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 A B S T R A C T

This paper analyses the integration of a specific type Small Modular Reactor (SMR), namely a Lead-cooled Fast 
Reactor (LFR), along with storage and conversion units, to power an off-grid, energy-intensive industrial site, 
with both heat and electricity demands. Despite the partial load-following capability of the LFR–SMR and its 
integration with a thermal energy unit, significant seasonal fluctuations in industrial energy demand make the 
LFR–SMR alone inappropriate to ensure continuous year-round supply adequacy. To address this limitation, 
additional storage and energy conversion units are required. In this paper, we evaluate the technical and 
economic performance of three configurations designed to meet the combined heat and electricity demands 
over the full year. The first configuration incorporates a lithium-ion battery; the second integrates hydrogen 
production and storage; and the third builds upon the second by also incorporating ammonia as an additional 
energy carrier. Each configuration is optimally sized and operated to minimise system cost. The results 
demonstrate that off-grid operation is feasible in all configurations. The reactor, along with its thermal storage, 
effectively manages minor fluctuations in energy demand, while the conversion and storage units are primarily 
used during peak consumption periods that exceed the reactor’s maximum output. Systems based on synthetic 
fuels are found to be more cost-effective than the battery-based option, with a slight economic advantage for 
the ammonia-based configuration. For the latter, the estimated average heat and electricity costs are e25/MWh 
and e59/MWh, respectively, while the additional units required for off-grid operation account for less than 
4% of the total system cost.
1. Introduction

1.1. Motivation

European countries face significant challenges in their aim to decar-
bonise their economy while simultaneously providing affordable energy 
to their households and ensuring security of supply. For example, in 
Belgium, despite the promising future of renewable energy sources, 
numerous studies indicate that their integration potential is limited to 
less than 100TWh per year [1,2], whereas the national final energy 
consumption is predicted to be around 400TWh in 2050 [2].

In this context, nuclear energy emerges as a promising source of 
reliable low-carbon energy. In particular, the Belgian government has 
expressed interest in Small Modular Reactors (SMR) [3], prompting 
the Belgian Nuclear Research Centre (SCK-CEN) to investigate the 
development and deployment of a particular type of SMR known as 
Lead-cooled Fast Reactor (LFR).

∗ Corresponding author.
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SMRs offer numerous advantages over larger, traditional nuclear 
reactors. Their smaller size reduces construction costs by allowing 
their components to be manufactured in factories and then transported 
to their installation site [4]. In some cases, SMRs integrate passive 
cooling systems as part of their safety design, allowing them to operate 
independently of external power sources [5]. They also have the ability 
to use the heat generated for industrial processes or residential heating 
systems [6].

LFRs, which sustain nuclear reactions through fast neutrons and 
which use molten lead as a primary coolant, present additional benefits. 
They can operate at high temperatures up to 500 ◦C, which enables 
applications in high-temperature industrial processes and hydrogen 
production [7], and allows for higher thermal efficiencies [8]. They 
also produce significantly less radioactive waste, thanks to fast neutrons 
chain reactions, which also enable the possibility to recycle some of this 
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nuclear waste as fuel, such as the plutonium in Mixed Oxide (MOX) 
fuels [9,10].

In this paper, we study the implementation of an LFR–SMR in an 
off-grid scenario. There are two main reasons for studying the off-
grid setting. First, regarding security of supply, with the increasing 
deployment of intermittent renewable energy sources, coupled with 
growing geopolitical tensions affecting energy supply, modern energy 
grids are becoming more susceptible to disruptions [11,12]. In this 
context, an off-grid SMR could offer a reliable and independent source 
of heat and electricity, ensuring energy continuity even in the face of 
major disruptions. Second, given the uncertainty surrounding the grid’s 
capacity to integrate multiple SMRs (whose power can reach up to 
300 MWe), examining an off-grid configuration allows us to bypass the 
externalities and constraints typically associated with connection to the 
grid. Additionally, this case study enables the estimation of an upper 
bound on the cost of heat and electricity for an SMR-industry system 
connected to the grid, as the connection would be implemented only if 
it leads to lower costs.

1.2. Problem statement

This paper investigates the extent to which an SMR-based energy 
system can supply a highly energy-intensive industrial facility operating 
fully off-grid. To assess the capability of an SMR to function under 
such conditions, we consider a specific case study: a 714 MWth (300 
MWe) lead-cooled fast reactor coupled with a 4000 tonne molten 
salt thermal energy storage unit and a cooling tower, supplying an 
industrial site. The site exhibits a primary annual energy demand of 
4000 GWh, in the form of heat and electricity, which must be met 
continuously. The majority of this demand, 85%, corresponds to heat, 
while the remaining 15% is electricity. The analysis is based on a real 
and fixed industrial demand profile obtained from an actual chemical 
plant located in Belgium, ensuring that the analysis accurately reflects 
actual operational constraints. This demand profile includes periods 
during which reliance on a secondary energy source is essential to 
guarantee continuity of supply. Indeed, at certain times, demand peaks 
exceed the reactor’s maximum capacity, making it necessary to add 
a complementary source of heat or electricity. The site is assumed to 
be fully energy independent, with no exchange of heat or electricity 
with external grids. Expanding the reactor’s size would lead to a lower 
capacity factor, adversely affecting cost-effectiveness.

We consider an operational framework in which the LFR–SMR is 
capable of modulating its output while integrating thermal energy 
storage to enhance its flexibility in response to the plant’s real-time 
energy demand. In addition, the system relies on energy storage and 
conversion units, for coping with potential excess production or produc-
tion deficit. These additional units can be seen as a secondary flexible 
demand for heat and electricity, as illustrated in Fig.  1. When releasing 
stored energy, they also function as a secondary source of production.

We study three configurations. The first relies on a battery system to 
ensure energy autonomy. The second combines batteries with hydrogen 
production and storage facilities, which can also provide a secondary 
heat source through combustion in a dedicated burner. The third 
configuration goes further by integrating ammonia, synthesised from 
hydrogen and nitrogen. It includes batteries and storage systems for 
both hydrogen and ammonia, along with a hybrid burner capable of 
using both gases to deliver an additional source of heat.

To estimate the required capacities of the various units considered 
in this study, an optimisation process is carried out to determine their 
optimal sizing and operational strategy in order to meet the industrial 
energy demand. The capacities of the LFR–SMR and its thermal storage 
are assumed to be fixed.
2 
Fig. 1. Diagram of the primary and secondary demand and production flows.

1.3. Related works

The literature on SMRs in off-grid configurations is covered by 
various research areas. Indeed, SMRs have been, for example, the 
subject of market studies, conceptual reactor designs, and demand-
side flexibility strategies. Other research areas explore the economic 
feasibility of deploying SMRs in industrial applications as well as within 
integrated energy systems (IES). In this subsection, we review the 
existing literature in these areas, identify some gaps, and demonstrate 
how our study addresses these shortcomings.

