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A B S T R A C T

This paper proposes a novel strategy to enhance the profitability of long-term operated nuclear power plants 
during periods of low electricity market prices by co-producing hydrogen. The approach integrates a proton 
exchange membrane electrolyzer sized to utilize up to 50 % of the plant’s nominal capacity (500 MW). This 
configuration effectively divides the nuclear facility into two conceptual units: a power-only plant and a com
bined hydrogen-and-power plant. The latter is capable of directing electricity to either the electrolyzer or the 
grid, depending on market conditions. The model employs real data from the Spanish day-ahead electricity 
market. Results show that, based on typical values for Spanish nuclear assets and market prices, a competitive 
levelized cost of hydrogen of 4.42 €/kg can be achieved. The analysis demonstrates that this combined hydrogen 
and power configuration significantly improves economic performance and provides a feasible pathway to 
enhance the competitiveness of nuclear assets in unfavorable electricity market conditions.

1. Introduction

In the current global context, the transition toward a sustainable 
energy system is essential to meet international climate commitments, 
such as those outlined in the Paris Agreement. Within this framework, 
nuclear energy can play a key role in the decarbonization process. 
However, the increasing integration of variable renewable energy (VRE) 
sources, such as wind and solar, poses significant challenges for nuclear 
power plants (NPPs), especially in markets where electricity prices 
frequently fall below the costs of generation. Projections indicate that 
VRE is anticipated to constitute 30 % of global electricity generation by 
2030 [1], with estimates for Spain suggesting a level between 64 and 69 
% [2]. The inherent variability associated with these renewable energy 
sources raises concerns regarding the stability of the power system and 
the continuous operation of nuclear facilities. This situation underscores 
the critical importance of nuclear flexibility in balancing the grid and 
preventing imbalances that could lead to blackouts in systems with high- 
renewable penetration [3]. A relevant case is the blackout that occurred 
in Spain in 2025, which affected millions [4] and exposed vulnerabilities 
within the existing power infrastructure, particularly in the context of 
the rising share of VRE. Far from being an isolated event, this incident 
serves as a clear indication of the necessity to enhance grid resilience 

and adopt strategies that provide flexibility and rapid response 
capabilities.

Recent evidence underscores a notable paradigm shift occurring 
within power systems globally: as the penetration of wind and solar 
energy increases, traditional baseload resources are yielding promi
nence to flexibility as the most highly valued attribute of the grid [5]. 
Countries such as Poland and Bulgaria have rapidly expanded wind and 
solar to above 20 % of generation, with days when PV exceeds 50 % of 
daytime demand. In Australia’s National Electricity Market, the rapid 
development of VRE has coincided with increased curtailment, and 
frequent occurrences of zero or negative daytime prices. South Australia, 
in particular, has frequently experienced negative operational demand 
at midday due to distributed PV production [6] indicating that system 
operation must “flex” around renewables. In Germany, the Atomausstieg 
(nuclear power phase-out) concluded on April 15, 2023, with the 
decommissioning of the Isar 2, Emsland, and Neckarwestheim 2 re
actors, after more than two decades of preparation. Since then, reli
ability of the power supply has increasingly depended on 
interconnections, demand-side measures, and flexible resources [7]. In 
the United Kingdom (UK), the 2024 coal phase-out has marked a decline 
in coal usage from approximately 40 % in 2012 to 0 % in 2024. Wind 
and solar energy, along with flexible gas resources, have effectively 
compensated for this decrease, resulting in record-low shares of fossil 
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fuels [8]. In Texas, the Electric Reliability Council of Texas, imple
mented the Contingency Reserve Service in June 2023 exemplifying the 
transition to a service-based remuneration model. This model prioritizes 
rapid, measurable flexibility for ramping and net-load management over 
the protection of inflexible capacity [9].

Within this framework, the appropriate policy and market-design 
response is to refrain from adding more baseload generation and, 
instead, to provide essential services such as dispatchable energy, fre
quency response, upward and downward reserves, and black-start ca
pabilities [5]. This approach aligns with a systems perspective, whereby 
operating nuclear units with increased flexibility. Measures such as 
scheduling ramps, implementing load reductions during periods of high 
solar and wind generation, and offering regulation and reserves enhance 
the integration of VRE while safeguarding plant revenues. In [10], a 
representative high-flexibility case demonstrates that renewable 
curtailment can be reduced by 58 % and total operating costs can decline 
by 1.6 %. These findings underscore the importance of product and 
operational flexibility at scale.

Hydrogen production via electrolysis has emerged as a demand-side 
flexibility asset in energy systems, being capable of absorbing surplus 
renewable energy thereby mitigating the necessity for curtailment. 
Additionally, electrolysis can provide reserves by rapidly modulating 
consumption in response to system demands, whether by increasing or 
decreasing power usage as conditions require. Furthermore, it offers a 
viable means of chemical storage, enabling the decoupling of energy 
supply from demand over varied timescales (from hours to seasonal 
intervals) [11]. When applied to nuclear energy assets, [3] show that the 
integration of light water reactor (LWR) electricity and/or nuclear steam 
with electrolysis —potentially enhanced by thermal energy storage— 

can facilitate the operationalization of a synthetic baseload [5]. This 
integration has the potential to maintain reactor capacity factors at 
approximately 90 %, while achieving clean hydrogen production costs 
that are consistent with sub-2 $1/kg objectives. Moreover, such a syn
ergistic approach stabilizes net load, promotes the large-scale integra
tion of VRE, and enhances system resilience during periods 
characterized by low wind and low solar generation.

The synergy between nuclear energy and renewable sources is 
crucial for achieving cost-effective decarbonization. As shown in [12], 
integrating nuclear energy with VRE can lead to a reduction in system 
costs by as much as 30–50 $/MWh under deep decarbonization sce
narios. Similarly, [13] highlights that high levels of VRE penetration, 
typically between 50–70 %, can increase costs due to the need for 
additional installed capacity and enhanced flexibility, reinforcing the 
role of nuclear as a stable and reliable energy source. In addition to these 
benefits, clean hydrogen emerges as a key energy vector for decarbon
izing hard-to-abate sectors such as heavy industry, maritime transport, 
aviation, and refining. This is particularly relevant given that 97 million 
tonnes of hydrogen are currently produced each year, 99 % of which is 
derived from fossil fuel sources, resulting in significant greenhouse gas 
emissions [14].

