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Abstract: As new sources of energy and advanced technologies are used, there is a continuous evolu-
tion in energy supply, demand, and distribution. Advanced nuclear reactors and clean hydrogen have
the opportunity to scale together and diversify the hydrogen production market away from fossil
fuel-based production. Nevertheless, the technical uncertainties surrounding nuclear hydrogen pro-
cesses necessitate thorough research and a solid development effort. This paper aims to position pink
hydrogen for nuclear hydrogen production at the forefront of sustainable energy-related solutions by
offering a comprehensive review of recent advancements in nuclear hydrogen production, covering
both research endeavors and industrial applications. It delves into various pink hydrogen generation
methodologies, elucidating their respective merits and challenges. Furthermore, this paper analyzes
the evolving landscape of pink hydrogen in terms of its levelized cost by comparatively assessing
different production pathways. By synthesizing insights from academic research and industrial
practices, this paper provides valuable perspectives for stakeholders involved in shaping the future
of nuclear hydrogen production.

Keywords: hydrogen; pink hydrogen; nuclear hydrogen production; hydrogen power generation;
hydrogen economy; nuclear energy; energy transition

1. Introduction

Several years have passed since the Paris Agreement [1], and despite tremendous
efforts toward an energy transition, the vision of zero-carbon societies seems more distant
than ever. During the early stage of the transition, a key focus for research and policy was
to demonstrate the technological and economic feasibility of sustainable energy solutions.
Today, the situation is different [2]. Transitioning toward a low-carbon economy will require
nothing less than a paradigm shift, necessitating large-scale investments [3]. Power systems
will be strained to their limits by the combination of electricity produced from distributed
and intermittent renewable energy sources and ever-increasing electrical demand. Grid
bottlenecks related to grid capacity, intermittency, limited electrical storability, and backup
generation capacity will be challenging to address.

Hydrogen’s (Hy) unique properties make it a promising alternative fuel that has
emerged as a key player in the transition toward a sustainable energy future; the potential
benefits of an H, economy are gradually becoming popular discussion points in the “net-
zero” strategies of multiple countries [4,5]. Even though Hj has the highest energy content
of any known fuel and is the most abundant element in the universe, it is not readily
available in nature and must be produced through a variety of methods [6]. These methods
include fossil fuel-based H, production, biomass-based Hj, and H, from water, requiring
heat and electricity. Approximately 70% of power generation plants worldwide are tied
to the usage of Hj in open-cycle or combined-cycle gas turbines. Another 10% of power
generation utilizes Hj in fuel cells, while 3% of stated projects involve the co-firing of
ammonia in coal-fired power plants. Geographically, the majority of these projects reside
in the Asia-Pacific area with a share of 39%, followed by Europe and North America with
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shares of 36% and 25%, respectively [7]. Advocates envision a future in which Hj fuel cells
are used not only across the electricity value chain but also in transportation, heat, as well
as in the industry sector as feedstock.

Currently, the vast majority of Hy produced is derived from steam reformation of
natural gas, making most of the Hj available in today’s market essentially a fossil fuel.
According to IEA [7], although low-carbon substitutes such as “Pink Hydrogen” (pink
Hy) generated from nuclear-powered electrolysis and “green hydrogen” generated from
electrolysis powered by renewable energy sources (RESs) remain expensive alternatives,
the annual production of low-emission H, may reach 38 Mt in 2030 if all announced projects
are realized; however, 17 Mt come from projects at initial phases of advancement. More
specifically, regarding pink Hj, the direct emissions from nuclear-based generation are zero.
Nonetheless, the nuclear fuel cycle—including uranium mining, conversion, enrichment,
and fuel fabrication—results in greenhouse gas (GHG) emissions from 2.4 gco,-q/kWh
to 6.8 gco,-eq/kWh. Considering the aforementioned values, the emission intensity of
pink Hy generation from nuclear power falls within the range of 0.1 kgco,-eq/kgn, to
0.3 kgCOZ—eq /kgH2 [7]

With the geopolitical impact of natural gas price volatility intensifying the focus
on both low-carbon alternatives and the security of supply, the opportunity for nuclear-
powered Hj is greater than ever. A recent analysis from the Nuclear Energy Agency (NEA)
of the Organization for Economic Co-operation and Development (OECD) [8] concludes
that, given the current volatility in natural gas prices and overarching policy ambitions due
to the energy transition, combined with the right initiatives, the prospects of nuclear power
contributing to the Hy economy represent a significant opportunity.

It is evident that the global quest for sustainable energy solutions has sparked sig-
nificant interest in pink Hj production, presenting a promising pathway to clean energy
generation. Recent research advancements in nuclear-based H; production have demon-
strated significant potential in addressing the dual challenges of energy sustainability and
climate change. On the industrial front, collaborations between nuclear and H; produc-
tion sectors are paving the way for pilot projects and commercial-scale implementations,
where the potential for pink Hy production extends beyond mere energy generation and
progressively becomes a pivotal element in the broader Hy economy. This paper has a
two-fold objective: firstly, to provide a comprehensive and updated overview of the recent
technological advancements as well as the cost of H, production. Secondly, it endeavors
to assess the readiness of major countries in terms of regulatory frameworks and infras-
tructure development to foster the growth of a pink Hy economy. Both aspects aim to
highlight its economic viability and potential for widespread adoption. To address these
two key elements, this work seeks to initially explore the potential of nuclear energy as a
reliable and low-carbon source for H, production by presenting the various underlying
principles for nuclear-powered H; production. Through a comprehensive review of recent
advancements in scholarly research as well as the economic viability of pink Hy production,
this study aims to shed light on the current landscape, identifying key trends and techno-
logical breakthroughs. Toward enriching the current literature of real applications, this
work also delves into the discussion for adopting pink H, production on a global scale, by
identifying current national “Hydrogen Roadmaps” and policy frameworks as well as the
current and future H; infrastructure plans at the international level. By synthesizing diverse
perspectives and approaches, this research aims to elucidate the current landscape of pink
H; production as well as to provide valuable insights for policymakers, researchers, and
industry stakeholders engaged in the development and implementation of nuclear-driven
H; production avenues.

The rest of this work is structured as follows: Section 2 provides an overview of the
various Hy generation routes, focusing on pink H, production and the associated nuclear
reactor technologies. Recent advancements in research literature concerning nuclear-based
Hj production, along with a comparative assessment of pink H, production costs, are
presented in Section 3. The burgeoning regulatory field of Hy adaptation in the electricity
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value chain along with opportunities for nuclear-based H, production is showcased in
Section 4. Our concluding remarks are demonstrated in the final section of this study.

2. Pink Hydrogen Production

Hy; is not available in nature in a similar manner as fossil fuels. However, it may be
produced from any primary energy source and utilized as fuel in a fuel cell or for direct
combustion in internal combustion engines, with the only byproduct being water. As
shown in Figure 1, there are three primary energy sources in the pathway toward H,
production: (a) hydrocarbon fuels, (b) RES, and (c) nuclear fuel.
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Figure 1. H, production pathway.