Regarding off-grid scenarios, Wojtaszek and Tadeusz [13] analyse 
the Canadian market for off-grid applications such as mining opera-
tions, oil and gas extraction facilities, and remote communities. While 
this study provides valuable insights from a market perspective, it lacks 
a detailed assessment of the technical and operational feasibility of SMR 
deployment in such environments. Wallenius et al. [14] present the 
conceptual design of a small-scale, lead-cooled nuclear reactor with an 
electric output of 3 MWe. The proposed system aims to replace diesel 
generators in off-grid applications located in remote regions. A number 
of studies have focused on SMRs operating at constant output while 
achieving overall system flexibility through demand-side technologies. 
For instance, Locatelli et al. [15,16], and Ma et al. [17] explore sys-
tems where flexibility is introduced via secondary applications such as 
hydrogen production, desalination, district heating, or other industrial 
processes. In these works, SMRs are not used for load following; instead, 
excess energy is absorbed by flexible secondary demand, demonstrating 
a viable path for integrating nuclear energy into multi-vector energy 
systems.

Other studies have demonstrated the benefits of integrating SMRs 
into more complex systems to enhance operational flexibility and re-
actor utilisation. Kim et al. [18] highlight the potential of coupling 
SMRs with hydrogen production to reliably accommodate variable 
electricity demand. Similarly, Ruth et al. [19] examine a range of SMR-
based IES configurations that incorporate renewable energy sources 
and combine thermal, electrical, chemical, hydrogen, and mechanical 
solutions, demonstrating that such systems can enhance grid flexibil-
ity, reduce greenhouse gas emissions, and optimise capital utilisation. 
Jacob and Zhang [20] model an IES combining SMRs with wind and 
solar generation, demonstrating that hydrogen production as a flexible 
load supports both industrial demand and grid balancing. Finally, 
Zhang [21] develop a techno-economic framework to evaluate nuclear–
wind hybrid systems with hydrogen storage, revealing that these sys-
tems can dynamically meet electricity demand while offering economic 
advantages over conventional SMR only designs.
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Table 1
Schematic view of the literature.
 Reference Off-grid

applications
LFR-based
concepts

SMR operational
flexibility

Integrated 
energy
systems

Industrial SMRs
applications

 

 Wojtaszek and 
Tadeusz [13]

3 7 7 7 3  

 Wallenius et al. 
[14]

3 3 7 7 7  

 Locatelli et al. 
[15]

7 7 Flexible load 3 7  

 Locatelli et al. 
[16]

7 7 Flexible load 3 3  

 Ma et al. [17] 3 7 Flexible load 7 3  
 Kim et al. [18] Isolated grid 7 3 3 7  
 Ruth et al. [19] 7 incl. LFR 3 3 3  
 Jacob and Zhang 
[20]

7 7 3 3 3  

 Zhang [21] 7 7 7 3 7  
 Locatelli et al. 
[7]

7 7 Flexible load 3 3  

 Ashoori and 
Gates [22]

7 7 7 7 3  

 Van Hee et al. 
[23]

7 incl. LFR 7 7 3  

 Current study 3 3 3 3 3  
In terms of economic feasibility, Locatelli et al. [7] assess various 
industrial uses of SMRs and identify industrial heating, hydrogen pro-
duction, and desalination as the most promising applications. Further 
supporting this, Locatelli et al. [15] confirm the viability of hydrogen 
production, while Ashoori and Gates [22] demonstrate the profitability 
of SMRs for oil sands extraction. Both studies employ Discounted Cash 
Flow (DCF) analysis to evaluate the financial viability of these appli-
cations. These studies highlight that the profitability of cogeneration 
in SMRs is highly project specific, depending on both the technical 
and economic characteristics of the selected reactor, as well as on the 
regulatory framework, as confirmed in Van Hee et al. [23].

Despite the growing body of work, current literature does not 
examine a specific off-grid industrial case with real-life data where the 
SMR production can be modulated in addition to the secondary flexible 
demand, as illustrated in Table  1. Our work aims to address this gap 
by developing models that assess both the technological requirements 
and the economic feasibility of a lead-cooled fast reactor operating with 
additional technologies to support off-grid operation.

1.4. Organisation of the paper

This article is structured as follows: Section 2 presents the system 
configurations considered in this study, together with the method-
ological framework and the underlying assumptions. The results are 
then presented and analysed in Section 3. This section also includes 
a sensitivity analysis of key technical and economic parameters of 
the LFR–SMR, as well as of the choice of electrolysers for hydrogen 
production. Section 4 discusses the main findings. Finally, Section 5 
concludes the paper and outlines directions for future research.

2. Methodology

As previously mentioned, the LFR–SMR by itself cannot follow the 
demand curve. To ensure a reliable and uninterrupted energy supply, 
complementary energy storage and conversion units must therefore be 
integrated. Three alternative configurations combining such units are 
explored, each designed to meet this continuity requirement.

An optimisation model is developed to represent these configura-
tions and assess their performance. It determines the optimal capacities 
of the different storage and conversion units along with operational 
strategies for the entire system.

This section is organised into three subsections. The first presents 
the selected configurations. The second describes the methodological 
3 
framework of the study, including the optimisation model and the 
general assumptions adopted. The third part examines all the units 
considered in this study, along with their specific assumptions and 
constraints.

2.1. Case studies

We analyse three distinct energy storage and conversion config-
urations: (i) a battery-based system providing secondary source of 
electricity to industry; (ii) a hydrogen-based system complemented 
by batteries, incorporating hydrogen storage and a burner to supply 
supplementary heat; and (iii) an extension of the latter that includes 
ammonia synthesis via a Haber–Bosch process, featuring ammonia 
storage and a burner fuelled by hydrogen and ammonia to provide 
additional heat. These configurations, together with the associated 
technologies, are discussed in detail below. A summary table of the 
technologies used in each configuration is provided in Table  2. Let us 
first introduce the two units common to all configurations, namely the 
LFR–SMR and the industrial system.

The LFR–SMR considered has, as previously indicated, a thermal 
capacity of 714 MWth and an electrical output of 300 MWe. As il-
lustrated in Fig.  2, the LFR–SMR incorporates several subsystems: the 
reactor core, a thermal storage, a steam turbine, and a cooling tower. 
The system is structured around two main thermal circuits that enable a 
stepwise heat transfer process. The primary circuit (composed of liquid 
lead) extracts heat from the reactor core, which uses MOX fuel, and 
transports this heat to the thermal storage unit. The secondary circuit 
(composed of molten salt), also called the thermal storage, supplies heat 
to the steam turbine and delivers high-quality heat to meet industrial 
demand. The cooling tower is used to reject both high-grade heat 
that is unused from the secondary circuit and low-grade residual heat 
discharged from the steam turbine. The electricity generated is used 
to meet the power demand, charge batteries, and supply energy to 
electrolysers. The reactor design includes 2000 tonnes of lead in the 
primary circuit and 4000 tonnes of molten salt in the secondary circuit. 
This configuration enables a more flexible allocation of thermal energy 
between the demands of heat and electricity. It directly reflects the 
design studied by SCK-CEN and is considered fixed; therefore, it is not 
subject to optimisation in this paper.

For the industry, we use the real-life energy demand from a chem-
ical industrial plant in Belgium for electricity and heat throughout the 
year with a fifteen-minute resolution. These energy demand profiles 
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Fig. 2. Configuration of the LFR–SMR, including the reactor core, thermal 
storage, cooling tower, and the turbine. The energy system transforms the pri-
mary energy generated by the reactor core into two energy vectors: electricity 
and heat.

were provided by the Belgian gas and electricity TSOs. The annual 
energy demand for the plant is 4000 GWh, of which approximately 15% 
is dedicated to electricity demand, while the remainder 85% is used for 
heat. A representation of the total heat demand (heat used directly in 
industry and the equivalent heat needed to cover electricity demand) is 
shown in Fig.  6. The demand curves present two interesting character-
istics: first, several consecutive days during which the demand exceeds 
the reactor’s maximum thermal capacity, reaching values above 714 
MWth; and second, a multi-week period where demand remains below 
the reactor’s minimum operating threshold, set at 50% of its capacity, 
or 357 MWth.

