nuclear Energy (USA) 
NPP nuclear power plant 
NREL National Renewable Energy Laboratory (USA) 
O2 oxygen 
O&M operations and maintenance 
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OKG OKG Aktiebolag 
OPEX operational expenditure(s) 
PEM proton exchange membrane 
PHWR pressurized heavy water reactor 
PNW Pinnacle West Capital Corporation 
PWR pressurized water reactor 
R&D research and development 
S-I sulfur-iodine 
SOEC solid oxide electrolyser cell 
SSAB Svenskt Stål AB 
TW·h terawatt hour(s) 
VVER vodo voddyanoi enyergeticheskiy reaktor (water-water energetic reactor) 
 