The color spectrum is utilized to portray the origin of the produced H; as well as
the volume of carbon dioxide (CO,) emitted during the process. Despite having identical
molecular and physical characteristics, different forms of H; have different carbon foot-
prints. “Gray hydrogen” is deemed as the “traditional” technique and is presently the
prevailing form of H, production. Figure 1 illustrates the production of “gray hydrogen”
from natural gas by a steam reforming process, which does not involve absorbing the
CO, emitted during the process. Steam reforming converts natural gas compounds to
H; and CO;, namely synthetic gas, by adding moisture at high pressure (35-40 bar) and
temperature (800-900 °C). H, that is manufactured by natural gas reforming coupled with
carbon capture and storage (CCS) is labeled as “blue hydrogen” (Figure 1). H, production
can also be accomplished through thermochemical dissociation (or thermochemical split-
ting) of water and water electrolysis processes that utilize RES or nuclear fuel as primary
energy sources. The thermochemical cycles include sulfur-iodine (S-I), hybrid sulfur (HyS),
copper—chlorine (Cu-Cl), and calcium bromide (Ca-Br) as catalysts for the thermochemical
splitting of water. These cycles have a significant role in the long-term outlook of large-
scale low-carbon H; production. Nevertheless, these cycles require high temperatures
(>500 °C) for operation, which is one of the reasons why thermochemical cycles are still
facing obstacles in reaching commercial scale. The simplest and most popular method
for producing Hj straight from water is electrolysis, which uses electricity to split water
molecules into Hy and oxygen, emitting zero greenhouse gas emissions in the process.
Electrolysis generates “green hydrogen” when electricity is supplied by RES as illustrated
in Figure 1. Similarly, pink Hj can also be produced via electrolysis when electricity is
supplied by nuclear power plants. However, this approach is crippled by low efficiency and
poor economics. The solution, toward higher efficiency and economic visibility, comes from
leveraging the wasted energy coming from the generated heat. Nuclear energy provides
a highly effective source of process heat for a range of industrial applications, such as
desalination, synthetic and unconventional oil production, oil refining, biomass-based
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ethanol production, and H, generation. Pink H, production offers significant advantages,
including reducing production costs and emissions, making it a sustainable and more
cost-effective alternative to conventional methods. It is possible to produce H; from any
kind of nuclear reactor as long as it can supply energy and process heat. But the key factors
in figuring out which kind of reactor is better suited for a certain production process are
the reactor coolant and its maximum temperature.

The power scale is another key consideration. While small plants are better suited as
single-purpose plants (e.g., for H, production exclusively), large reactors are better suited
for the cogeneration of electricity and Hy. Specific reactor types require more particular
considerations. For instance, the cost of producing H, would make it less desirable for a
small plant to be utilized exclusively for Hy production. Nevertheless, there are ways to
make this process more profitable, like sharing or reducing expenses through cogeneration
or the use of a power grid during off-peak periods. Figure 2 illustrates the different routes
of pink Hy production combined with carbon-based Hj, while Figure 3 captures the thermal
processes in a more specific capacity.
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Figure 2. Routes of pink H, production.
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For almost 50 years, the nuclear power industry has been refining and developing
reactor technology, and it is currently in the process of constructing the next generation
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of nuclear power reactors. An overview of the technical characteristics of the various
generation nuclear reactors, as presented in [9], is tabulated in Table 1.

Table 1. Overview of major reactor designs per generation [9].

Reactor Type Capacity (MWe) Power Cycle
Gen II: Light water reactors (LWR):

BWR Boiling water reactor 600-1400 Rankine
PWR Pressurized water reactor 900-1600 Rankine
HWR Heavy water reactor 540-780 Rankine
Gen II: Graphite-moderated reactor (GMR):

GCR (Gas-cooled reactor) 500-1500 Rankine
WCR (Water-cooled reactor) 600-1400 Rankine
FBR (Fast breeder reactor) 500 Rankine
Gen III: Advanced light water reactor (ALWR):

EPR European pressurized water reactor 1600-1750 Rankine
ABWR Hitachi 600-1700 Rankine
ESBWR Economic simplified boiling water reactor 1390-1550 Rankine
APWR Advanced pressurized water reactor 1500 Rankine
BWR 90+ 1500 Rankine
VVER-448 1500 Rankine
APR-1400 Advanced pressurized water reactor 1400 1400 Rankine
ABWR (Advanced boiling water reactor) 1300 Rankine
SWR-1000 Siedewasser boiling water reactor 1000-1290 Rankine
AP1000 Advanced passive 1000 1100 Rankine
VVER-91 1000 Rankine
V-392 950 Rankine
VVER-640 640 Rankine
VPBER-600 600 Rankine
AP600 Advanced passive 600 600 Rankine
IRIS International Reactor Innovative and Secure 335 Rankine
MSBWR Modular simplified boiling water reactor 50 & 200 Rankine
IRIS-50 International Reactor Innovative and Secure 50 Rankine
KLT-40 30-35 Rankine
TRIGA power system (pressurized water reactor) 16.4 Rankine
VBER-150 110 Rankine
VBER-300 295 Rankine
VK-300 250 Rankine
ABV 10-12 Rankine
CAREM 27 Rankine
SMART system-integrated modular advanced reactor 110 Rankine
MRX 30 Rankine
NP-300 100-300 Rankine
Gen III: Pressurized heavy water reactors (PHWR):

CANDU-9 Canadian deuterium uranium 925-1300 Rankine
ACR-1000 Advanced CANDU reactor 1000 hybrid PHWR/PWR 1100-1200 Rankine
CANDU-X 350-1150 Supercritical
AHWR (Advanced heavy water reactor) 300 Rankine
ACR-700 Advanced CANDU reactor 700 hybrid PHWR/PWR 750 Rankine
Gen III: High-temperature gas-cooled reactor (HT GCR):

GTHTR Gas turbine high-temperature reactor 300 Brayton
GT-MHR Gas turbine modular helium reactor 285 Brayton
HTR-PM High-temperature pebble bed gas-cooled reactor 195 Rankine

PBMR Pebble bed modular reactor 165 Brayton
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Table 1. Cont.

Reactor Type Capacity (MWe) Power Cycle
Gen III: Fast neutron reactor (liquid metal-cooled fast reactor):

BREST 300 Rankine
SVBR Lead-bismuth fast reactor 75-100 Rankine
SSTAR Small sealed transportable autonomous reactors 10-100 Brayton
LSPR Lead-bismuth cooled reactor 53 Rankine
ENHS Encapsulated nuclear heat source 50 Rankine
4S Super safe, small simple, nuclear battery 10-50 Rankine
Rapid-L (under development) 0.2 Rankine
Gen III: Molten salt reactors (MSR):

AHTR Advanced high-temperature reactor 1000 Brayton
FUJI MSR 100 Brayton
Generation IV reactors:

VHTR Very high-temperature reactor Hy Brayton
SCWR Supercritical water-cooled reactor 1700 Supercritical
MSR Molten salt reactor 1000 Brayton
GEFR Gas-cooled fast reactor 288 Brayton
SFR Sodium-cooled fast reactor 150-1500 Brayton
LFR Lead-cooled fast reactor 50-1200 Supercritical