First configuration: Only batteries

The first configuration includes three main units: the LFR–SMR, the 
industrial facility, and a lithium-ion battery system, as illustrated in Fig. 
3.

To ensure a continuous energy supply to the industrial facility 
throughout the year, we integrate a battery system as a secondary 
source of electricity. This battery relies on Nickel Manganese Cobalt 
(NMC) lithium-ion technology. This is a widely used technology char-
acterised by its high energy density, which enables partial storage of 
the electricity generated by the reactor and facilitates the delivery of 
power to the industrial system when direct generation is insufficient 

Fig. 3. Configuration 1 with LFR–SMR, industrial facility, and lithium-ion 
battery system.
4 
Fig. 4. Configuration 2 building upon Configuration 1 with the integration of 
a hydrogen production and storage system.

or temporarily unavailable. In this configuration, the battery can only 
supply electricity demanded. This directly impacts the heat production, 
as in periods of energy deficit, there is a re-allocation of resources 
towards producing more heat and a greater reliance on the battery for 
electricity.

Second configuration: H2-SOEC

In the second configuration, hydrogen production is integrated. 
Afterwards, this hydrogen can be used in a burner to provide an 
additional heat source for the industry, complementing the secondary 
electricity supply from Li-ion batteries. A representation is shown in 
Fig.  4.

Hydrogen is produced using a high-temperature Solid Oxide Elec-
trolyser Cell (SOEC). This electrolyser operates at elevated temper-
atures, allowing it to use not only the electricity produced by the 
LFR–SMR but also the heat generated by the reactor. This heat is 
utilised to produce high-temperature steam, which the SOEC lever-
ages to achieve higher efficiencies compared to conventional electrol-
ysers such as alkaline (AEC) and proton exchange membrane (PEM) 
systems [24].

In this configuration, the electricity generated by the LFR–SMR is 
used to supply the industrial facility, charge batteries, power the elec-
trolyser, and operate compressors for hydrogen storage. The produced 
hydrogen can be stored as a gas at 500 bar and later burned to generate 
heat during peak consumption periods. Compressed hydrogen storage 
units are used to enhance flexibility between different units while en-
suring the proper operation of the electrolysers. The hydrogen storage 
considered is a type 2 tank [25], capable of withstanding pressures of 
approximately 800 bar. It consists of a metal liner reinforced with a 
composite hoop winding.

Third configuration: NH3-SOEC

Building upon the same strategy as in the previous configuration, 
this final configuration introduces ammonia alongside the existing 
battery and hydrogen components. This configuration in illustrated Fig. 
5.

Ammonia is synthesised from nitrogen and hydrogen, both pro-
duced by the SOEC. According to [26], this process relies on the 
combustion of a fraction of the hydrogen generated by steam electrol-
ysis in the presence of air. The SOEC then acts as an oxygen separation 
membrane, using heat instead of electricity, eliminating the need for 
an air separation unit.
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Fig. 5. Configuration 3 extending configuration 1 and 2, with the addition of an ammonia production and storage system.
Table 2
Summary of the different system configurations.
 Configuration SMR

LFR
Battery Electrolyser H2

Storage
Haber–
Bosch

NH3
Storage

N2
Storage

NH3
Regasification

Burner  

 Battery only 3 3 7 7 7 7 7 7 7  
 H2-SOEC 3 3 3 3 7 7 7 7 3  
 NH3-SOEC 3 3 3 3 3 3 3 3 3  
A Haber–Bosch process is used to synthesise ammonia by combining 
nitrogen and hydrogen under high pressure and high temperature with 
the help of a catalyst. Liquid ammonia tanks are included to provide 
flexibility between different subsystems. To store ammonia in its liquid 
form, it is kept at a temperature of −33 ◦C [27]. A compressed nitrogen 
tank is used as a storage medium between the SOEC electrolyser and 
the ammonia synthesis process. Furthermore, the regasification unit 
converts liquid ammonia into its gaseous form, which is subsequently 
used to fuel the burner. Owing to ammonia’s low flammability and high 
NOx emissions, it is blended with hydrogen prior to combustion in the 
burner [28].

2.2. Methodological framework

Our work is based on the methodology presented in [29,30], which 
employs the Graph-Based Optimisation Model Language (GBOML) as 
the optimisation framework. GBOML [31,32] is a tool that allows 
one to model Mixed-Integer Linear Programs (MILPs) using hierar-
chical hypergraphs. In this framework, hypergraph nodes represent 
technologies, facilities, or processes, while hyperedges correspond to 
the commodity flows generated by these nodes. This approach en-
ables the hierarchical modelling of complex systems, where nodes can 
encapsulate sub-nodes.

Each node within the model is defined by a set of continuous 
variables, a local objective function, and a series of linear constraints. 
These constraints serve to characterise the internal behaviour of the 
node. The local objective function seeks to minimise the total cost as-
sociated with the node, comprising both capital expenditures (CAPEX) 
and operational expenditures (OPEX). As the lifetime of each node is 
technology-specific, raw CAPEX values do not accurately represent the 
actual costs when the analysis is carried out over a limited time horizon. 
To address this issue, we employ annualised CAPEX, which allow the 
initial investment to be spread over the lifetime of the technology while 
accounting for cost discounting. The annualised CAPEX 𝜁𝑚 associated 
with node 𝑚 can be computed from the raw CAPEX𝑚, the lifetime 𝐿, 
and the weighted average cost of capital (WACC) 𝑤, according to the 
following expression: 
𝜁𝑚 = CAPEX𝑚 × 𝑤 (1)
1 − (1 +𝑤)−𝐿

5 
The objective function 𝐹𝑚 for node 𝑚 can be expressed as: 

𝐹𝑚 = 𝐻 ⋅ 𝐶𝑚 ⋅ (𝜁𝑚 + FOM𝑚)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
annualised fixed costs

+
∑

𝑡∈𝐻
VOM𝑚 ⋅ 𝐸𝑚,𝑡

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
variable energy-related costs

(2)

where 𝐻 denotes the total number of operational time steps considered 
within the analysis horizon, 𝐶𝑚 is the installed capacity of node 𝑚, 
𝜁𝑚 is the annualised CAPEX (Eq. (1)), FOM𝑚 represents fixed OPEX 
costs, VOM𝑚 represents variable OPEX costs, and 𝐸𝑚,𝑡 is the energy 
production at time step 𝑡. The overall objective function is to minimise 
the sum of all local objective functions.

As noted above,this study builds on the work of [29,30], who fully 
formalised the optimisation framework. In this work, we only recall the 
main assumptions from these previous studies and apply them to our 
model.

We first assume the immediate availability of assets following any 
investment, meaning that once an investment is made, the corre-
sponding asset is considered directly available. All equations used 
are linear. We also make a perfect forecast hypothesis, implying that 
the entire energy demand curve is known in advance. The sizing of 
all components is performed through an optimisation framework that 
assumes that planning and investment decisions are made by a single 
entity. Transportation-related costs and infrastructure costs between 
and within each node are not modelled. Finally, the optimisation is 
carried out over a period of one year, with a resolution of fifteen 
minutes. The WACC is fixed at 5%.