The hydrogen approach has been developed by researchers such as 
Forsberg, who in [15] proposes that hydrogen produced through nuclear 
power could significantly contribute to the establishment of a sustain
able energy economy. Furthermore, in [16], the author suggests nuclear 
co-production of hydrogen and oxygen for peak-time electricity 

Nomenclature

Acronyms
AGR Advanced gas reactor
BWR Boiling water reactor
CHyP Combined hydrogen and power
EHO European Hydrogen Observatory
EPR European Pressurized reactor
Gen III Nuclear power plant of third generation
HTE High temperature electrolysis
HTSE High temperature steam electrolysis
HTR-PM High temperature gas-cooled reactor-pebble-bed module
HTTR High temperature engineering test reactor
IEA International Energy Agency
LSCC Liquid Salt Combined Cycle
LTE Low temperature electrolysis
LTO Long-term operation (referred to a nuclear power plant)
NPP Nuclear power plant
NPV Net present value
PEM Proton exchange membrane electrolyzer
PHWR Pressure heavy water reactor
POP Power-only plant
PV Photovoltaic
PWR Pressurized-water reactor
SMR Small modular reactor
SOFC Solid oxide fuel cell
TES Thermal energy storage
TRL Technological readiness level
VRE Variable renewable energy
VVER Water water energetic reactor
WF Wind farm

Symbols
CAPEXELY Capital expenditure of the electrolyzer €/kg
CAPOPEXfeedstock Capital and operational expenditures of the 

electricity supplied to the electrolyzer €/kg
CRF Capital recovery factor 1/year
FCE Exported electricity capacity factor p.u.
FCH2 Electrolyzer capacity factor p.u.
fom Expenditure factor of maintenance p.u.
frs Expenditure factor of stack replacement p.u.
g Average consumption of the electrolyzer kWh/kg
H Operation hours of the electrolyzer h/year
Hstack Lifespan of the stack h
INVELYe Specific investment of the electrolyzer €/kW
LCOE Levelized cost of electricity of the nuclear power plant 

€/MWh
LCOH Levelized cost of hydrogen €/kg
N Lifespan of the Project years
OPEXomELY Operation and maintenance expenditure of the 

eletrolyzer €/kg
OPEXrepstack Operation expenditure of replacement of the stack €/kg
Pe,POP Average equivalent price seen by POP due to the feed in 

tariff from the revenues of the hydrogen produced by the 
CHyP plant €/MWh

PH2market Market price of the hydrogen €/kg
Pmarket Average price of day-ahead market electricity price in the 

whole year €/MWh
REVENUESsurpluses Revenues from electricity exported €/kg
Tmp Average market price of electricity produced when 

electrolyzer is off €/MWh
wacc Weighted average capital cost p.u.
ẆELY Design power of the electrolyzer MW
ẆPOP Design power of the POP MW

1 $–€ parity (1 USD ≈ 1 EUR) is assumed for comparability.
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generation using solid oxide fuel cells (SOFC), achieving efficiencies 
close to 70 %. In [17], this concept is further refined by eliminating the 
traditional boiler and directly injecting steam at 1500 ◦C — produced 
through the combustion of hydrogen, oxygen, and water— into high- 
temperature turbines. This technique facilitates a near-instantaneous 
response, essential for frequency regulation. As shown in [18], an 
hourly stochastic co-optimization can dynamically alternate between 
grid export and electrolysis based on specific price thresholds and pro
cess constraints, resulting in a higher net present value (NPV) than 
electricity-only operation. This strategy also encompasses the endoge
nous sizing of electrolyzer capacity and the selection of power-only plant 
(POP) or combined hydrogen-and-power (CHyP) plant dispatch rules. In 
addition, it includes the determination of hydrogen and thermal energy 
storage (TES) to maximize energy-price arbitrage and enhance revenues 
from system services.

This co-production strategy is already being explored in hybrid 
nuclear-renewable systems and may be applicable in markets charac
terized by high levels of renewable energy penetration, including Spain 
and others. For instance, an analysis of South Korea’s 2030 renewable 
initiative [19] identified specific hours of the day, particularly during 
spring and autumn, when solar and wind generation consistently ex
ceeds demand. These surplus periods can be directly leveraged by 
linking NPPs to hydrogen production. An electrolyzer functions as a 
controllable sink for excess electricity, thereby reducing renewable en
ergy curtailment and smoothing net-load ramps without undermining 
nuclear availability. In line with this strategy, [20] proposes a flexible 
nuclear scenario for the UK, incorporating nuclear cogeneration with 
hydrogen to facilitate a high-VRE grid and achieve net-zero emissions by 
2050. Moreover, a practical example can be found in North Dakota 
(USA), described in [21]. This system integrates wind and nuclear en
ergy to produce hydrogen, which is subsequently supplied to Chicago, 
achieving a levelized cost of hydrogen (LCOH) of 3.1 $/kg and a lev
elized cost of electricity (LCOE) of 80.9 $/MWh. Hybrid autonomous 
nuclear–hydrogen complexes, like the one in [22], use electrolysis, 
hydrogen storage and combustion with thermal storage and low-power 
steam turbines to shift nuclear output from low- to high-demand pe
riods, potentially outperforming pumped-storage hydropower under 
certain conditions.

TES also serves as a strategic solution for aligning VRE sources with 
the dynamics of electricity markets, notably in instances of renewable 
overgeneration and pronounced net-load ramps. As highlighted in [23], 
a Liquid Salt Combined Cycle (LSCC) coupling a molten-salt storage to a 
gas–steam power block can be co-located with a nuclear power unit and 
an electrolyzer. During off-peak periods, surplus nuclear energy is uti
lized to produce hydrogen, while both stored thermal energy and 
hydrogen can be dispatched to meet peak demand and facilitate time- 
shifting of energy supply. The LSCC attains a thermal efficiency of 
47.6 % and maintains 90 % capacity factors for both the reactor and the 
electrolyzer. Its rapid ramping capabilities and grid-support function
ality, including fast-frequency response, make it particularly well-suited 
for systems with high-VRE penetration. From an architectural perspec
tive, a system-driven TES layout effectively decouples the baseload 
reactor from a flexible power generation block. This design allows for 
peak exports that can exceed the base output without cycling the reactor 
core, thereby contributing to a reduction in VRE curtailment [24]. 
Furthermore, situating large-scale TES between the nuclear island and 
the balance-of-plant enables a peak-to-base output capability of 2 to 5 
times and value stacking— optimizing the use of high-price electricity 
and low-price hydrogen or process heat. This configuration not only 
minimizes operational and maintenance costs but also extends the life
span of the components involved, as discussed in [25].

Long-term operation (LTO) second-generation NPPs are well suited 
for producing low-cost hydrogen. However, they face technical chal
lenges that limit their ability to rapidly adjust to fluctuations in elec
tricity demand. One of these challenges is xenon poisoning, which 
affects reactor reactivity. Additionally, thermal stresses experienced in 

the secondary circuit contribute to increased fatigue during frequent 
power cycling. Other constraints include the plants’ design for constant 
output, safety considerations, reduced efficiency during cycling, accel
erated wear of components, and the high cost associated with flexible 
operational strategies. Consequently, maintaining continuous operation 
at a stable load is typically regarded as the optimal mode of operation. In 
the context of hybrid systems, these limitations can be mitigated by 
channeling excess nuclear-generated electricity to electrolysis, which 
also helps prevent the curtailment of renewable energy sources.

Electricité de France (EDF) has developed pressurized-water reactors 
(PWR) that are adeptly designed for load-following operations. These 
reactors can adjust their output rapidly, transitioning from 100 % to 20 
% of nominal power twice per day in less than 30 min, achieving ramp 
rates of 30 to 40 MW/min [26]. Extensive operational experience over 
several decades indicates that such flexibility does not adversely affect 
nuclear safety or environmental integrity, nor does incur significant 
penalties in operations and maintenance.