Reactor generations are typically distinguished from one another. These reactors were
originally designed in the 1950s and 1960s, while the final Generation I reactor in the United
Kingdom (UK) was shut down in 2015. Nowadays, Generation II reactors comprise the vast
majority of the existing global nuclear fleet. They are direct descendants of the prototypes
from the 1950s and 1960s and primarily belong to two groups of light water reactors
(LWRs): (a) pressurized water reactors (PWRs) and (b) boiling water reactors (BWRs). The
advanced reactors are referred to as Generation III (and III+, labeled as “evolutionary
designs”); however, the division from Generation II is somewhat arbitrary and primarily
focuses on advancements in fuel technology, increased thermal efficiency, upgraded safety
systems (including passive nuclear safety), and standardized designs aimed at minimizing
maintenance and capital investments. The Generation IV International Forum (GIF) is a
global body that oversees the advancement of Generation IV reactors. These reactors are
considered to be “revolutionary designs”. While there is no exact definition of a Generation
IV reactor, the term refers to nuclear reactor technologies that were being developed
around the year 2000. These designs were set up to transform the future of nuclear energy.
The six designs include the gas-cooled fast reactor (GFR), the lead-cooled fast reactor
(LFR), the molten salt reactor (MSR), the sodium-cooled fast reactor (SFR), the supercritical
water-cooled reactor (SCWR), and the very high-temperature reactor (VHTR). China began
commercial operations on the high-temperature gas-cooled pebble-bed reactor (HTR-PM)
in December 2023, which would make it the world’s first Generation IV nuclear reactor to
enter commercial operation [10]. These cutting-edge reactor designs provide advantageous
operating properties, which are essential for efficiently producing pink Hy. In order to
produce pink H; on a large scale, these reactor designs can handle thermochemical water
splitting in addition to low- and high-temperature electrolysis. Several initiatives, feasibility
studies, and demonstration projects demonstrate how these cutting-edge reactors might
generate clean pink Hj in a variety of ways, while also addressing legacy issues related to
large reactor projects from Generation II and Generation III/III+. These challenges include
backend spent fuel and decommissioning issues, delays in development, excess budgeted
costs, and the inability to cover both initial investments and ongoing expenses.

The nuclear sector has a lengthy track record of secure operation and these operational
plants are highly dependable. Nowadays, about 85% of electricity produced worldwide by
nuclear power comes from Generation Il nuclear reactors and performs with high efficiency,
reliability, and commonly with capacity factors exceeding 90% [7]. Small and medium
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power reactors based on high-temperature gas reactors (HTGRs) are also deemed attractive
choices. The HTGR is one of the nuclear power reactors that may be utilized to provide
high-temperature steam for H, production by utilizing the thermal neutron spectrum.
HTGR is graphite-moderated, helium-cooled, and has an outlet coolant temperature of
about 800 °C.

Figure 4 provides an illustration of numerous advanced reactor technologies and
their possible applications in various industries, based on their respective operational
temperatures.

Very high temperature Reactors
Gas-cooled Fast Reactors
Molten Salt Reactors
Supercritical water-cooled Reactors
Sodium-cooled fast Reactors
Liquid metal cooled Reactors
Water cooled Reactors
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Coal Gasification _
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Figure 4. Advanced nuclear reactor types and industrial applications.

There is a continuous international effort to create enhanced designs for nuclear
power reactors. Future advanced nuclear power plants (NPPs), for instance, Generation IV
VHTR or SCWR reactors, could supply both energy and high-temperature process heat,
resulting in high net power cycle performance. For example, a VHTR system can deploy
high-temperature process heat applications, like coal gasification and thermochemical
H, production, relatively faster compared to previous generations, while maintaining
superior efficiency. The helium-cooled core of VHTR is based on the pebble fuel of the
pebble bed modular reactor (PBMR) or the prismatic block fuel of the gas turbine modular
helium reactor (GT-MHR). Due to the intrinsic safety features of the fuel and reactor, the
VHTR system is highly regarded in both safety and dependability as well as economics
due to its great efficiency in producing H». Because of its open fuel cycle, it has an open
fuel rating of neutral for sustainability and good for proliferation resistance and physical
defense. Although it has the potential to create electricity as well, its main uses are in
Hy synthesis and other process-heat applications [11]. Using supercritical water as the
working fluid, the SCWR is essentially an LWR with a direct, once-through cycle that
operates at greater pressure and temperatures. It could function on a direct cycle, as is
generally imagined, much like a BWR, but unlike PWRs, it would only have one phase
present because it employs supercritical water as the working fluid. It could also function at
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pressures and temperatures far higher than those of the PWRs and BWRs in use today. Due
to their significant plant simplicity and high thermal efficiency of approximately 45%, as
opposed to the current LWRSs’ efficiency of roughly 33%, SCWRs are deemed as prospective
advanced nuclear systems.

3. Research Advancements in Pink Hydrogen Production

H, production offers a promising pathway toward decarbonizing the global energy
system and addressing the challenges of climate change and energy security. In this
scope, several recent studies focused on the future of H; by presenting challenges and
opportunities in the field of production, storage, and applications [6,12-15] as well as
comparative assessments of the technological, economic, and environmental aspects for
clean H, production [16-19].

The need to shift away from fossil-based H; generation, due to sustainability targets,
has led many researchers to shift to low-carbon H; technologies that are coupled with
RES, namely “green hydrogen”. However, the recent worldwide trends in electricity
demand spikes as well as electricity price fluctuations, along with the intermittent and
unpredictable nature of RES, are turning the research interest toward more dispatchable
sources for producing H,. Nuclear power is currently a significant source of electricity,
widely recognized for its established applications. Its ability to operate at high capacity
factors is well-suited for producing zero-carbon H; as an emerging energy carrier that may
be employed in various applications. Several studies have been conducted to emphasize
the utilization of nuclear energy, considering both the existing reactor fleet and advanced
reactors, to generate sustainable H.

The accelerated advancement of pink H; production is emphasized in [20], where
the authors present a comprehensive, quantitative, and qualitative understanding of the
current situation in the field of pink Hy production. This analysis is undertaken via an
examination of patterns of publications and collaboration among academic institutions and
researchers. However, rather than concentrating on scientometrics, the examination of the
keywords and the development of those keywords is the primary focus.

Work conducted in [21] offers valuable perspectives into the prospective application
of nuclear energy for H, production, while also highlighting the efforts of the International
Atomic Energy Agency (IAEA) [22] in evaluating the technical and economic aspects of
H, production. Based on the comparative assessment performed by the authors, it is
concluded that, despite the possibilities that arise from the advantages that nuclear energy
can offer to assist the huge production of H, utilizing various reactor technologies, there
are still bottlenecks as well as challenges that need to be overcome in order to expedite the
deployment of nuclear Hy. By joining the Hy market, the nuclear industry can expand its
role beyond providing clean power and contribute to the sustainable decarbonization of
several industries, particularly those that are difficult to decarbonize.

The work conducted in [23] offers a comparative economic analysis of the production
of Hy utilizing various nuclear reactors integrated with electrolysis techniques. Hy produc-
tion based on various technologies is compared using the Hydrogen Economic Evaluation
Program (HEEP) software developed by IAEA. The findings demonstrate that the total
costs of producing and storing Hj using compressed gas from an advanced pressurized
water reactor (APWR) facility are 8.2 US$/kgy, for an NPP of 360 MWe capacity. However,
this cost decreases to 6.06 US$/kgy, when the NPP capacity is expanded to 1117 MWe.
Furthermore, it has been determined that the combination of HTGR technology and HTSE
can generate Hj at a cost of 3.51 US$/kgyy,, which is slightly cheaper than utilizing grid
electricity, which costs 3.55 US$/ kg, .