2.3. Nodes

We detail the practical implementation of the various system nodes. 
A summary table presenting the projected economic parameters for 
each node in 2035, along with their respective lifespans, is provided 
in Appendix  A.

Lead fast reactor

The lead fast reactor node illustrates the hierarchical modelling 
approach, grouping sub-nodes such as the reactor core, the thermal 
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storage, the cooling tower, and the turbine representing the whole 
Rankine cycle used to produce electricity as illustrated in Fig.  2.

The LFR–SMR is assumed to operate under optimal conditions, 
with no shutdowns occurring throughout its operation. Maintenance 
activities are not considered. Additionally, all sub-components of the 
LFR–SMR are described in detail in the following sections.

Reactor core

The operation of the reactor core is simplified in our model as 
a controllable heat source, constrained within a narrow temperature 
range between 495 ◦C and 505 ◦C. The core power output is bounded 
by a maximal heat output and by a minimal heat output. The maximum 
heat output taken into account is 714 MW. Load following is man-
aged exclusively through reactivity control by inserting control rods. 
According to SCK-CEN experts, the reactor can operate between 50% 
and 100% of its capacity. Within this range, we consider a limitation 
on the number of complete load cycles. These constraints are based on 
the European Utilities Requirements (EUR) [33], which define the load-
following capabilities expected of modern nuclear reactors operating 
within the European Union. Specifically, complete transitions from 50% 
to 100% of production capacity — and back — are restricted to a 
maximum of two cycles per day, five per week, and no more than 200 
cycles per year.

Ramp-up and ramp-down constraints are taken into account. Ac-
cording to SCK-CEN experts, their demonstrator reactor is estimated 
to have a ramp rate varying between 16.75% and 67.00% per hour. 
Therefore, in our model, we set the ramp rate at the midpoint of this 
range, which is 41.90% for both ramp-up and ramp-down. Lastly, the 
effects of fuel ageing, namely the gradual degradation of nuclear fuel 
performance over time, are not taken into account in this study.

Thermal storage

As in the primary circuit, the temperature variation is limited to 
a maximum of 5 ◦C. For simplification, the pressure, specific volume, 
and specific heat of molten salt are assumed to be constant, with the 
specific heat taken as 1.5  J/g K. Its temperature must always remain 
within a range to maintain a consistent (steady) efficiency of the 
Rankine cycle. Additionally, no heat losses are considered in the storage 
system [34,35].

Heat exchangers between the reactor core and the thermal storage 
system dimensions are assumed to be sufficient to ensure nominal 
power heat transfer.

Cooling tower

An efficiency of 75% is assumed for the cooling tower [36], imply-
ing that a maximum of 75% of the thermal energy entering the tower 
can be effectively dissipated. Furthermore, it is assumed that 1% of the 
generated electricity is consumed to operate auxiliary components such 
as pumps and fans [37].

Turbine

The selected Rankine cycle operates with superheated steam and is 
assumed to have a constant efficiency of 0.42 within the temperature 
range of 495–505 ◦C, based on assessments by SCK-CEN experts. This 
assumption is supported by the findings in [8].
6 
Electrolyser

For the SOEC electrolysers, water flows are not explicitly modelled 
and are assumed to be freely available. Only energy balances are taken 
into account. In addition, a minimum operational load of 40% is con-
sidered, along with an efficiency of 81% [38], based on energy inputs 
(heat and electricity) and hydrogen as the output. It is also assumed 
that ramping constraints are negligible at the time resolution under 
consideration. Therefore, no ramping limitations are incorporated into 
the analysis.

Burner

The flow of hydrogen, as well as the hydrogen–ammonia mixture, is 
assumed to be converted into heat with an associated energy loss of 5%. 
The hydrogen–ammonia mixture is considered to contain a minimum 
40% hydrogen by volume, as reported in [28].

Battery

The batteries considered exhibit a self-discharge rate of 0.004% per 
hour and a charge–discharge efficiency of 95.9%, which corresponds to 
a round-trip efficiency of approximately 92% [25].

Hydrogen storage

No hydrogen loss during storage is assumed, but electricity con-
sumption is accounted for powering the compressors required to reach 
a pressure of 500 bars. A consumption of 5.56 kWhe/kg of hydrogen 
is considered. Moreover, the storage system is required to maintain a 
minimum hydrogen reserve, set at 5% of its total capacity [25].

Haber–bosch

The Haber–Bosch node includes a ‘‘hot standby’’ mode, which im-
poses a minimum operating threshold of 20%, with no ramp-up con-
straints. The overall efficiency is estimated at 82.3%, considering that 
94.7% of the energy input originates from hydrogen, while the re-
maining 5.3% is provided by electricity [38]. In addition to the input 
flows of hydrogen and nitrogen, an electrical input is considered to 
power various auxiliary systems. Moreover, based on the modelling 
parameters provided by [38], ammonia at the output is assumed to be 
in liquid form. No external heat source is assumed, as the ammonia 
synthesis reaction is highly exothermic [38].

Liquid ammonia storage

A daily loss of 0.08% is assumed for the liquid ammonia tank due 
to interactions with ambient heat [39].

Ammonia regasification

Approximately 2% of the ammonia is considered necessary to meet 
its own heating requirements. Furthermore, it is assumed that the 
installation cost of such a unit [40] is comparable to that of a natural 
gas regasification unit.

Nitrogen storage

No storage losses are considered, and the temperature and pressure 
of nitrogen are assumed to be optimal throughout its path, from the 
SOEC output to the input of the Haber–Bosch unit.
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3. Optimisation results

Having established the three configurations involving the LFR–SMR 
and the industrial off-grid site, and after outlining the modelling and 
optimisation framework, we now proceed to analyse the results for each 
configuration.

To assess both the economic and technical performance of this off-
grid scenario, we first examine the associated average costs, along with 
the installed capacities. Furthermore, to better understand the differ-
ences between configurations as well as to assess the performance of 
the LFR–SMR in an off-grid setting, we analyse the dynamic behaviours 
related to the optimal operational strategy in response to fluctuations 
in energy demand. Finally, a sensitivity analysis is conducted on several 
key parameters to enhance the robustness of the results.

Moreover, GBOML, the modelling tool introduced earlier in this 
study, is open-source and released under the MIT license, ensuring full 
reproducibility of the results. Access to the code and data associated 
with this work is given in Section 5.

3.1. Results

To improve clarity and readability, the results are structured into 
several focused sections. We begin with an examination of system costs, 
followed by a detailed analysis of the optimal capacities, including 
the amount of energy stored, battery and electrolyser sizes, as well 
as hydrogen and ammonia storage requirements. Finally, we conclude 
with an assessment of the dynamic behaviour across the different 
system configurations.

Cost analysis
To evaluate the economic performance of these configurations, 

average costs have been estimated for each case. These average costs 
are determined by summing the annualised costs of each unit within the 
studied system (LFR–SMR, batteries, electrolysers, storage units, etc.), 
along with the total heat demand for the industry over one year by 
using the following equation: 

Average Heat Cost = Total System Cost
Total Heat Demand (3)

More specifically, the Total System Cost is calculated by summing 
the local objective function at each node, following the optimisation 
approach outlined in Section 2. Total heat demand is defined as the 
sum of the heat required to meet both the direct heat demand and 
the heat needed to produce electricity. This approach also enables one 
to derivate an average electricity cost by considering the efficiency 
of the turbine. A summary of the costs associated with the three 
configurations under study is provided in Table  3.