Building on this, [27] propose coupling nuclear generation with 
electrolytic hydrogen production to shift output to off-peak periods 
while maintaining high-capacity factors and enabling product flexibility 
in addition to operational flexibility. For France in 2030, a 60 GW 
nuclear-fleet with 16.5–23 % wind and PV could supply 54–100 % of 
projected hydrogen demand through nuclear-powered electrolysis. The 
exact share depends on electrolyzer capacity and dispatch strategy. The 
feasibility of these strategies depends on hydrogen production technol
ogies, which vary in maturity and efficiency [28]. Furthermore, the 
comparative review in [29] synthesizes critical factors such as operating 
windows, efficiencies, temperature requirements, technology readiness 
levels (TRLs), and dynamic operational challenges such as start-up and 
ramping processes. These factors are examined in the context of thermal 
integration of the systems within the nuclear island.

Low-temperature electrolysis (LTE) in PWRs is the most mature 
technology, achieving a TRL of 9 [30]. Hydrogen production can be 
integrated with the secondary system without directly affecting the 
primary reactor circuit. It facilitates the rerouting of surplus electricity 
during low-demand periods to hydrogen generation, thereby enhancing 
operational flexibility and generating additional revenue. Operational 
validation of thermal power dispatch coupled to a hydrogen production 
plant for nuclear–hydrogen cogeneration developed in [31] indicates a 
negligible impact on the performance of a standard PWR. During regular 
operation, reactor power deviations remain below 0.2 %. Furthermore, 
under conditions such as a severe steam-line break, the system displays 
limited consequences, resulting in a gross output drop of 36 MWe. These 
findings support the practical industrial integration of this technology.

Although boiling water reactors (BWRs) can also employ conven
tional electrolysis, their comparatively lower flexibility and safety con
siderations may render them less suitable for hydrogen coupling in LTE. 
Advanced reactor designs, including the AP1000 (Gen III + ) have been 
evaluated for LTE integration, providing a reliable option for nuclear- 
based hydrogen production [32]. Proton exchange membrane (PEM) 
electrolysis is recognized as the most compact method for hydrogen 
production, and particularly well-suited for integration with nuclear 
power in hybrid energy systems due to its rapid response to power 
fluctuations. This technology is currently under investigation at various 
stages in several NPPs across the US, including Nine Mile Point, Davis- 
Besse and Palo Verde [33] as well as in additional nuclear–hydrogen 
demonstration projects worldwide [34].

Microreactors can provide process heat for low- and intermediate- 
temperature electrolysis. However, only a few designs can achieve the 
700 ◦C range necessary for high-temperature hydrogen production 
routes. In particular, high-temperature electrolysis (HTE) using solid 
oxide electrolyzer cell (SOEC) operates between 700 ◦C and 1000 ◦C and 
can achieve efficiencies of up to 90 %. In contrast, the hybrid copper–
chlorine (Cu–Cl) thermochemical cycle has a peak operating tempera
ture of around 530 ◦C with a maximum predicted thermodynamic 
efficiency of 49 %. It should therefore not be categorized with processes 
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that operate at temperatures above 700 ◦C. Thermal coupling at these 
elevated temperatures is further limited by the selection of materials and 
heat-exchangers, and the cost of high-temperature heat exchangers in
creases significantly above 600 ◦C. Consequently, near- to mid-term 
nuclear hydrogen projects focus on low-temperature electrolysis [35].

Advanced reactors, particularly small modular reactors (SMRs) and 
certain Generation-IV concepts, are highly suitable for hydrogen 
cogeneration and hybrid operation in conjunction with VRE sources, in 
load-following mode. In a 600-MWth SMR configured for simultaneous 
electricity and hydrogen production within a decentralized mini-grid 
framework, it is possible to maintain flow conditions at the offtake 
while switching between various operating modes [36]. However, the 
performance of the system is constrained by the effectiveness of the 
recuperator and heat exchanger. Furthermore, compliance with the 
downstream thermochemical process requires a minimum gas outlet 
temperature at the end of the pipeline.

Integrating an industrial hydrogen plant within or near a nuclear 
facility poses security challenges. For instance, [37] conducted a tran
sient analysis of a high-temperature reactor coupled with a hydrogen 
plant, emphasizing the need for holistic safety assessments to ensure 
operational stability. Specific safety concerns have been evaluated for 
the high temperature engineering test reactor (HTTR), particularly 
regarding fire and explosion risks associated with flammable gases near 
the reactor building [38]. To mitigate hydrogen flammability risks, 
coupling hydrogen plants with nuclear reactors requires the use of in
termediate heat exchangers made of nickel superalloys [29].

The economic viability of the hydrogen-nuclear integration largely 
depends on the low operational costs of the plants, making LTO of nu
clear power units crucial for affordable nuclear hydrogen. By extending 
reactor lifetime beyond the original 40 years through modernization 
investments, both safe operation and competitive cost structures are 
ensured. The International Energy Agency (IEA) [39] provides an 
evaluation of the LCOE for various technologies, including LTO. Their 
assessment indicates that, with a discount rate of 7 % and an 85 % ca
pacity factor, the LCOE for a 10-year LTO ranges from 31 to 36 $/MWh, 
primarily due to low capital costs and high operational reliability. For a 
20-year LTO, the LCOE drops to 28–33 $/MWh, attributable to the 
extended amortization of fixed costs. This reduction in LCOE positions 
LTO as significantly more economical than newly constructed nuclear 
plants, which exhibit LCOEs ranging from 40 to 100 $/MWh, as well as 
fossil fuel plants equipped with carbon capture technologies. Moreover, 
LTO demonstrates competitive viability when compared to intermittent 
renewable energy sources, including onshore wind (with LCOEs from 30 
to 80 $/MWh) and solar PV (30–100 $/MWh), depending on specific 
contextual factors. The favorable LCOE associated with LTO also facil
itates competitive hydrogen production through PEM electrolysis, esti
mated at approximately 2.5 to 3 $/kg, leveraging surplus electricity in 
hybrid nuclear-renewable systems.

The investment scope associated with LTO typically encompasses the 
modernization of digital instrumentation and controls, the replacement 
of significant balance-of-plant components –including turbines, gener
ators, and pumps– and targeted safety upgrades. According to [39], 
these initiatives result in capital additions estimated between 391 and 
629 $/kW. This figure is substantially lower than the projected over
night cost of 4,500 $/kW for new nuclear facilities, particularly for first- 
of-a-kind (FOAK) projects that often incur even higher costs.

Against this backdrop, reported LCOH across nuclear hydrogen 
coupling pathways spans a broad range as a function of technology 
choice, siting, and integration strategy. A bottom-up analysis of U.S. 
LWR systems coupled to LTE estimates LCOH to range from 3.09 to 4.85 
$/kg, with strong dependence on location and integration scheme [40]. 
By contrast, projections for high-temperature steam electrolysis (HTSE) 
span 1.2–3.5 $/kg, depending on technology and assumptions. More
over, reactor-specific studies further illustrate this variability. High- 
temperature gas-cooled reactor-pebble-bed module (HTR-PM) con
cepts achieve 1.22–1.47 $/kg under favorable capital expenditure 

(CAPEX) and weighted average capital cost (WACC) conditions [41], 
another high-temperature gas-cooled reactor case reports 3.51 $/kg 
[42], a VVER-1000 configuration yields 2.88 $/kg [43], and high- 
temperature thermochemical cycles range from 2.80 to 2.99 $/kg for 
hybrid sulfur (HyS) and copper–chlorine (Cu–Cl), respectively [44].