A similar approach was followed in [24], where the authors presented a cost compar-
ison assessment of selected nuclear-driven hybrid thermochemical cycles by also using
IAEA’s HEEP. The results show that the upfront expenses of pure electrochemical tech-
nologies make up a little more than 20% of the cost of H, generation. In thermochemical
technologies, on the other hand, the share goes up because multiple units and other parts
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of the plant are used. The authors emphasize that achieving long-term, ambitious Hj cost
targets can be facilitated by hybrid thermochemical technologies, which are an affordable
substitute for pure electrochemical technologies. When it is possible to bring such tech-
nologies to the market, the costs of Hy production from the HyS and Cu—Cl cycles will be
2.80 US$/kgn, and 2.86 US$/kgp,, respectively, rendering them more cost-effective than
conventional electrolysis.

An economic evaluation of H, production costs using a combination of HTGR with a
steam methane reforming (SMR) plant, which was carried out by using the IAEA HEEP soft-
ware, is presented in [25]. Two different scenarios are explored, coupling the SMR process
for H, production with 2 HTGRs of 170 MWth each, and 1 HTGR of 600 MWth. The yielded
results showcase a competitive value obtained when nuclear heat from HTGR is used.
More specifically, H, production costs equal 2.72 US$/ kg, for case 1 and 1.72 Uss$/ kgn,
for case 2, as compared to an average value of 2.3 US$/kgy,, which is obtained for the SMR
method using natural gas as a primary source.

Another study that utilizes the capabilities of IAEA offerings is showcased in [26]. The
authors present an estimation of pink Hy production costs based on LWRs using IAEA’s
hydrogen calculator (HydCalc) program [27] based on six existing LWRs. The projection of
H» usage was conducted without considering the carbon tax, as nuclear power does not
induce any CO, emissions. The yielded costs range between 2.6 and 4.85 US$/kgy, based
on the investigated reactor type, while the cost of Hy production for Xcel Energy’s Prairie
Island NPP is estimated at 0.69 US$/kgp, due to the utilization of high-temperature steam
electrolysis as a method of Hy production instead of low-temperature electrolysis. The
findings underline that the total cost of producing H; using different reactor technologies
is influenced by both the method of production and the expenses associated with the NPP,
as well as the rate at which the H is generated.

The authors of [28] compare the sustainability of several approaches to producing
Hj, focusing mostly on nuclear energy methods. The authors suggest the use of the
thermo-ecological cost (TEC) index instead of local energy efficiency, where the absolute
thermo-ecological cost is expressed in MJ* of non-renewable exergy per 1 MJ of electricity.
Additional factors considered in the evaluation include the availability of energy supply,
as measured by the capacity factor, the total GHG emissions, and the ratio of resources to
production. Furthermore, water electrolysis and the Cu—Cl cycle have been regarded as
cogeneration processes, yielding oxygen as a valuable derivative product. The obtained
results show that high-temperature electrolysis, which depends on the thermal efficiency
of the NPP and the level of fuel enrichment, has the lowest TEC of all the evaluated
technologies, ranging from about 25 to 45 MJ*/M]. TEC in the range of 50-100 MJ*/M]
characterizes Hy generated in the Cu—Cl process driven by nuclear energy, leading to the
lowest values. The yield of H, from traditional water electrolysis is also measured by TEC
and ranges from 40 to 85 MJ*/M]J, depending on the H; generator’s efficiency.

A probabilistic mathematical model for techno-commercial calculations under uncer-
tainty is developed in [29], and it is specifically applied to nuclear H, generation projects
using water electrolyzers coupled to already-existing reactors. A common statistic used
to compare potential technology alternatives for near-term implementation is life cycle or
levelized manufacturing cost. To do this, a comprehensive discounted cash flow model
drawn up for the duration of the project has been utilized. The major findings from this
work highlight that there is a difference of almost 0.2 to 1 US$/kgy, in Hy production
costs between these alternative methods, based on current techno-commercial maturity
levels. Nuclear H; is competitive with “green hydrogen”. The cost of nuclear electricity
has the highest influence on the cost of H,. NPP capital cost contributes up to 22.1% to the
levelized production cost of Hy, while variable operating costs account for up to 61.8% of
the levelized cost, depending on the NPP capacity. There appears to be a possibility of less
than 0.1% of achieving the frequently cited long-term cost goal of 1 to 2 US$/kgg, with the
present scale. The authors conclude that it is theoretically feasible to use electrolyzers to fa-
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cilitate load-following operations of nuclear reactors and demand response without power
restrictions, as long as there is surplus nuclear electricity available from a power plant.

The authors of [30] discuss the production of Hp via the combination of nuclear fusion
and biomass conversion. A techno-economic analysis is conducted on the fusion-biomass
hybrid system to determine the cost of H; production and its economic viability compared
to other technologies. The techno-economic analysis includes cellulose, hemicellulose,
and lignin as biomass components, along with municipal solid waste as an additional
feedstock. Stoichiometric calculations are used to determine the conversion of biomass to
H,. The gasification facility for H, production is considered to utilize a bubbling fluidized
bed gasifier, which will be supplied with 20.6 MJ/kg of biomass. The findings indicate
that the overall syngas capacity amounts to 203 PJ, and 137 PJ of H; is generated by the
use of a ceramic membrane for Hj separation. The levelized cost of hydrogen (LCOH) is
determined to be 2.45 US$/kgyy,, and the estimated 90% confidence interval for the cost of
Hj production is between 1.87 and 3.24 US$/kgy,. The resulting LCOH places the authors’
proposal in an advantageous position compared to traditional approaches. The work
concludes that the cost of Hy production can be further reduced with the implementation
of carbon pricing by the year 2050 when fusion commercialization is expected.

The work presented in [31] introduces a method for calculating the LCOH generation
using discounted cash flow analysis. This method is specifically designed for the economic
evaluation of Hy production from NPP-supported energy sources. The proposed methodol-
ogy fully models the fuel cycle for the NPP as well as the various cost components of the
H; generation plant and NPP. A realistic scenario where the construction costs are sourced
via a combination of financing and equity is addressed. Tax payments are also factored
into the formula, where every pertinent cost element is represented in the model to match
the real-life case. The model simulation and application involve the utilization of both
heat as well as electricity as energy inputs for the generation of Hj. The findings indicate
that reducing the capital cost of the associated NPP is an effective strategy to lower the
resulting LCOH.

The authors of [32] discuss the potential development of HTGR for generating electric-
ity using advanced ultra-supercritical (AUSC) Rankine cycles. The study also explores the
possibility of producing Hj, through electrolysis at temperatures below 750 °C, as well as
producing Hp through direct thermochemical cycles on top of AUSC electricity production
at temperatures ranging from 950 to 1000 °C. The authors conclude that nuclear thermal
energy can be effectively utilized at temperatures below 730 °C by generating electricity
through AUSC Rankine cycles. Additionally, a part of this electricity can be used for H,
production through electrolysis, if deemed necessary. On the other hand, if nuclear thermal
energy becomes accessible at temperatures around 1000 °C, then there is the possibility
of incorporating a thermochemical plant alongside a thermal power plant AUSC Rankine
cycle, or even solely utilizing the thermochemical plant.