To provide a better perspective on these results, it is worth noting 
that, for all the configurations studied, the reactor capacity factor is 
approximately 0.8.

The costs associated with the hydrogen and ammonia configurations 
were found to be very similar. Their electricity cost is a little less than 
e60/MWh, while their heat cost is under e25/MWh. When consid-
ering only battery storage to ensure off-grid operation, the resulting 
average electricity and heat costs are e38.8/MWh and e92.3/MWh, 
respectively. These represent the highest costs among all configurations 
evaluated in this study.

It is important to note that the majority of the costs associated with 
this system are linked to the LFR–SMR itself. Its cost remains constant 

Table 3
Table of average costs per unit of electricity and heat production. The WACC 
considered is 5% and the LFR–SMR’s CAPEX is estimated at 5500 e/kW.
 Average costs Battery only H2-SOEC NH3-SOEC 
 Electricity [e/MWh] 92.3 59.6 58.7  
 Heat [e/MWh] 38.8 25.0 24.6  
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Table 4
Comparative analysis of storage and conversion capacities across configura-
tions.
 Installed Capacities Battery only H2-SOEC NH3-SOEC 
 Electrolyser [MW] – 2.9 4.1  
 Battery Storage [MWh] 2763.6 33.7 6.9  
 Compressed Hydrogen – 16,448.4 3875.4  
 Storage HHV [MWh]   
 Liquid Ammonia Storage – – 15,450.0  
 Storage HHV [MWh]  
 Haber–Bosch [MW] – – 2.8  
 Regasification [MW] – – 45.9  
 Nitrogen Storage [kt] – – 0.0  

across different configurations, as its capacity is fixed. The integration 
of production, storage, and conversion units for e-fuels accounts for 
only 4% to 5% of the total costs. By contrast, in the battery-only 
configuration, it represents 39%, as shown in Table  B.8.

The integration of ammonia resulted in a slight cost reduction com-
pared to the hydrogen configuration. This is because storage primarily 
relies on liquid ammonia. This approach reduces the need for gaseous 
hydrogen storage, thereby offsetting the additional costs associated 
with the installation of a Haber–Bosch unit and a regasification unit. 
The difference in CAPEX and OPEX between the two types of storage 
(liquid ammonia and compressed hydrogen) can be seen in Appendix 
A.

Capacity installed
Let us compare the different capacities installed in each optimal 

configuration. Those are gathered in Table  4.
The energy storage capacity (both in terms of electricity and

molecules) is substantially higher in the synthetic fuel-based configura-
tions compared to the battery-only one. Specifically, the total amount of 
energy stored in the form of hydrogen and ammonia exceeds 15 GWh, 
whereas the battery-only configuration requires a battery capacity of 
around 2.8 GWh. To explain this difference, note that consuming one 
unit of electricity requires the production of 1∕0.42 ≈ 2.4 units of 
heat. Storing one unit of electricity can thus be seen as an equivalent 
of storing 2.4 units of heat, explaining a large part of the change 
in energy stored. As the batteries are comparatively more expensive, 
the remaining difference is mainly linked to the cost and operation 
optimisation.

In configurations based on synthetic fuels, the majority of energy 
is stored in the form of hydrogen and ammonia, while their batteries 
provide only limited storage capacity. In the second configuration, 
which relies solely on hydrogen as an e-fuel, the battery capacity 
reaches 33.7 MWh. However, when ammonia is introduced as an 
additional fuel, the required battery capacity decreases significantly 
to 6.9 MWh. These variations in battery sizing are directly linked 
to the economic performance of the respective synthetic fuel supply 
chains. The integration of ammonia contributes to a notable reduction 
in overall system costs by alleviating the need for large-scale hydrogen 
storage, which, aside from the LFR–SMR itself, represents one of the 
main cost drivers in synthetic fuel-based configurations. In these two 
configurations, batteries play only a marginal role in meeting the total 
energy demand. The majority of the secondary energy supply is instead 
provided by the combustion of synthetic fuels in dedicated burners.

In terms of additional installed capacities, the hydrogen-based con-
figuration includes an electrolyser with a capacity of 2.9 MW, while 
the configuration incorporating ammonia requires a higher electrolyser 
capacity of 4.1 MW. This increase can be attributed to the reduced 
overall efficiency of the energy conversion chain resulting from the 
integration of ammonia, particularly due to the energy requirements 
of the Haber–Bosch synthesis process, whose dedicated unit operates 
at a capacity of 2.8 MW. The fact that the electrolyser capacity in the 
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Fig. 6. Representation of heat demand and the heat required for electricity demand over a full year, as well as the annual heat production of the LFR–SMR. 
Representation taken from configuration H2-SOEC.
ammonia configuration exceeds that of the Haber–Bosch unit suggests 
that hydrogen production remains significant even in the presence 
of ammonia. This can be explained by the need for hydrogen not 
only as a precursor in ammonia synthesis but also potentially as a 
complementary fuel during combustion, given the limitations of using 
ammonia alone as a direct energy carrier.

Volume storages
A substantial quantity of energy must be stored to ensure reliable 

off-grid operation, on the order of gigawatt-hours. This large energy 
storage requirement can translate into significant storage volumes, 
depending on the energy carrier used.

For example, in the hydrogen-based configuration, up to 16 GWh 
of hydrogen gas compressed at 500 bar must be stored. In comparison, 
the ammonia-based configuration requires considerably less hydrogen 
storage (less than 4 GWh) but still approximately 15.5 GWh in the 
form of liquid ammonia. These differences in storage highlight the 
significantly lower costs associated with ammonia storage compared to 
hydrogen, as detailed in Appendix  A.

Accordingly, in terms of volume, the storage capacities of hydrogen 
and ammonia, with respective densities of 31 kg/m3 (for storage at 
500 bars) and 682 kg/m3 (for liquid storage), are summarised in 
Table  B.9. In the hydrogen-based configuration, this corresponds to 
a storage capacity occupying approximately 13,380 m3. By contrast, 
integrating ammonia reduces the hydrogen storage volume to about 
3160 m3. When accounting for the additional ammonia storage, which 
requires roughly 3630 m3, the combined total storage space amounts 
to approximately 6790 m3.

In the case of the first configuration, which involves only a battery 
system, the optimal capacity, previously mentioned as approximately 
2.8 GWh, corresponds to a total volume of around 3500  m3, assuming 
an energy density of 800 Wh/L.

These large storage facilities pose significant safety risks, particu-
larly because hydrogen is highly susceptible to leaks and is extremely 
flammable [41]. Ammonia similarly presents serious health and safety 
concerns, while batteries carry the risk of fire and/or explosion. Al-
though a comprehensive risk assessment is essential to address these 
issues, it falls beyond the scope of the present study.
Dynamics of the proposed configurations

We begin by examining how the system responds to varying demand 
levels throughout the year. To illustrate this dynamic, Fig.  6 depicts 
the total industrial heat demand, including both the heat required for 
electricity generation and direct industrial heat consumption, as well as 
the heat produced by the LFR–SMR (the heat output from the thermal 
storage). The operational range of the LFR–SMR is clearly visible, 
constrained by its maximum capacity of 714 MWth and its minimum 
operational limit, set at 50% of its capacity, 357 MWth (Section 2.3). 
When demand exceeds this range, such as during winter months, where 
peak requirements surpass the reactor’s maximum output, the system 
must rely on previously stored energy to meet the demand. Conversely, 
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during summer periods when heat demand falls below the reactor’s 
minimum output, the system must either dissipate excess heat and/or 
store surplus energy. A clear seasonal effect can therefore be observed. 
For the rest of the year, the model follows demand closely, requiring 
little to no use of storage and conversion systems such as batteries and 
electrolysers.