The viability of nuclear-hydrogen hybridization is evidenced by a 
variety of ongoing projects. At the European level, initiatives such as 
Euratom’s NPHyCo, GEMINI 4.0, and TANDEM are investigating the 
nuclear cogeneration of electricity, heat, and hydrogen. Specifically, 
NPHyCo focuses on integrating existing nuclear facilities with electrol
ysis systems while GEMINI 4.0 aims to enhance the efficiency of high- 
temperature reactors. Additionally, TANDEM seeks to integrate SMRs 
into hybrid energy systems. Findings from these projects indicate that 
while the technical viability of nuclear-hydrogen hybrids is established, 
their economic competitiveness is likely to depend on targeted govern
mental support [45]. At the international level, Table 1 provides details 
on capacity, technology, development stage, and hydrogen production 
costs for nuclear-hydrogen cogeneration projects. All of them recorded 
in the International Atomic Energy Agency database [46].

Despite extensive research on nuclear-hydrogen integration, 
including cogeneration frameworks, hybrid system designs, and 
demonstration projects, significant gaps remain in understanding the 
economic performance of such systems in actual volatile electricity 
markets with high VRE penetration. Most existing techno-economic 
analyses rely on idealized price assumptions, historical averages, or 
simplified dispatch strategies, rather than leveraging real-time market 
data to optimize operational decisions and quantify revenue potential. 
Furthermore, while the literature extensively discusses operational 
flexibility through reactor load-following, the potential of product 
flexibility strategies —which maintain constant reactor operation while 
dynamically allocating output between grid export and hydrogen 
production— remains underexplored. This gap is particularly significant 
for LTO NPPs in high-renewable markets such as Spain. Electricity prices 
often fall below generation costs for a significant part of the year, 
creating strong economic pressure on nuclear assets despite their 
inherently low LCOE compared to new plants. Countries and regions 
with high penetration of VRE — often accompanied by curtailment and 
low or negative prices— while also maintaining a substantial nuclear 
contribution include France, California, Texas, and Japan. Accordingly, 
the findings of this study are likely applicable to these areas to some 
extent.

Building on this context, this paper proposes hydrogen co-production 
as a strategic response to periods of low electricity market prices. The 
analysis demonstrates that this pathway can ensure the viability of nu
clear generation even in comparatively high-LCOE markets—around 65 
€/MWh in Spain—relative to typical LTO values of about 43 €/MWh 
(2024-adjusted) in countries such as Sweden, Switzerland, France, and 
the United States. This approach involves integrating an electrolyzer 
that can consume a substantial portion of the nuclear plant’s electricity 
output. The feasibility of this configuration is assessed using a cogene
ration methodology, whereby the electricity exported to the grid (when 
not consumed by the electrolyzer) is treated as a revenue stream and 
incorporated into the calculation of the LCOH. Several scenarios are 
evaluated using different LCOE values as proxies for both LTO and Gen 
III nuclear plants. Additionally, real data from the Spanish day-ahead 
electricity market is used to simulate system behavior and assess eco
nomic viability under actual market conditions.

2. Methods

Fig. 1 illustrates the price duration curve of the day-ahead electricity 
market in Spain for the period from March 11, 2024, to March 10, 2025. 
The LCOE of LTO NPPs in countries such as Sweden, Switzerland, France 
or the United States was approximately 32 €/MWh in 2020 [39]. After 
adjusting for inflation using the Chemical Engineering Plant Cost index 
for 2024 [47], this value increases to 43 €/MWh, consistent with current 
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estimates for the Spanish market as noted by Revuelta [48]. However, 
due to additional taxation in Spain, this cost may escalate to a range of 
60 to 70 €/MWh [49].

According to Fig. 1, electricity prices remained below 60 €/MWh for 
3,514 h/year and below 70 €/MWh for 3,955 h/year. Therefore, during 
these periods (representing 40 to 45 % of the year), the LTO NPPs in 
Spain would have generated revenues that fell below their production 
costs. As a result, in April 2025, three reactors out of a fleet of seven in 
Spain were temporarily shut down due to these financial constraints 
[50]. In contrast, in France, NPPs have the flexibility to modulate their 
output within a range of 30 % to 100 %, effectively managing low-price 
periods, thanks to the substantial integration of nuclear power in their 
electricity generation mix [26].

Therefore, to address the challenge of low electricity prices driven by 
reduced demand, a common strategy involves decreasing a nuclear 
plant’s electricity output by 50 % through the temporary shutdown of 
certain reactors or by modulating their production. Based on this 
rationale, this study proposes the deployment of a PEM electrolyzer at 
each LTO NPP, sized at half the nominal capacity of the power plant. 
Assuming a typical 1 GWe LTO NPP [39], the corresponding nominal 
capacity of the electrolyzer would thus be 500 MWe, which represents 
the maximum capacity currently designed. Conceptually, the LTO NPP is 
divided into two equal units: one half continuously exports electricity to 
the grid while the other half coproduces hydrogen and electricity, 
allocating the generated electricity either to the electrolyzer or to the 

grid. The former will be designated as POP while the latter will be 
referred to as CHyP plant.

Assumptions for the PEM electrolyzer are drawn from the European 
Hydrogen Observatory (EHO) [51] and are summarized in Table 2. The 
stack degradation is assumed to be 0.19 % per 1,000 operating hours, 
with a nominal electricity consumption of 53.3 kWh/kg. The stack is 
replaced every 60,000 h. Based on [51], the average electricity con
sumption over the project’s lifetime is estimated at 55 kWh/kg.

Regarding electricity costs for electrolyzer operation (feedstock), the 
LCOE of the nuclear plant is considered to range from 32 €/MWh to 60 
€/MWh for an LTO NPP. For a Gen III power plant, it is set at 100 
€/MWh. As in a cogeneration project, electricity sales of the CHyP NPP 
(500 MWe) are accounted for as negative costs in the LCOH, 

Table 1 
Overview of nuclear-based hydrogen initiatives.