The utilization of heat from a nuclear cogeneration plant and the application of
thermochemical water-splitting technology for Hj synthesis are explored in [33]. The Cu-
Cl and S-I cycles are chosen for their ability to operate without relying entirely on external
electricity. The authors suggest that the studied HTGR, operating at a maximum outlet
temperature of around 750 °C, should be paired with a thermochemical water-splitting
Cu—Cl cycle. This is because the Cu-Cl cycle has a high level of heat utilization and the
system is less complex, as it does not require additional medium heating. On the other hand,
future designs of the HTGR, including the VHTR, have the potential to achieve greater
outlet temperatures, reaching up to 1000 °C. As a result, the thermochemical water-splitting
S5-I cycle is considered a more advantageous method.

The environmental consequences of nuclear-based Hj generation are examined in [34]
using a life cycle assessment (LCA) approach based on six indicators. The findings in-
dicate that utilizing nuclear energy for H, production is a highly favorable choice for
mitigating the environmental impact of fossil fuels. From an environmental perspective,
high-temperature electrolysis is cleaner than the S-I cycle, with the caveat that it does not
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involve the use of nitrogen as a carrier gas. Large-scale H, production can only be achieved
by constructing pink Hy production facilities, and the commercialization of H, production
facilities depends on the understanding of H; leakage and diffusion behavior. The risk of
Hj) combustion has always been a topic of concern for both the nuclear power industry
and researchers.

The authors of [35] concentrate on the quantitative evaluation of the risks of H, defla-
gration transitioning to detonation in relation to serious incidents in the large PWR. Both
the lumped parameter program and computational fluid dynamics software approaches
are examined, taking into account the uncertainty impact of parameters from both temporal
and spatial dimensions. The work reveals that there is a notable degree of uncertainty in
the estimation of Hj risk when employing the widely used lumped parameter program
method. As per the findings, the uncertainty that has been identified can be rectified by
merging the outcomes of the gas distribution analysis. This will yield a probability value
that is more precise and dependable, thereby serving as a more accurate point of reference
for safety analysis and consequently, this will enhance the overall safety of an NPP.

The authors of [36] analyze the effects of several parameters, including wind speed,
leakage direction, leakage diameter, leakage height, and leakage angle, on the diffusion of
gas leakage from storage tanks. The goal is to understand how the circumstances of the
storage tank itself and the external environment contribute to the propagation of leaks. The
longest H; diffusion distance is calculated by combining the above various parameters
with severe working conditions. Lastly, the impact of the H, explosion’s peak overpressure
was assessed, and the bare minimum of separation needed to prevent safety hazards was
estimated. The findings show that a longer diffusion distance occurs from higher wind
speeds, larger leakage diameters, and lower leakage heights when the wind direction is
consistent with the leaking direction and the leakage angle is 0 °C. In extremely harsh
operating conditions, the flammable H; cloud’s diffusion distance can extend up to 237 m.
The minimum separation distance needed when H; diffusion erupts is roughly 338 m.

The conducted analysis in the research literature revealed that a critical factor in
determining whether nuclear reactors can be successfully deployed for H, generation is
the production cost. In order to realize investment potential and attract financing, an
economic evaluation of the various H; generation and storage systems is necessary. There
are costs associated with each color of H, that must be considered. The process followed,
the fuel used (coal, electricity, water, or methane), and other elements like levies (such as
carbon taxes) can all affect how much it costs to produce Hj. This analysis is based on the
LCOH, which accounts for all capital expenditure (CAPEX) and operating expenditure
(OPEX) values associated with Hy production. This allows for an equitable comparison
among various production methods. This methodology calculates the cost, often in US$
per kilogram of H, produced, denoted as US$/kgp,. This strategy is analogous to the one
used for power generation or energy storage. It is crucial to highlight that the LCOH does
not incorporate the expenses associated with Hy storage and transportation, which may be
necessary depending on the specific use case. Utilizing the LCOH also allows for comparing
the various Hj colors on a comparable basis. To enrich the existing literature, this work
provides insights into the latest advancements concerning the LCOH of low-carbon Hj,
by carrying out a cost-comparative assessment of the most recent research studies. The
results are summarized in Table 2. The cost of producing pink H, ranges between 1.1
and 11.31 US$/kgy, and mainly depends on the method used. More specifically, it is
ascertained that novel approaches that exploit nuclear energy as their primary source, lead
to significantly lower LCOH. Indubitably, the accuracy of the results is impacted by the
assumptions made by the authors of each work.
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Table 2. LCOH comparative assessment.

Energy Source H, Technology LCOH (US$/kgy,) Source
Nuclear (APWR) Water Electrolysis using PEM 5.46 [37]
Nuclear (APWR) Water Electrolysis using PEM 4.14 [37]
Pressure tube type boiling light water-cooled heavy water moderated reactor =~ Water Electrolysis using PEM 4.48 [31]
Water-cooled water-moderated power reactor—VVER Water Electrolysis using PWR 3.18-6.17 [38]
Nuclear (HTGR) S-1Cycle 2.63 [39]
Nuclear (GT-HTR) S-1Cycle 2.46 [39]
Nuclear (HTR-PM) S-1Cycle 3.78 [39]
Nuclear (VHTR) S-1Cycle 5.36 [40]
Nuclear (SCWR) Modified Cu—Cl Cycle 3.36 [41]
Nuclear (SCWR) Mg—Cl Cycle 3.67 [42]
Nuclear (SCWR) Cu—Cl Cycle 2.31 [43]
Nuclear (VHTR) Cu-Cl Cycle 2.02 [43]
Nuclear Cu-Cl Cycle 2.36-3.6 [44]
Nuclear Mg—Cl Cycle 3.09-3.87 [44]
Nuclear HyS Cycle 2.27-6.27 [44]
Nuclear S-1Cycle 2.46-5.65 [44]
Nuclear (VHTR) Cu—Cl Cycle 1.84 [45]
Electrolytic hydrogen production with underground storage AWE Alkaline electrolyzer 2.93-3.22 [46]
Electrolytic hydrogen production with underground storage Water Electrolysis using PEM 2.66-3.54 [46]
Nuclear electricity and waste heat High-temperature solid oxide electrolysis (SOE) 1.7-2.3 [47]
Large-scale PWR Water electrolysis using PEM 3.18-6.79 [48]
Nuclear (APWR) Water electrolysis using PEM 1.1-1.8 [49]
Nuclear (APWR)—EPR new model reactor (EPR-NM) Water Electrolysis using PEM 5.6 [50]
Nuclear (APWR) AWE alkaline electrolyzer 4.18-11.31 [23]
Nuclear (HTGR) High-temperature steam electrolysis - HTSE 2.91-8.34 [23]
Wind power AWE alkaline electrolyzer 2.05-7.26 [23]
Solar PV power AWE alkaline electrolyzer 2.24-7.44 [23]
Solar PV power Water electrolysis using PEM 3.76-6.22 [51]
Solar PV power Water electrolysis using PEM 4.64-5.79 [52]
Hybrid: Solar PV + Grid Water electrolysis using PEM 5.42 [53]
Wind power AWE alkaline electrolyzer 2.12-2.26 [54]
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The different Hy production costs, identified through the conducted comparative
assessment, are clustered based on their energy source as well as the applied technology
and graphically illustrated in Figure 5.