In the battery-only configuration, which lacks any additional heat 
source, winter peak energy demands are met through electricity de-
mand. This allows heat to be preserved, as there is no need to generate 
additional electricity for demand, which is instead supplied by the 
batteries.

Fig.  7 illustrates the system’s capability to accurately track fluc-
tuations in demand using the ammonia configuration (the hydrogen 
configuration behaves similarly).

The thermal output of the reactor (heat by reactor) shows limited 
flexibility due to ramping constraints, which prevent it from accurately 
tracking the heat demand (combined heat demand). In contrast, the 
heat delivered by the secondary circuit (heat output from thermal 
storage) follows the demand more closely. The secondary circuit does 
not face ramping limitations but must ensure that its temperature 
variation does not exceed 5 ◦C (see Section 2.3). As a result, the heat 
output from the thermal storage is better aligned with the demand. 
Furthermore, a slight surplus of heat from the secondary circuit is also 
observed, allowing for a near-continuous hydrogen production outside 
of peak consumption periods.

At several moments, the total heat demand exceeds the reactor’s 
maximum capacity (set at 714 MW), requiring the activation of a sec-
ondary heat source, the burner, which operates through the combustion 
of e-fuels. As shown in Fig.  8, the burner is primarily used during the 
winter months, when peak consumption occurs. A similar dynamic is 
observed in the configuration relying solely on a battery as a secondary 
energy source.

The total amount of heat produced by the burner in the two syn-
thetic fuel-based configurations is presented in Table  B.10. This corre-
sponds to approximately 25 GWh of heat required to ensure a sufficient 
energy supply for the industry. In contrast, the battery-only configura-
tion delivers slightly more than 11 GWh of electricity over the course 
of the year. On average, these supplementary energy sources contribute 
less than 1% of the industry’s total energy demand, underscoring the 
extent to which the LFR–SMR, with its thermal storage, is largely 
capable of meeting the industry’s demand on its own.

During the summer period, the reactor must evacuate excess heat, as 
illustrated in Fig.  6. A substantial portion of this heat is discharged via 
the cooling tower. In the synthetic fuel-based configurations, approxi-
mately 5 GWh of high-grade heat is evacuated (Table  B.10), whereas 
this value increases to about 7.0 GWh in the battery-only case, most 
of which is released over a concentrated 15-day period in summer. 
This heat originates from the secondary circuit (thermal storage) and is 
considered high quality, as it can directly meet industrial heat demand 
or support electrolyser operation in e-fuel configurations.
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Fig. 7. Representation of heat management during a winter week (Configuration NH3-SOEC).
Fig. 8. Representation of heat production by the burner (Configuration H2-SOEC, similar to NH3-SOEC).
In parallel, the cooling tower handles the removal of low-grade 
residual heat from the turbine. This quantity is considerably greater, 
reaching nearly 970 GWh per year in the synthetic-fuel configurations 
and approximately 920 GWh in the battery-only case. Since the in-
dustrial electricity demand remains constant across all configurations, 
these differences are primarily attributable to variations in the energy 
conversion efficiencies specific to each configuration.

3.2. Sensitivity analysis

Since the LFR–SMR represents the largest cost component in each 
model (see Table  B.8), and given the uncertainty surrounding its capital 
expenditure (CAPEX) and investment costs, we conducted a sensitivity 
analysis on both the CAPEX and the weighted average cost of cap-
ital (WACC). Specifically, we examine two additional CAPEX values: 
e4,000/kW and e7,000/kW, alongside the originally selected CAPEX 
of e5,500/kW, which is analysed with a WACC of 7%.

With an off-grid situation, the LFR–SMR must be capable of, at least 
partially, operating in load-following mode. With a current ramping 
rate of 41.90% per hour (see Section 2.3), which allows for power 
adjustments based on demand, we analyse an additional scenario where 
ramping is limited to 1% per hour. The objective is to assess the impact 
of limiting the reactor’s ability to adapt to demand fluctuations on the 
cost, conversion and storage units.

Finally, considering the economic advantage of using e-fuels to 
enable off-grid operation, an additional analysis is performed to assess 
the inclusion of alternative electrolyser technologies, namely Alka-
line electrolysers (AEC) and Proton Exchange Membrane electrolysers 
(PEM).

Sensitivity on CAPEX & WACC
Reducing the LFR–SMR CAPEX to e4,000/kW (≈ -30% compared 

to the baseline) leads to a decrease in the average electricity and heat 
costs to approximately e48/MWh and e20/MWh, respectively (Table 
5) for the two synthetic-fuels-based configurations. This represents a 
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20% reduction in energy costs compared to the baseline scenario (Table 
3).

For the battery-only approach, this leads to average heat and elec-
tricity costs of e34/MWh and e81/MWh, respectively, representing a 
decrease of approximately 12%.

Conversely, an increase in CAPEX to e7,000/kW (i.e., approxi-
mately 30% above the baseline) results in higher electricity and heat 
generation costs. For hydrogen- an ammonia-based configurations, 
the average costs rise to approximately e70/MWh for electricity and 
e30/MWh for heat. In the battery-only configuration, these costs reach 
e104/MWh and e44/MWh, respectively. This represents an increase of 
approximately 15% and 12% in total energy costs for the synthetic fuels 
and battery-only configurations, respectively.

Similarly, when the WACC is increased to 7%, the average electric-
ity and heat costs rise to e73/MWh and e30/MWh, and e107/MWh 
and e45/MWh, respectively, for the three configurations analysed.

Since these changes only apply to the LFR–SMR, which is fixed 
at 300 MWe, there is no impact on other units such as electrolysers, 
batteries, etc.
Sensitivity on ramping

When the reactor’s ability to follow demand is constrained by a 
ramping rate limited to 1% of its nominal power per hour, both the 
amount of heat rejected by the cooling tower and the heat produced 
by the burner increase.

A slight increase in burner usage is observed, resulting from the 
reactor’s limited ability to modulate power output rapidly in response 
to variations in energy demand. This increase amounts to approxi-
mately 9% for the hydrogen configuration and 4% for the ammonia 
configuration. Due to this more limited flexibility, the system relies 
more on the cooling tower to accommodate demand fluctuations. The 
same behaviour is observed in the battery-only configuration.