Country Project Nuclear Tech. Electrolyzer Production Status LCOH [$/kg] LTO References

USA Nine Mile Point BWR PEM (1.25 MW) 531 kg/day Operational (March 2023) 4.85 Yes [33,34,40]
USA Davis-Besse PWR PEM (2 MW) 1 t/day Planned 3,09 Yes [33,34,40]
USA Palo Verde PWR PEM (17 MW) Not specified Planned 4,77 Yes [33,34,40]
USA Prairie Island PWR SOEC (0.24–1 MW) 130 kg/day Planned 0.69 Yes [33,34,40]
UK Heysham AGR LTE alk. (1 MW) PEM (1 MW) 800 kg/day In planning 9–11 Yes [33]
UK Sizewell B PWR LTE (2 MW) 800 kg/day Operational Not available Yes [33,34]
UK Sizewell C EPR HTE 800 kg/day In planning (2030) Not available No [34]
Canada Bruce PHWR PEM (5 MW) Not specified Pilot Not available Yes [33,34]
Russia Kola VVER LTE AEM (1 MW) Not specified In planning (2027), pilot for 2025 Not available Yes [34]
Sweden Ringhals PWR LTE (0.8 MW) 230 kg/day Operational and expanding Not available Yes [33,34]
Sweden Oskarshamn BWR LTE Alk. (0.7 MW) 288 kg/day Operational and expanding Not available Yes [33,34]
Japan HTTR HTTR Not available Not available Not available Not available No [28]
China HTR-PM HTR-PM Not available Not available Not available Not available No [28]

Fig. 1. Price duration curve of day ahead electricity market in Spain from 11 March 2024 to 10 March 2025.

Table 2 
Economic assumptions [51].

Variable Value Units

INVELYe 2,503 €/kW
g 55 kWh/kg
LCOE 32 to 100 €/MWh
fom 0.02 p.u.
N 25 Years
Hstack 60,000 H
frs 0.15 p.u.
wacc 0.06 p.u.
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representing revenues from electricity surpluses. Based on the typical 
operation of NPPs in Spain, an overall (hydrogen plus electricity) ca
pacity factor of 90 % is assumed for the CHyP plant [52]. Equation (1)
defines the relationship between the electrolyzer capacity factor (FCH2) 
and the fraction of electricity exported to the grid (FCE). The levelized 
cost of hydrogen includes all cost elements listed in equation (2), with 
details provided in equations (3) to (8). Equations (2) to (7) are based on 
[51], whereas equation (8) has been taken from [53]. 

FCH2 + FCE +0.1 = 1 (1) 

LCOH = CAPEXELY +CAPOPEXfeedstock +OPEXomELY +OPEXrepstack

+REVENUESsurpluses
(2) 

CAPEXELY =
INVELYe • g • CRF

H
(3) 

CAPOPEXfeedstock =
LCOE • g • 0.9
1000 • FCH2

(4) 

OPEXomELY =
INVELYe • g • fom

H
(5) 

OPEXrepstack =

floor
(

H•N
Hstack

)

• INVELYe • g • frs

H • N
(6) 

REVENUESsurpluses = − Tmp •
( g

1000

)
•

(
0.9 − FCH2

FCH2

)

(7) 

CRF =
wacc • (1 + wacc)N

(1 + wacc)N
− 1

(8) 

The proposed operational strategy involves defining a minimum market 
price (at least equal to the LCOE), above which the electricity generated 
by the CHyP power plant is exported to the grid. When market prices fall 
below this threshold, electricity is diverted to the electrolyzer to produce 
hydrogen. The selected minimum market price determines the average 
electricity price during profitable hours, which is used to assess surplus 
revenue. By ensuring that the selected minimum price is greater than or 

equal to the LCOE, the profitability of the CHyP configuration is guar
anteed. In addition, revenues from hydrogen sales at market price may 
offset lower revenues from grid electricity sales by the POP unit. The 
Iberian hydrogen index [54] is used as the hydrogen market price, with 
an average value of 5.86 €/kg during the period considered.

The impact of hydrogen revenues on the POP’s economics is 
expressed by equation (9), where the second term on the right-hand side 
can be interpreted as a feed-in tariff above the average market price. 

Pe,POP = Pmarket +

(PH2market − LCOH) • ẆELY • H •

(
1000

g

)

ẆPOP • 8760 • 0.9
(9) 

3. Results and discussion

Given a selected minimum day-ahead market price, Fig. 2 shows the 
number of annual hours during which the market price exceeds this 
threshold (left axis) and the corresponding average price during those 
hours (right axis). Assuming that hydrogen is produced when the market 
price is less than or equal to the chosen minimum, the electrolyzer ca
pacity factor is assessed. Using the average electricity price given in 
Fig. 2 as the sale price for surplus electricity, Fig. 3 is obtained. It shows 
a family of iso-LCOE curves ranging from 32 to 60 €/MWh, representing 
typical values for LTO NPPs. An additional curve at LCOE = 100 €/MWh 
has been included to represent Gen III power plants [39]. It can be 
observed that each iso-LCOE curve begins at a minimum market price 
equal to its corresponding LCOE. The different trends between isolines at 
low LCOE (LTO) and high LCOE (Gen III) is explained in Fig. 4. For low 
LCOEs, the dominant contributor to the LCOH is the revenue from sur
plus electricity sales. However, as LCOE increases, this component be
comes less significant, with the breakeven point slightly above 60 
€/MWh.

Thereafter, two relevant scenarios are explored. The first scenario 
assumes a common LCOE of 45 €/MWh for LTO NPPs. The second 
considers an increased LCOE of 65 €/MWh, representative of current 
Spanish nuclear generation costs. Fig. 5 shows the variation in the 
average equivalent price perceived by the POP unit, including the feed- 
in tariff effect from CHyP plant hydrogen revenues (equation (9). The 
figure represents this price as a function of the minimum day-ahead 

Fig. 2. Left axis: annual hours with day-ahead prices above the selected minimum threshold. Right axis: annual average day-ahead electricity price excluding hours 
below the threshold.
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electricity market price selected for hydrogen production for the two 
proposed scenarios. Subtracting the average annual market price (72.28 
€/MWh) from this value the effective feed-in tariff is obtained.

A maximum average equivalent price is observed in both cases: 106 
€/MWh for LCOE = 45 €/MWh and 86 €/MWh for LCOE = 65 €/MWh. 
These maximum values occur at a high electricity market price and 
correspond to electrolyzer capacity factors of 48.29 % and 51.62 % 
respectively, indicating that approximately half of the CHyP plant’s 
operational time would be devoted to produce hydrogen. Achieving 
such capacity factors would require sufficient energy storage to 
accommodate intermittent renewables. In the absence of such storage, 
lower minimum electricity market prices should be selected, leading to 
electrolyzer capacity factors ranging between 20 % and 30 %. As ex
pected, hydrogen production increases with higher minimum electricity 
market prices. In any case, Fig. 5 highlights that the equivalent average 

price perceived by the POP is clearly enough to ensure economic 
viability, even under high LCOE conditions.

Fig. 6a provides a detailed LCOH breakdown for a scenario where 
LCOE = 65 €/MWh and hydrogen is produced when the market price is 
below 65 €/MWh. This scenario yields an electrolyzer capacity factor of 
32.72 %, with an average surplus electricity of 108.3 €/MWh and annual 
hydrogen production of 26 kt. Given the current lack of energy storage 
in Spain to avoid curtailments, this scenario can be seen as a proxy for 
actual national conditions. The resulting LCOH is 4.42 €/kg, and the 
equivalent average market price perceived by the POP is 81.78 €/MWh.

Fig. 6b analyzes a second case with LCOE = 45 €/MWh, where 
hydrogen is produced when the market price dips below 85 €/MWh. In 
this scenario, the electrolyzer capacity factor increases to 45.23 %, the 
average surplus electricity price for generating revenues is 117.53 
€/MWh, and annual hydrogen production reaches 35.5 kt. This 

Fig. 3. Levelized cost and hydrogen production for various nuclear plant LCOE values and market price thresholds used to operate the electrolyzer.