Nuclear (APWR) via PEM Water Electrolysis |
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Figure 5. Graphical comparative assessment of LCOH.

4. National Pink Hydrogen Strategies

The urgent need to mitigate climate change and transition toward sustainable energy
sources has spurred interest in Hj as a versatile, low-carbon fuel in the global energy
landscape. The European Union (EU) has been at the forefront of what has been called the
H; revolution. For the EU, there are two main pressing points: phasing out Europe’s depen-
dency on Russian fossil fuels and addressing the climate crisis while meeting the goals of its
own European Green Deal. Initiatives such as the EU strategy on H, (COM/2020/301) [55],
which was adopted in 2020, introduce policy action points in the form of investment sup-
port, research, and international cooperation for creating an Hy market and infrastructure,
while the REPowerEU plan [56], which was published in 2022, outlines an H; accelerator to
scale up renewable H, by deploying 17.5 GW by 2025 of electrolyzers to fuel EU industry
with homegrown production of 10 Mt of renewable H, while targeting 10Mt of domestic
and imported “green hydrogen” by 2030. In this domain, the REPowerEU plan adjusts
state aid rules to support energy infrastructure investments. Moreover, the renewable
energy directive (RED III) [57], adopted by the Council on 9 October 2023 after two years of
intense negotiations, establishes the EU commitment to ensuring that at least 42% of H; in
the industry is derived from renewable fuels of non-biological origin by 2030. Examining
existing Hj policies and initiatives worldwide, this section identifies national Hy roadmaps,
mandates, research projects as well as international collaboration frameworks toward the
facilitation of the Hy economy. Quantifiable targets for H, production, distribution, and
utilization, aligning with global climate objectives outlined in agreements such as the Paris
Agreement [1] are also presented. This section also delineates short-term, medium-term,
and long-term national goals by providing an overview of the current and future nuclear
projects on a global scale. The analysis is divided into continental levels as follows:

4.1. Europe

On 29 October 2021, Belgium unveiled its federal H, vision and strategy to position
itself as the import hub for Hy produced by RES into Western Europe. The four main pillars
of the nation’s vision are to: (i) develop into an import and transit hub for renewable H; in
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the continent of Europe; (ii) become a leader in technological advancements; (iii) facilitate
a strong local market; and (iv) engage in international cooperation. According to the
government’s calculations, importing Hj is more efficient than domestic production. In
addition, by 2026, the plan vision for a 150 MW local electrolysis production capacity.
The Chilean Ministry of Energy and the ports of Antwerp and Zeebrugge (Belgium) have
officially agreed on 4 November 2021 (COP26 in Glasgow), to promote the trading of “green
hydrogen” between Western Europe and Chile. The country’s current energy strategy lies
in wind and solar power for H, production. Despite Belgium being a prime prospect for
nuclear Hy generation due to its two operational NPPs, the country’s present strategy is to
phase them out entirely by 2025. To this end, it is improbable that the nation will produce
pink H; until that policy changes [58,59].

Bulgaria appears to be a major contestant for future pink H, production as its two
nuclear reactors can meet approximately one-third of the country’s electricity demand,
while there are plans for the installation of two new reactors [60]. However, no relevant
framework or legislation for pink H; seems to be in place.

In 2020, France restated its Hy plan, defining decarbonized H; as the energy that
employs RES or “carbon-free” electricity. The installation of an electrolyzer with a total
capacity of 6.5 GW by 2030—currently deployed at 1 MW and projected at 900 MW—is
the plan’s most pertinent goal. Currently, nuclear production makes up more than 70%
of the nation’s generation mix. Although the French government’s multinational electric
utility corporation—Flectricité de France (EDF)—intends to produce H, at its current
fleet, no concrete plans have been disclosed as of yet. The EDF Group and Rosatom, a
globally leading nuclear technology company, reached an agreement on 27 April 2021, to
collaboratively advance clean H; projects in both Europe and Russia [61,62].

Developing an Hj society where “green hydrogen” is essential to advancing and
completing Germany’s energy transition roadmap is one of the country’s main goals.
The goal is to reach an installed capacity of 10 GW of electrolyzers by 2030 along with a
pipeline infrastructure that surpasses 1800 km, with a target to substitute a high percentage
of natural gas production, while meeting the rising electricity demand in industry and
transportation sectors [63]. Despite these efforts, the country’s plan to promptly phase out
any NPPs indicates that there are no plans for nuclear-based H, production.

Through its “National Energy Strategy”, the Netherlands unveiled a roadmap in
March 2020 that aims to connect different clusters and scale up established electrolysis
capacity to 500 MW by 2025, in tandem with the growth of the demand for H; and regional
infrastructure. The strategy outlines goals for connecting to storage facilities, further
developing infrastructure, and expanding up to 3—4 GW of existing electrolysis capacity
between 2026 and 2030, provided that a significant increase in renewable electricity is
achieved. The country’s current focus is on “green” and “blue hydrogen” [64,65]. Although
the Netherlands only has one reactor in operation at the moment, further exploitation of
nuclear power, including Advanced Reactors, is being considered. However, the ultimate
decision is expected to be influenced by the outcome of the EU taxonomy in terms of
nuclear inclusion [66]. No official plans for pink Hy production are currently in place,
despite the fact that a nuclear-based electricity supply is in place.

The “Hydrogen Roadmap: A Commitment to Renewable Hydrogen” was endorsed
by the Spanish government in October 2020 and will be implemented in three stages: The
first phase, which runs from 2020 to 2024, involves installing 300-600 MW of electrolyzer
plants. The second phase, which runs from 2025 to 2030, focuses on installing at least 4 GW
of electrolyzer plants, establishing renewable-based H; that constitutes at least 25% of
production across the industrial sector as well as commercial Hy projects that will be used
for storage by 2030. The Spanish government wants to support an economy centered on
the production and use of renewable H; for the third phase (2030-2050). Although Spain
presently has seven fully operational nuclear reactors, the roadmap focuses on H, produced
exclusively from renewables, and for the time being, there are no plans for nuclear-based
H, production [67].
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In December 2020, the UK released the “Ten Point Plan for a Green Industrial Revo-
lution” (TTPGIR), which outlined plans to produce 5 GW of low-carbon Hj by 2030. The
plan also provisions new funds and policies to put the UK on track to achieve this goal,
such as a GBEM240 fund for government co-investment in generation capacity via the
Net Zero Hydrogen Fund (NZHF) [68]. In order to achieve the objectives outlined in the
TTPGIR—which sets Hy-related targets with regard to the areas of production, networks,
storage, end-use industries, power, heat, transport, and the market framework—in August
2021, the country released its hydrogen strategy, which employs a twin-track strategy to
promote the generation of “blue hydrogen” enabled by carbon capture as well as elec-
trolytic “green” energy, which includes nuclear and renewable sources. The Hydrogen
Strategy also specifically mentions nuclear energy as a possible source for thermochemical
water splitting, high-temperature electrolysis, and low-temperature electrolysis for the
clean generation of Hy [69]. The third point of the TTPGIR depicts the UK’s commitment to
expanding current nuclear infrastructure with a variety of from large-scale to small and
advanced modular reactors as well as a funding commitment of GBEM525 for the future
generation of small and advanced reactors [70]. A feasibility study, commenced by EFD,
concludes that nuclear-powered H; was feasible on technical and safety grounds, while it
proposes the “Hydrogen to Heysham” (H2H) project which is a potential expansion of the
Heysham 2 NPP that is located in northwest England [71].