Indeed, to better match production with consumption, the reactor 
tends to overproduce and dissipate excess heat from the secondary 
circuit in the cooling tower, ensuring a more responsive energy supply. 
The annual heat dissipation reaches approximately 50 GWh and 80 
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Table 5
Sensitivity analysis on the WACC and CAPEX of the LFR–SMR.
 Average costs Battery only H2-SOEC NH3-SOEC 
 CAPEX 5,500e/kW with WACC 5%
 Electricity [e/MWh] 92.3 59.6 58.7  
 Heat [e/MWh] 38.8 25.0 24.6  
 CAPEX 4,000e/kW with WACC 5%
 Electricity [e/MWh] 80.8 48.1 47.2  
 Heat [e/MWh] 33.9 20.2 19.8  
 CAPEX 7,000e/kW with WACC 5%
 Electricity [e/MWh] 103.8 71.1 70.2  
 Heat [e/MWh] 43.6 29.9 29.5  
 CAPEX 5,500e/kW with WACC 7%
 Electricity [e/MWh] 107.0 74.3 73.4  
 Heat [e/MWh] 44.9 31.2 30.8  
GWh for the hydrogen and ammonia configurations, respectively, and 
around 60 GWh when using batteries alone (see Table  B.11).

Although the reactor’s ramping capacity decreases significantly, the 
use of heat from the burner and the heat evacuated by the cooling tower 
remains marginal compared to the total heat (and electricity) generated 
by the reactor, which is directly used by the industry without passing 
through conversion or storage units. Indeed, with 4000 GWh, of which 
85% is dedicated to the industry’s heat demand, the amount of heat 
supplied through the burner remains very low.

No significant differences are observed in the capacities of the 
storage and conversion units, nor in the capacity of the battery for 
the battery-only configuration. Since the demand remains the same, 
the winter peaks remain unchanged, and therefore the units remain the 
same, sized for these peaks. Moreover, there is no significant change in 
the reactor’s capacity factor, and therefore the average electricity and 
heat costs remain comparable to those of the previous configuration.
Sensitivity on electrolysers

The previous results have shown that the use of e-fuels leads to a 
significant cost reduction compared to the configuration relying solely 
on batteries. To assess whether alternative electrolyser technologies 
could offer further advantages, two widely used options were selected: 
Proton Exchange Membrane (PEM) and Alkaline electrolysers (AEC), 
both used for hydrogen production.

However, unlike SOEC, these technologies cannot directly produce 
nitrogen, which is required for subsequent ammonia synthesis. They 
would thus require an additional air separation unit, an element we 
chose not to include in order to limit the number of configurations con-
sidered. The analysis is therefore restricted to hydrogen configurations.

A technical comparison of the three electrolyser types is presented 
in Appendix  B, while the costs associated with each technology are 
detailed in Appendix  A.

When switching to AEC and PEM electrolysers for hydrogen pro-
duction, and applying the cost calculation given by Eq.  (3), we obtain 
average electricity and heat costs of approximately e59/MWh and 
e25/MWh, respectively. These values, as shown in Table  6, are com-
parable to those obtained using an SOEC electrolyser. Indeed, since 
the cost of the LFR–SMR already constitutes the vast majority of total 
expenses, the influence of the electrolyser type on overall costs remains 
relatively minor.

However, differences in installed capacities are observed among the 
electrolyser technologies, as presented in Table  B.13. Specifically, the 

Table 6
Table of average costs per unit of electricity and heat production. The WACC 
considered is 5% and the LFR–SMR’s CAPEX is estimated at 5500 e/kW.
 Average costs H2-AEC H2-PEM H2-SOEC 
 Electricity [e/MWh] 58.8 59.3 59.6  
 Heat [e/MWh] 24.7 24.9 25.0  
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SOEC technology requires the lowest installed capacity for hydrogen 
production, at 2.9 MW. In contrast, the AEC technology demands a 
significantly higher installed capacity of 13.1 MW, while the PEM 
electrolyser requires 10.0 MW. These differences can be attributed to 
variations in both the efficiency of each electrolyser type (see Appendix 
B) and their respective operational expenditures (OPEX, detailed in 
Appendix  A). Higher operating costs lead to less frequent utilisation, 
thereby influencing the required installed capacity.

Employing SOEC electrolysers (which are associated with higher 
OPEX) promote a more continuous hydrogen production, unlike PEM 
and AEC electrolysers, which operate at specific times. These differ-
ences in dynamics can be observed in Appendix  C, which presents 
graphs of the total heat demand and heat production from the LFR–
SMR. We observe a nearly continuous overproduction by the reac-
tor to generate the necessary hydrogen when it is produced by a 
SOEC, whereas the AEC and PEM models exhibit a more responsive, 
demand-tracking behaviour.

This enhanced operational flexibility contributes to a significant 
reduction in required hydrogen storage, as seen in Table  B.13. Specif-
ically, the volume of compressed hydrogen storage drops to approxi-
mately 10 GWh, compared to 16 GWh in the SOEC case.

4. Discussion

Drawing on the results obtained and the accompanying sensitivity 
analyses, this study identifies three key insights.

First, using e-fuels to cover winter demand peaks proves to be 
more cost-effective than relying solely on battery storage. Based on the 
baseline assumptions and the cost estimation methodology applied in 
this study, configurations integrating e-fuels show similar overall costs, 
with average heat costs around e25/MWh and electricity costs around 
e60/MWh. In these configurations, the contribution of complementary 
conversion and storage units represents approximately 5% of the to-
tal system cost, with a slight advantage observed when ammonia is 
included (4%). In contrast, when only batteries are used, this share 
increases significantly, reaching up to 40% of the total system cost.

Second, the LFR–SMR, when operating within its nominal power 
range, i.e., outside winter peak demand periods and summer overpro-
duction episodes, and coupled with thermal energy storage (molten 
salt) and a cooling tower, is capable of following the demand curve 
without the need for additional units, even when the reactor has a 
limited ramping rate capability (1% per hour). This highlights the 
system’s ability to operate autonomously for the vast majority of the 
year.

Third, the high annual energy demand of the industrial site leads to 
substantial storage requirements, on the order of gigawatt-hours. This 
translates to large-scale storage needs for hydrogen and ammonia, as 
well as a considerable volume of batteries, which remains exceptional 
in scale as at the time of publication (2026). While such storage 
appears technically feasible within the context of an industrial site, it 
raises significant safety and logistical challenges that must be carefully 
addressed in future work.
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5. Conclusion

This study has investigated the deployment of a specific type of 
SMR to power an energy-intensive industrial site operating off-grid for 
a full year. The SMR is based on lead-cooled fast reactor technology 
and is coupled with a molten salt thermal storage unit and a cooling 
tower, which enables more flexible heat delivery. A key challenge in 
this context arises from the strong seasonal variability of the industry’s 
energy demand. The LFR–SMR alone cannot meet peak consumption 
demand during the winter months and tends to overproduce during 
several days in the summer. This mismatch requires the deployment 
of complementary energy conversion and storage units, both to store 
surplus energy, and to provide it during periods of deficit, thereby 
ensuring uninterrupted industrial operations.

To address this challenge, three configurations were evaluated us-
ing real electricity and heat consumption data from an operational 
chemical plant in Belgium. Each configuration builds incrementally on 
the previous one by integrating additional energy storage vectors. The 
first configuration includes battery storage; the second adds hydrogen 
to the battery system; and the third further incorporates ammonia 
as an additional energy vector. In the battery-only configuration, the 
industry can be supplied directly with electricity from the storage 
system. In contrast, the two other configurations also allow the LFR–
SMR to produce and store high-energy-density molecules (hydrogen 
and ammonia) that can later be burned to meet the thermal demand 
of the industrial process. The sizing of these complementary energy 
conversion and storage units into the SMR-industry system was guided 
by optimisation models developed to determine the optimal sizing 
and operational strategies over a one-year horizon, with a temporal 
resolution of 15 min. Furthermore, a sensitivity analysis was conducted 
on technical and economic parameters of the LFR–SMR, including 
its CAPEX, WACC, and ramping capabilities. In addition, different 
electrolyser technologies were evaluated for hydrogen production.