Fig. 4. Contribution to the LCOH of the electricity generation cost (CAPOPEXfeedstock) and the surplus electricity revenues (REVENUESsurpluses).
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configuration is reflective of countries with typical LCOEs alongside 
sufficient installed energy storage capacity to fully leverage the poten
tial of intermittent renewables. Consequently, the resulting LCOH drops 
significantly to 2.18 €/kg, whereas the average equivalent market price 
perceived by the POP reaches 105.4 €/MWh.

The values of LCOH obtained, ranging from 2.2 €/kg to 4.4 €/kg, are 

consistent with reported values from projects such as Nine Mile Point, 
Davis-Besse, and Palo Verde with costs between 3.09 and 4.85 $/kg, 
[40]. It is important to note that the value of 2.18 €/kg in this study is 
based on a market with high storage capacity, which is not a common 
situation. Nevertheless, such low values are projected by the IEA in 
future scenarios [39].

Fig. 5. Average equivalent electricity price perceived by the POP as a result of the feed-in tariff from hydrogen revenues generated by the CHyP plant.

Fig. 6. LCOH breakdown for an electrolyzer operating: (a) when the market price is below 65 €/MWh, with LCOE = 65 €/MWh; (b) when the market price is below 
85 €/MWh, with LCOE = 45 €/MWh.
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Fig. 7 displays the average day-ahead market price by season, with 
thresholds of 65 €/MWh and 85 €/MWh indicated by dashed lines. 
Across all seasons, prices are lower during solar hours as a consequence 
of PV production. Two price peaks appear immediately before and after 
solar hours, corresponding to higher demand. Night-time demand de
creases, and while wind farm (WF) production does contribute, it is 
lower in Spain compared to PV generation.

It can be observed that in spring, hydrogen production is feasible 
throughout the day under both thresholds, as prices remain entirely 
below 65 €/MWh. In winter, the pattern reverses: no hydrogen pro
duction is feasible at the 65 €/MWh threshold, and only a few hours are 
feasible at 85 €/MWh. Summer and fall present an intermediate sce
nario, with higher hydrogen production under the higher threshold. 
These patterns imply a need for both intraday and seasonal storage, 
except in winter at the 65 €/MWh threshold, when no production occurs.

Fig. 8 illustrates the hourly hydrogen production and supply profiles 
for both thresholds in each season. A constant delivery of hydrogen to 
demand throughout the year has been assumed. According to these 
profiles, the minimum storage required is 11,898 t at the 65 €/MWh 
threshold, whereas 8,787 t are required when the threshold is raised to 
85 €/MWh. The higher threshold reduces storage needs because of the 
increased production schedule.

A lifespan of 60,000 h has been assumed, based on hypothesis from 
[51]. However, this value is expected to increase as electrolysis tech
nology evolves. To evaluate the impact of lifespan on LCOH, a sensitivity 
analysis has been conducted. An extended lifespan correlates with 
increased degradation, which in turn affects consumption and reduces 
production, as illustrated in Fig. 9. The step changes in the graphs result 
from the need for stack replacement which decreases with longer life
spans, leading to higher degradation and consumption. Fig. 10 presents 
the implications on hydrogen production cost of stack lifespan at the 
threshold of 65 €/MWh, where some categories considered in the cost 
breakdown detailed in Fig. 6 have been aggregated. On one hand, 
CAPEX and maintenance OPEX of the electrolyzer increase with lifespan 
due to the reduced production resulting from the higher consumption. 
On the other hand, the net electricity costs (CAPOPEX and REVENUES) 
remain nearly constant at approximately − 0.6 €/kg. This value offsets 
the cost of stack replacement for lifespans below 35,000 h, but leads to a 
negative value for longer spans, thus gradually reducing the LCOH. The 

overall reduction from the initially assumed 60,000 h to 100,000 h 
amounts to 0.15 €/kg.

Fig. 11 is similar to Fig. 10 but addresses a threshold of 85 €/MWh. In 
this scenario, the CAPEX and maintenance OPEX of the electrolyzer 
remain nearly constant, due to the limited effect of higher consumption 
as production increases. The CAPOPEX and REVENUES are also nearly 
constant in this scenario, now at − 1.5 €/kg. As the CAPEX and main
tenance OPEX of the electrolyzer are stable, the replacement cost is fully 
reflected in the LCOH. In any case, the gap between lifespans of 60,000 h 
to 100,000 is 0.12 €/kg.

For consistent comparison, the LCOH from electrolysis under 
different electricity supply options is assessed using the EHO model 
[51], with the same assumptions adopted in this study (Table 2). Three 
electricity sources have been considered: the wholesale market (grid- 
supplied electricity), a dedicated PV plant, and a dedicated WF plant. 
Electricity prices of 65 €/MWh and 85 €/MWh have been considered for 
the wholesale market, using the same operating hours as in the nuclear 
case. For PV and WF, operating hours and cost data were derived from 
the default values for Spain assumed in the EHO model. Table 3 sum
marizes the findings, revealing LCOH values ranging from 6.28 €/kg to 
6.95 €/kg. The LCOH values from the wholesale market are relatively 
similar across the two prices assumptions, while the values for PV and 
WF show greater variability. For reference, the LCOH from natural gas is 
between 3 and 6 €/kg when carbon taxes are considered, and 1.5–4 €/kg 
when they are excluded [55].

To conclude, an additional comparative analysis has been per
formed. The electrolysers CAPEX is expected to decline, with the IEA 
projecting a range of 620 to 960 €/kW by 2030. Based on anticipated 
costs for FV and WP in Spain, this results in an LCOH of 2.5 to 3 €/kg, 
assuming a WACC of 6 % [56]. For the proposed nuclear-based solution, 
lower CAPEX significantly reduces the LCOH, potentially yielding 
negative values due to high revenues from surplus electricity. To stan
dardize the comparison, the analysis sets the LCOH to zero at the IEA’s 
highest projected CAPEX (960 €/kW). With an LCOE of 45 €/MWh, 
hydrogen is produced when market prices fall below 103.2 €/MWh, 
achieving an electrolyzer capacity factor of 58.1 % (45.9 kt) and an 
average equivalent price for the POP of 140.5 €/MWh. At an LCOE of 65 
€/MWh, hydrogen production becomes viable below 74.3 €/MWh, 
yielding a capacity factor of 37.9 % (29.9 kt) and an equivalent POP 

Fig. 7. Seasonal daily average day-ahead market price.
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Fig. 8. Daily hydrogen production and supply by season. Production at the 85 €/MWh threshold has been increased by 2% to avoid the graphical overlay with the 
output at 65 €/MWh threshold.

Fig. 9. Effect of the stack lifespan in the annual production and consumption.
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electricity price of 116.7 €/MWh.