4.2. North and South America

With the passage of Law 26.123 in 2006, Argentinean legislation advocating the re-
search, production, and usage of H as fuel is already in place. Moreover, the country is
planning to construct a new NPP based on the Hualong PWR design that will complement
the under-development CAREM project (advanced reactor), as well as the three NPPs
that are currently operational. Although there is no direct reference to H, generation to
date, the existing and future nuclear infrastructure provides a solid foundation for pink Hp
production [72].

The “Pathway for Hy Economy in Brazil”, issued in 2005 by the national Ministry of
Mines and Energy, establishes an Hy roadmap with a regulatory focus to deal with various
H; production paths, storage, and its potential in different sectors. Concerning the current
infrastructure, a project exploring pink Hy production has commenced at Angra NPP, while
the National Hydrogen Program’s 2023-2025 Triennial Work Plan outlines the nation’s
strategy using three different time schedules: by 2025, low-carbon H; pilot plants will be
deployed nationwide; by 2030, Brazil will become a leading producer of low-carbon Hy;
and by 2035, low-carbon H; hubs will be consolidated domestically [73]. Brazil aims to
exploit Hy through a project at Eletronuclear’s Angra NPP (a mixed-ownership power
utility engaged in the construction and operation of NPPs), which targets the H, formed as
a by-product of other processes [74].

Canada’s near-term strategy outlines objectives through 2025 through which the
government intends to establish a framework for its Hy economy, which also considers
newly-developed infrastructure for Hy supply and distribution. Canada’s near-term strat-
egy sets goals until 2025 through which the country plans to lay the foundation for the
national Hy economy. This includes developing new Hj supply and distribution support-
ing infrastructure. The short target is set at 3 MT/yr. The mid-term strategy concerns a
transformative scenario, until 2050, for which Canada sets a target at 4 MT/yr, while the
long-term strategy involves the deployment of H; for higher power demand applications
(utility-based) toward H; storage and energy efficient applications that rely on the usage
batteries energy storage systems, setting a target at 20 MT/yr [75]. With regards to nuclear
infrastructure, Canada aims to exploit its existing reactors—four NPPs located in New
Brunswick—as well as to commercially deploy advanced and small modular reactors. This
presents a longer-term possibility for Hy production. Canada also investigates the usage of
solid oxide electrolyzer cell (SOEC) electrolyzers to increase thermochemical water splitting
as well as H, production efficiency. Initiatives such as the studies on the economics of pink
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H, production conducted at the Bruce Nuclear Generating Station and research on the
thermochemical synthesis of Hy by Ontario Tech, a public research university, demonstrate
significant domestic interest [76].

In November 2021, the United States (US) Congress passed the “Infrastructure In-
vestment and Jobs Act” that describes “Clean Hydrogen” as the H, generation associated
with the formation of no more than 2 kg of carbon dioxide equivalent per kilogram of
Hj at the generation facility, while allocating US$B 8 in four regional clean H hubs. The
“Hydrogen Shot”, the first initiative under the Department of Energy (DOE’s) Energy
Earthshots Initiative, was launched in June 2021 and aims to bring down the cost of clean
H; by 80% to 1 US$/kgy, within the next ten years. The national target is to produce
10 Mt, 20 MT, and 50 MT of “Clean Hydrogen” by 2030, 2040, and 2050, respectively [77].
Bipartisan support for nuclear energy has resulted in the passage of numerous laws in
Congress, such as the Energy Act of 2020 which established an advanced fuels Research
and Development (R&D) program, which is crucial to advanced reactor demonstration, and
among other things, authorized the Advanced Reactor Demonstration Program [78,79]. In
order to conduct a three-year demonstration involving the installation of a Nel Hydrogen
1 MW PEM electrolyzer at one of its Nuclear fourteen BWRs, Exelon (public power utility
company) received financing from the DOE’s H2@Scale [80].

4.3. Asia

China is currently regarded as the global leading producer of “gray hydrogen”; hence,
Hj is included in the nation’s most recent five-year plan (2021-2025) [81]. Even though,
China does not currently have a thorough and clean H, roadmap, pink H; production
is anticipated to have a vital role in its national Hj strategy in the near future due to the
significance of nuclear energy in the country’s energy mix and the rapid expansion of
nuclear power. This is predicated on the fact that the Institute of Nuclear and New Energy
Technology is pilot-testing initiatives, such as the production of H, through thermochemical
splitting and high-temperature electrolysis [82].

In February 2022, India released the first part of its H strategy, which includes incen-
tives to support the government’s efforts to meet its climate commitments and transform
the country into a “green hydrogen” hub. By 2030, 5 Mt of “green hydrogen” is expected
to be produced, combined with 125 GW of additional renewable capacity while exports
are foreseen to reach 10 Mt annually. India has 6.78 GW of nuclear power plants installed,
with over 4 GW under development, while it has big aspirations to increase nuclear capac-
ity to 22.48 GW by the end of 2031 [83]. The national Hj strategy plan is still unknown,
despite the country’s significant interest in facilitating a local industry for the production
of electrolyzers. Even though government reports bring the spotlight to Hy produced by
renewables, no reference is made in terms of pink H, production [84].

The Government of Japan unveiled its third strategic roadmap for H, and fuel cells
in March 2019, through which it views the adoption of H, within its own country as a
feasible method to enhance its energy independence, reduce carbon emissions, improve
industrial competitiveness, and establish Japan as a major exporter of fuel cell technol-
ogy. The “Green Growth Strategy” explicitly incorporates nuclear energy, encompassing
the exhibition of small modular reactor technology via global cooperation by 2030, the
development of fundamental technology for Hy production through HTGR by 2030, and
the continuous advancement of nuclear fusion R&D through international collaborations
like the International Thermonuclear Experimental Reactor (ITER) project [85]. The Japan
Atomic Energy Agency (JAEA) is now working on showcasing the generation of pink Hj
by HTGR thermochemical splitting. Moreover, Japan has recently entered into bilateral
treaties with Russia regarding Hj energy [86,87].

The “Energy Strategy 2035” aims for Russia to achieve global leadership in H; pro-
duction and export. This shall be accomplished by setting export targets of 0.2 million
tonnes by 2024 and 2 million tonnes by 2030 [88]. Russia’s 2024 H; roadmap prioritizes
several key areas, including pilot initiatives for Hy production using nuclear technology, the
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planning and construction of pilot facilities for carbon-free H, production, and the creation
of a prototype for Hy-powered train transport. Its national Hj strategy places significant
importance on the creation of pink Hp, with Rosatom specifically choosing adiabatic steam
methane reforming to investigate the notion of pink Hy production from the MHR-100 (a
200 MWt MHR with prismatic fuel assemblies) [89]. Lately, Russia has entered into bilateral
cooperation agreements with the United Arab Emirates (UAE) and Japan on H, energy.
The level of collaboration with either country is unclear, while the framework agreement
with the UAE provisions the establishment of a working group that shall focus on matters
related to H energy development [90].