Our results suggest that SMR-based systems integrated with e-fuel 
production could offer a flexible approach to meeting variable en-
ergy needs. While previous studies have emphasised the advantages of 
linking SMRs with hydrogen production [18–21], our results indicate 
that ammonia represents a viable alternative. Importantly, these energy 
carriers are already extensively utilised in specific industrial sectors, 
notably the chemical industry. Consequently, in addition to enhancing 
the operational flexibility of SMRs, they can serve as feedstocks for 
industrial processes, thereby improving economic feasibility through 
higher capacity factors and generating supplementary revenue streams 
when integrated into established markets. The electricity and heat costs 
(e/MWh) presented in this study, see Section 3, for e-fuel configu-
rations, largely driven by the SMR itself, are broadly consistent with 
literature values [42], which emphasise the high uncertainty of these 
costs due to the limited public disclosure of LFR financial data.

While the present work focuses on a fully off-grid configuration, 
future studies should also consider hybrid scenarios, in which the 
site operates independently only during periods of grid unavailabil-
ity. The modelling framework developed in this study can be readily 
extended to such cases by introducing energy grids and appropriate 
operational constraints to ensure full load coverage during disruption 
periods. Partial integration with the grid (assuming zero connection 
costs) would likely reduce overall system costs. Access to the grid might 
alleviate the need to oversize storage and conversion units for year-
round operation, particularly during periods of peak winter demand, 
while simultaneously enabling a higher capacity factor for the SMR 
reactor. Consequently, the cost estimates presented in this study can 
be interpreted as an upper bound for heat and electricity generation 
for systems where an LFR–SMR is deployed to enhance industrial 
autonomy from the grid.
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Glossary

• AEC: Alkaline Electrolyser
• CAPEX: Capital Expenditure
• GBOML: Graph-Based Optimisation Modelling Language
• HHV: Higher Heating Value
• IES: Integrated Energy System
• LCOE: Levelised Cost of Energy
• LFR: Lead-cooled Fast Reactor
• MOX: Mixed Oxide
• OPEX: Operating Expenditure
• PEM: Proton Exchange Membrane
• SCK-CEN: Studiecentrum voor Kernenergie ou Centre d’Etude de 
l’Energie Nucléaire

• SMR: Small Modular Reactor
• SOEC: Solid Oxide electrolyser Cell
• WACC: Weighted Average Cost of Capital
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See Table  A.7.
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Table A.7
Economical parameters used for modelling nodes (2035 estimates).
 CAPEX FOM VOM Lifetime 
 SMR - Lead cooled
Fast Reactor

5500.0
Me/GW

50
Me/GW-yr

0.0
Me/GWh

60 yr  

 Assumed  
  
 Battery storage 210.0

Me/GW
0.5
Me/GW-yr

0.0
Me/GWh

10 yr  

 [25] 185.0
Me/GWh

0.0
Me/GWh-yr

0.0018
Me/GWh

 

  
 H2 Storage 90.0

Me/ktH2

2.25
Me/ktH2

-yr
0.0
Me/ktH2

25 yr  

 [25] 0.10
Me/ktH2

/h
0.001
Me/ktH2

/h-yr
0.0
Me/ktH2

 

  
 Alkaline electrolyser
(AEC)

675.0
Me/GWel

33
Me/GWel-yr

0.0
Me/GWh

8 yr  

 [38]  
  
 Proton exchange
membrane (PEM)

950.0
Me/GWel

40
Me/GWel-yr

0.0
Me/GWh

6 yr  

 [38]  
  
 Solid oxide 
electrolyser
cell (SOEC)

1250.0
Me/GWel

150
Me/GWel-yr

0.0
Me/GWh

5 yr  

 [38]  
  
 Burner 36.0

Me/GW
0.0
Me/GW-yr

0.0
Me/GWh

25 yr  

 [43]  
  
 Haber–Bosch 6825.0

Me/ktNH3
/h

204.75
Me/ktNH3

/h-yr
0.000105
Me/ktNH3

30 yr  

 [38]  
  
 Liquefied NH3
storage

0.867
Me/ktNH3

0.01735
Me/ktNH3

-yr
0.0
Me/ktNH3

30 yr  

 [38] [27] 0.10
Me/ktNH3

/h
0.001
Me/ktNH3

/h-yr
0.0
Me/ktNH3

 

  
 LNH3
regasification

1248.3
Me/ktLNH3

/h
29.97
Me/ktLNH3

/h-yr
0.0
Me/ktLNH3

30 yr  

 Assumed  
  
 N2 storage 45.0

Me/ktN2

2.25
Me/ktN2

-yr
0.0
Me/ktN2

30 yr  

 Assumed  
Table B.8
Proportion of storage and conversion unit costs in the total system cost.
 Share in Total Cost Battery only H2-SOEC NH3-SOEC 
 LFR–SMR [%] 61.0 94.8 96.1  
 Other Components [%] 39.0 5.2 3.9  
Table B.9
Table of storage capacities in volume. For compressed hydrogen at 500 bar and liquid ammonia at –33 ◦C, the 
higher heating value (HHV) is considered for each conversion.
 Storage volume Battery only H2-SOEC NH3-SOEC 
 Hydrogen storage [m3] – 13,380 3160  
 Ammonia storage [m3] – – 3630  
 Battery storage [m3] 3500 43 9  
Table B.10
Total heat produced through the burner and high-quality heat dissipated through the cooling tower over the year.
 Battery only H2-SOEC NH3-SOEC 
 Heat by Burner [GWh] – 21.3 25.9  
 Heat rejected [GWh] 7.0 5.5 5.1  
12 
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Table B.11
Total heat produced through the burner and high-quality heat dissipated through the cooling tower over the year. 
Configurations with a 1% per hour ramping constraint for the LFR–SMR.
 Battery only H2-SOEC NH3-SOEC 
 Heat by Burner [GWh] – 23.3 26.9  
 Heat rejected [GWh] 59.2 49.51 80.0  
Table B.12
Parameters for modelling electrolysers [38], with efficiency based on energy input (electricity and heat for SOEC) 
relative to hydrogen production, considering HHV.
 Electrolyser Minimum capacities Lifetime Efficiency 
 AEC 15% 8 yr 69%  
 PEM 5% 6 yr 63%  
 SOEC 40% 3 yr 81%  
Table B.13
Comparisons of electrolysers and compressed hydrogen storage in hydrogen configurations.
 Installed Capacities H2-AEC H2-PEM H2-SOEC 
 Electrolyser [MW] 13.1 10.0 2.9  
 Compressed Hydrogen Storage HHV [MWh] 9847.5 10,634.6 16,448.4 
Fig. C.9. Representation of heat demand and the heat required for electricity demand, as well as the heat production of the reactor. Representation taken from 
model NH3-SOEC (similar to H2-SOEC).
Fig. C.10. Representation of heat demand and the heat required for electricity demand, as well as the heat production of the reactor. Representation taken from 
model H2-AEC (similar to H2-PEM).
Appendix C. Additional representations

See Figs.  C.9 and C.10.

Data availability

We emphasise that the code and data underlying this study have 
been released as open source [44]: https://doi.org/10.5281/zenodo.
16403205.
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