4. Conclusions

The decarbonization of the energy sector, combined with increasing 
penetration of renewable sources, has led to more frequent episodes of 
low electricity market prices. These dynamics pose a challenge to the 
profitability of baseload technologies such as nuclear power. In this 
context, the integration of flexible loads such as hydrogen production 
presents an opportunity to mitigate market exposure while adding value 
through the creation of a storable, low-carbon energy carrier.

To evaluate this concept, the co-production of hydrogen has been 
proposed to provide flexibility to an existing NPP. A typical size of 1 GW 
has been chosen for the NPP, which is divided into two operational units. 
The POP unit continuously delivers electricity to the grid, whereas the 

CHyP unit dynamically allocates its electricity either to a PEM electro
lyzer or to the grid based on real-time market prices. The electrolyzer, 
sized at 500 MW (50 % of the nominal plant capacity), produces 
hydrogen during periods of low electricity prices, thus providing an 
alternative revenue stream and avoiding nuclear plant’s output 
curtailment.

Considering current electricity market prices and LTO costs condi
tions in Spain, it is possible to produce 26 kt of hydrogen at a LCOH of 
4.42 €/kg by operating the electrolyzer only when market price is below 
65 €/MWh. Assuming a hydrogen selling price of 5.86 €/kg, the resulting 
equivalent electricity price achieved by POP operating 24/7 is 81.79 
€/MWh, well above the assumed LCOE (65 €/MWh in Spain). This il
lustrates the effectiveness of the proposed approach in addressing the 
economic challenge posed by low electricity market prices. For con
ventional LTO costs (45 €/MWh) and hydrogen production when the 

Fig. 10. Effect of the lifespan of the stack in the hydrogen production costs for the threshold of 65 €/MWh.

Fig. 11. Effect of the lifespan of the stack in the hydrogen production costs for the threshold of 85 €/MWh.
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market price is below 85 €/MWh, the LCOH drops to 2.18 €/kg, and the 
equivalent electricity price perceived by the POP unit increases to 105.4 
€/MWh. Those LCOH values are lower than those obtained using the 
EHO model under the same basic assumptions. When electricity is 
supplied from the wholesale market, a dedicated PV plant, or a dedi
cated WF, the resulting LCOH falls in the range of 6.28 to 6.95 €/kg.

To assess the effect of lifespan on LCOH, a sensitivity analysis was 
conducted. Increasing the lifetime from 60,000 to 100,000 operating 
hours reduces LCOH by only 0.12–0.15 €/kg, indicating a marginal 
impact. The storage required to fully utilize hydrogen production under 
a constant-supply assumption was also estimated, showing a need for 
both intraday and seasonal storage.

The proposed solution has demonstrated to be economically viable in 
Spain, which has been explicitly assessed. In addition, a broad range of 
LCOE values feasible for LTO NPPs has also been considered, encom
passing countries or markets with high renewable penetration where 
prices fall below generation costs for substantial periods of the year.

However, this approach becomes economically unfeasible for new 
Gen III NPPs, whose LCOE is expected to be substantially higher than 
that of LTO NPPs. At such cost levels, the implied electricity price ren
ders electrolytic hydrogen uncompetitive.

Regarding the regulatory framework, hydrogen derived from nuclear 
energy does not meet the criteria to be classified as “green,” as outlined 
by the Delegate Act that governs renewable fuels of non-biological 
origin [57]. Nevertheless, the European Union has established a stan
dard for “low carbon hydrogen,” which explicitly includes hydrogen 
produced from nuclear sources [58].
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Nacional Integrado de Energía y Clima (PNIEC) 2021-2030. https://www.miteco. 
gob.es/es/cambio-climatico/temas/politicas-ambientales/plan-nacional-inte 
grado-energia-y-clima.html (Accessed in June 2, 2025).

[3] Bragg-Sitton, Shannon M., et al. Flexible Nuclear Energy for Clean Energy Systems 
(2020). National Renewable Energy Lab. (NREL), NREL/TP-6A50-77088 htt 
ps://doi.org/10.2172/1665841 (Accessed in June 2, 2025).

[4] Bautista, J., Gross, J., & Yoon, J. Spain and Portugal look for cause of widespread 
blackout. The New York Times (2025, April 30). https://www.nytimes.com/2025/ 
04/30/world/europe/power-outage-spain-portugal-cause.html (Accessed in June 
2, 2025).

[5] E3 Analytics. Beyond Baseload Power: A New Paradigm of Power System 
Operation. September 2025. https://www.e3analytics.eu/wp-content/uploads 
/2025/09/E3-Analytics_Beyond-Baseload-Power_Sept_2025-c.pdf (Accessed in 
October 2, 2025).

[6] AEMO, Quarterly Energy Dynamics – Q4 2023 (published 2024), sections on 
negative operational demand, curtailment, and Very Fast FCAS. https://aemo.com. 
au/-/media/files/major-publications/qed/2023/quarterly-energy-dynamics-q4-2 
023.pdf (Accessed in October 2, 2025).

[7] Federal Office for the Safety of Nuclear Waste Management (BASE), “Nuclear 
Phase-Out in Germany,”. https://www.base.bund.de/en/nuclear-safety/nuclea 
r-phase-out/nuclear-phase-out.html (Accessed in October 2, 2025).

[8] Ember, “The UK’s journey to a coal power phase-out,” (accessed 2025). https://e 
mber-energy.org/latest-insights/the-uks-journey-to-a-coal-power-phase-out/
(Accessed in October 2, 2025).

[9] Resources ENGIE. “ERCOT ECRS, – Overview of the new ancillary service,” 
(published 2023). Accessed in October 2, 2025, https://www.engieresources. 
com/assets/pdfs/ERCOT_ECRS%20May%202023.pdf; May 2023.

[10] Jenkins JD, Zhou Z, Ponciroli R, Vilim RB, Ganda F, de Sisternes F, et al. The 
benefits of nuclear flexibility in power system operations with renewable energy. 
Appl Energy 2018;222(872–884):2025. https://doi.org/10.1016/j. 
apenergy.2018.03.002 (Accessed in October 2.

[11] Energy Systems Integration Group. (2024). Assessing the flexibility of green 
hydrogen in power system models. https://www.esig.energy/green-hydrogen-in- 
power-system-models (Accessed in October 2, 2025).

[12] Massachusetts Institute of Technology. The Future of Nuclear Energy in a Carbon- 
Constrained World. (2018). https://energy.mit.edu/wp-content/uploads/2018/ 
09/The-Future-of-Nuclear-Energy-in-a-Carbon-Constrained-World.pdf (Accessed in 
June 2, 2025).

[13] NEA, The costs of decarbonisation: system costs with high shares of nuclear and 
renewables, (2020) OECD Publishing, Paris, NEA No. 7299.

[14] IEA, Global Hydrogen Review 2024, (2024) IEA, Paris https://www.iea.org/report 
s/global-hydrogen-review-2024 (Accessed in June 2, 2025).

[15] Forsberg, C. Futures for hydrogen produced using nuclear energy. Progress in 
Nuclear Energy (2005), 47(1), 484–495. https://doi.org/10.1016/j.pnucene.200 
5.05.049 (Accessed in June 2, 2025).