In January 2019, South Korea unveiled its Hy economy roadmap, laying out a target of
providing 15 GW of fuel cell generation capacity by 2040. By 2030, the country’s objective is
to have 2.1% of its total electricity production coming from H; and ammonia. This target is
expected to increase to 7.1% by 2036 [91]. A framework for a “Clean Hydrogen Certification
Mechanism” was released in 2023 and aims to certify that GHG emissions in the process
of producing or importing H» are below a certain level and support incentives, according
to the country’s trade and industry ministry [92]. Currently, the Korean government does
not endorse the domestic growth of nuclear power. However, it does offer incentives for
the exportation of Korean nuclear energy. Elcogen, a prominent European manufacturer of
solid oxide fuel and electrolysis cells, has formed a partnership with Uljin County and the
Next Energy Corporation, an impartial and nonpartisan research group. The purpose of this
collaboration is to provide Elcogen’s solid oxide electrolyzer technology for a significant
nuclear H, complex in Uljin County, Korea. This deal enables the introduction of pink H,
production into South Korea for the very first time. From 2005 onward, the Korea Atomic
Energy Research Institute (KAERI) conducted an assessment of pink Hj generation using
three distinct cycles: (i) S-1, (ii) high-temperature electrolysis, and (iii) methane-methanol-
iodomethane [93]. Nevertheless, there is a lack of additional information.

On 4 November 2021, at COP26, the UAE’s Ministry of Energy and Infrastructure
(MOEI) declared that the “Hydrogen Leadership Roadmap” is considered a crucial element
of the UAE’s “Net Zero by 2050 Strategic Initiative”. The vision outlines a plan to produce
1.4 Mt of H, by 2030, 7.5 Mt by 2040, and 15 Mt by 2050. This will be achieved using a
combination of electrolysis driven by renewable and nuclear electricity, as well as the use of
natural gas with carbon capture, utilization, and storage (CCUS) technology [94]. The UAE
aims to become a prominent player in the low-carbon H; industry, with seven ongoing
projects that specifically target 25% of the market share in major export destinations such
as Japan, South Korea, Germany, India, Europe, and East Asia [95]. The Barakah NPP,
located in the UAE, currently consists of two operational reactors, one that has finished
construction, and one that is still under construction. Additionally, the Emirates Nuclear
Energy Corporation (ENEC) and EDF have declared their intention to collaborate on nuclear
energy R&D through a memorandum of understanding (MoU) that also encompasses the
exploration of pink H, production [96].

Based on the conducted literature review on the national attempts, the probability of
deploying pink Hy production is tabulated in Table 3, taking into consideration both the
strategy as well as the infrastructure of each country. The table summarizes the present
“National Hydrogen Roadmaps and Strategies” from the aforementioned selected countries
and/or regions with nuclear infrastructure as well as plans toward the establishment of
a nuclear Hy economy. The first column indicates whether a national hydrogen roadmap
is in place and if that roadmap supports nuclear Hy generation. The next two columns
are aimed at evaluating the availability of current or future nuclear infrastructure and the
probability of facilitating pink Hy production, respectively.
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Table 3. Overview of current national H, roadmaps and strategies from countries with nuclear

infrastructure.
Nuclear H,

Country H; Strategy Support for Nuclear H, Probability
Argentina Hydrogen Roadmap. Not nuclear specific Current infrastructure support Low
Belgium Hydrogen Roadmap. Not nuclear specific Current infrastructure support Low
Brazil Hydrogen Roadmap. Nuclear consideration =~ Current and future infrastructure support High
Bulgaria No Hydrogen Roadmap Current Infrastructure Support Low
Canada Hydrogen Roadmap. Nuclear consideration = Current and future infrastructure support High
China Hydrogen Roadmap. Not nuclear specific Current infrastructure support Moderate
France Hydrogen Roadmap. Nuclear consideration  Current infrastructure support Very High
Germany Hydrogen Roadmap. Not nuclear specific Current infrastructure support Low
India Hydrogen Roadmap. Not nuclear specific Current infrastructure support Low
Japan Hydrogen Roadmap. Not nuclear specific Future infrastructure support Moderate
Netherlands Hydrogen Roadmap. Nuclear consideration — Current and future infrastructure support Moderate
Russia Hydrogen Roadmap. Nuclear consideration  Future infrastructure support High
South Korea Hydrogen Roadmap. Not nuclear specific Future infrastructure support Moderate
Spain Hydrogen Roadmap. Not nuclear specific Current infrastructure support Low
United Arab . . .
Emirates (UAE) Hydrogen Roadmap. Nuclear consideration  Future Infrastructure support High
Ei]}lIgEd Kingdom Hydrogen Roadmap. Nuclear consideration  Future infrastructure support High
gjnsl;ed States Hydrogen Roadmap. Not nuclear specific Future infrastructure support Moderate

As concluded, Brazil, Canada, Russia, UAE, and the UK all hold a high probability
of adopting nuclear H; economies in the near future, while France is the country with the
highest potential of employing nuclear H, generation first due to the combination of its
current nuclear Hy roadmap and the fact that the current nuclear infrastructure meets more
than half of the demand of the national energy sector.

5. Conclusions

As the world transitions toward a low-carbon economy, interest in the nuclear pro-
duction of hydrogen (H,), also color-coded as “pink H,”, is rising globally due to the
capacity of nuclear energy to generate power and heat for Hy production in a viable, envi-
ronmentally friendly, and cost-effective way. This work presents a dual objective: firstly, to
provide a thorough analysis of the latest advancements and updated costs related to pink
H, production, and secondly to assess the national readiness level for adopting pink Hp
economies. More specifically, this paper offers a comprehensive overview of the develop-
ments in pink Hy production, shedding light on its role in advancing the transition toward
a sustainable energy future while addressing key considerations in cost-effectiveness and
industrial implementation. The cost of Hy production plays a pivotal role in the adop-
tion and viability of pink H, generation as a sustainable energy solution. Reducing the
cost of Hy production through technological innovations, optimized reactor designs, and
streamlined manufacturing processes is essential for widespread adoption. Two of the most
critical parameters that influence pink Hy production costs are the size of the nuclear power
reactor and the production economics, which are directly linked to capital expenditure
(CAPEX) and operational expenditure (OPEX), as well as the economic impact of carbon
tax. In this domain, the authors delve into the assessment of the levelized cost of hydrogen
(LCOH) associated with low-carbon approaches, thus providing insights into the economic
viability of pink Hy production.

The evolving regulatory framework on an international level is also explored, focusing
on the policy landscape, current relevant infrastructure as well instrumental initiatives and
collaborative efforts toward the pink H, economy.
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The synthesis of recent research findings and industrial applications, combined with
cost-based assessments and regulatory considerations, provides valuable perspectives
for policymakers, energy stakeholders, and researchers involved in advancing pink Hp
production. By elucidating the technological progress and economic considerations, this
work contributes to informed decision-making toward achieving sustainable and cost-
effective Hp production pathways.
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