[16] Forsberg, C. W. Nuclear hydrogen for peak electricity production and spinning 
reserve (2005) (No. ORNL/TM-2004/194). Oak Ridge National Lab.(ORNL), Oak 
Ridge, TN (United States).

[17] Forsberg C. Economics of meeting peak electricity demand using hydrogen and 
oxygen from base-load nuclear or off-peak electricity. Nucl Technol 2009;166: 
18–26.

[18] Laky DJ, Cortes NP, Eslick J, Noring A, Susarla N, Okoli C, et al. Market 
optimization and technoeconomic analysis of hydrogen-electricity coproduction 
systems. Energ Environ Sci 2024;17(3641–3662):2025. https://doi.org/10.1039/ 
D3EE03368 (Accessed in October 2.

[19] Kim P, Cho S-B, Yim M-S. Examination of excess electricity generation patterns in 
South Korea under the renewable initiative for 2030. Nucl Eng Technol 2022;54 
(1):383–91.

[20] Matthews J, Bodel W, Butler G. Nuclear Cogeneration to Support a Net-Zero, High- 
Renewable Electricity Grid. Energies (2024) 17, 6219. https://doi.org/10.3390/e 
n17246219 (Accessed in June 2, 2025).

[21] Haratyk GP, Forsberg C. Nuclear-renewables energy system for hydrogen and 
electricity production. Nucl Technol 2012;178:66–82.

[22] Yurin VE, Egorov AN, Bashlykov DO. The concept of autonomous hydrogen energy 
complex: Adaptation of large nuclear power units to uneven energy consumption 
schedules. Nucl Eng Des 2024;426:113328.

Table 3 
Electrolysis LCOH breakdown for other electricity sources [51].

Wholesale 
market 
(threshold 65 
€/MWh)

Wholesale 
market 
(threshold 85 
€/MWh)

Dedicated 
PV

Dedicated 
WF

Electricity 
price 
[€/MWh]

23.97 35.60 28.66 44.77

Electrolysis 
hours [h/ 
year]

3742 4838 2803 3277

CAPEX [€/kg] 2.92 2.28 3.92 3.34
OPEX 

feedstock 
[€/kg]

1.34 2.01 1.6 2.5

OPEX others 
[€/kg]

0.97 0.93 1.3 1.11

Grid Fees & 
Taxes 
[€/kg]

1.06 1.06 0 0

LCOH [€/kg] 6.29 6.28 6.82 6.95
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[32] Milewski J, Kupecki J, Szczęśniak A, Uzunow N. Hydrogen production in solid 
oxide electrolyzers coupled with nuclear reactors. Int J Hydrogen Energy 2025; 
2021(46):35765–76. https://doi.org/10.1016/j.ijhydene.2020.11.217 (Accessed 
in June 2.

[33] IAEA booklet “Building the Business Case for Hydrogen Production with Currently 
Operating Nuclear Power Plants” https://www.iaea.org/sites/default/files/h 
ydrogen-production-with-operating-nuclear-power-plants.pdf (Accessed in June 2, 
2025).

[34] Constantin A. Nuclear hydrogen projects to support clean energy transition: 
Updates on international initiatives and IAEA activities. Int J Hydrogen Energy 
2025;2024(54):768–79. https://doi.org/10.1016/j.ijhydene.2023.09.250 
(Accessed in June 2.

[35] Chaube A, Ahmed Z, Sieh B, Brooks CS, Bindra H. Nuclear microreactors and 
thermal integration with hydrogen generation processes. Nucl Eng Des 2024;419 
(112968):2025. https://doi.org/10.1016/j.nucengdes.2024.112968 (Accessed in 
October 2.

[36] Gad-Briggs A, Osigwe E, Jafari S, Nikolaidis T. Analysis of control‑system strategy 
and design of a small modular reactor with different working fluids for electricity 
and hydrogen production as part of a decentralised mini grid. Energies 2022;15: 
2224.

[37] Brown NR, Seker V, Revankar ST, Downar TJ. Transient simulation of an 
endothermic chemical process facility coupled to a high temperature reactor: 
Model development and validation. Nuclear Eng Desing 2025;2012(248):1–13. 
https://doi.org/10.1016/j.nucengdes.2012.03.049 (Accessed in June 2.

[38] Verfondern K, Nishihara T. Valuation of the safety concept of the 
combinednuclear/chemical complex for hydrogen production with HTTR. Institut 
für Sicherheitsforschung und Reaktortechnik. 2025. Accessed in June 2.

[39] IEA, Projected Costs of Generating Electricity 2020, IEA (2020), Paris https 
://www.iea.org/reports/projected-costs-of-generating-electricity-2020 (Accessed 
in June 2, 2025).

[40] Kim, J., El-Hameed, A. A., Soja, R. J., Ramadhan, H. H., Nandutu, M., & Hyun, J.- 
H. (2022). Estimation of the levelized cost of nuclear hydrogen production from 
light water reactors in the United States. Processes, 10(8), 1620. https://doi.org 
/10.3390/pr10081620 (Accessed in October 2, 2025).

[41] Al-Shikh, S. A., Al-Ammar, E. A., & Alomari, A. S. (2025). Economic feasibility of 
hydrogen generation using HTR-PM technology in Saudi Arabia. Sustainability, 17 
(4), 1730. https://doi.org/10.3390/su17041730 (Accessed in October 2, 2025).

[42] Alabbadi AA, Obaid OA, AlZahrani AA. A comparative economic study of nuclear 
hydrogen production, storage, and transportation. Int J Hydrogen Energy 2024;54 
(849–863):2025. https://doi.org/10.1016/j.ijhydene.2023.08.225 (Accessed in 
October 2.

[43] Naserbegi, A., et al. (2023). Economic evaluation of hydrogen production in second 
and third units of Bushehr nuclear power plant regarding future need of nuclear 
fission technology Nuclear Engineering and Design, 415, 112683. DOI: https://doi. 
org/10.1016/j.nucengdes.2023.112683 (Accessed in October 2, 2025).

[44] Ozcan H, Fazel H. Cost assessment of selected nuclear driven hybrid 
thermochemical cycles for hydrogen production. Int J Hydrogen Energy 2024;54 
(554–561):2025. https://doi.org/10.1016/j.ijhydene.2023.07.127 (Accessed in 
October 2.

[45] Canet Serin, Martin Glückler, Michel Pasquet, Claire Vaglio-Gaudard. Outcomes of 
three Euratom projects on cogeneration of electricity, heat and hydrogen, EPJ 
Nuclear Science and Technology (2025) 11, 12 https://doi.org/10.1051/epjn/ 
2025007 (Accessed in June 2, 2025).

[46] International Atomic Energy Agency. Nuclear Power Reactors in the World 
(Reference Data Series No. 2, 44th ed.) (2024). https://www-pub.iaea. 
org/MTCD/Publications/PDF/p15748-RDS-2-44_web.pdf (Accessed in June 2, 
2025).

[47] Chemical Engineering. Chemical Engineering Plant Cost Index (CEPCI). Chemical 
Engineering (2024). https://www.chemengonline.com/ (Accessed in June 2, 
2025).

[48] Revuelta, Javier, ¿Cuánto cuesta la energía nuclear en España? El Periódico de la 
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