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Abstract

IN the context of the energy transition, rising shares of variable renew-
ables and the need to decarbonise sectors that are hard to abate call for
energy systems capable of providing both flexibility and low-carbon

electricity, heat, and fuels. Nuclear Hybrid Energy Systems (NHES), where
nuclear reactors are tightly integrated with other energy sources, storage de-
vices and non-electric applications, are attracting growing interest, but their
implementation presents strongly interconnected technical, economic, reg-
ulatory and policy challenges.

This thesis work develops a holistic methodological framework to anal-
yse NHES from a system level to their role in broader energy systems, for
instance, in long-term decarbonisation strategies. The approach starts from
a context analysis that characterises local requirements and demands, as
well as policy and market conditions, and uses it to define scenarios for
NHES deployment. Considering this background, physics-based models
are developed to represent NHES architectures, with particular attention to
thermal interconnections, and are applied to assess the flexible operation,
control strategies, transient behaviour, and safety-relevant aspects of the in-
tegrated systems. In particular, safety analysis is enabled by coupling the
dynamic simulators with thermal-hydraulic system codes for the primary
loop to evaluate transients and safety margins, with the aim of supporting
regulators and safety authorities to define guidelines for the deployment
of hybridised reactors. Moreover, the tools are embedded into techno-
economic optimisation schemes that determine optimal layouts and dis-
patch strategies under different boundary conditions, accounting for opera-
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tional constraints resulting from the system dynamics captured through the
aforementioned simulators. Finally, nuclear cogeneration and an archetyp-
ical NHES configuration, characterised through the detailed system-level
models, are integrated into country-level long-term energy planning frame-
works to explore if and how NHES can contribute to decarbonisation path-
ways.

Applications to illustrative case studies highlighted the importance of
having an interdisciplinary framework for NHES analyses that integrates
technical, economic and policy dimensions. In this work, these systems
were analysed from a progressively broader point of view, ranging from
subsystem-level investigations to their integration into country-level energy
system models. Overall, the case studies indicate that nuclear cogenera-
tion and NHES could represent a viable option for providing low-carbon
heat and hydrogen while enhancing system flexibility and supporting grid
stability. The resulting technically grounded framework is applied to de-
rive policy-relevant insights and recommendations. In particular, if these
systems emerge as cost-competitive options, policymakers should consider
creating an enabling environment, for example, by adapting regulatory and
licensing frameworks, so that the potential deployment of NHES architec-
tures can be appropriately assessed.

Keywords: Nuclear Hybrid Energy Systems, flexibility, nuclear cogenera-
tion, techno-economic analysis, decarbonisation.
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Abstract in lingua italiana

NEL contesto della transizione energetica, le crescenti quote di fonti
rinnovabili aleatorie e la necessità di decarbonizzare i settori
hard-to-abate richiedono sistemi energetici in grado di fornire sia

flessibilità sia elettricità, calore e combustibili a basse emissioni. I sistemi
energetici ibridi, che prevedono l’integrazione dei reattori nucleari con altre
fonti energetiche, sistemi di accumulo e applicazioni non elettriche, stanno
attirando un interesse crescente nel dibattito energetico; la loro implemen-
tazione, tuttavia, presenta sfide fortemente interconnesse di natura tecnica,
economica, regolatoria e di policy.

Questo lavoro di tesi sviluppa un quadro metodologico integrato per
l’analisi dei sistemi ibridi, che spazia dalla scala del singolo impianto
fino al loro ruolo all’interno di sistemi energetici più ampi, ad esempio
nell’ambito di strategie di decarbonizzazione a lungo termine. L’approccio
parte da un’analisi di contesto che caratterizza i requisiti e le domande
locali, nonché le condizioni di policy e di mercato, e utilizza tali ele-
menti per definire possibili scenari d’implementazione di questi sistemi
energetici. Nell’ambito dell’analisi sono stati sviluppati modelli fisici per
rappresentare le architetture di sistemi ibridi, con particolare attenzione
alle interconnessioni termiche; tali modelli dinamici sono stati successi-
vamente integrati in simulatori del sistema complessivo, impiegati per va-
lutare l’operazione flessibile, le strategie di controllo, il comportamento
transitorio e gli aspetti rilevanti per la sicurezza dei sistemi integrati. In
particolare, l’analisi di sicurezza si basa sull’accoppiamento dei simulatori
con codici termoidraulici di sistema per il circuito primario, al fine di va-
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lutare i transitori e i margini di sicurezza e con l’obiettivo di supportare i
regolatori e le autorità di sicurezza nella definizione di linee guida per il
dispiegamento di reattori inseriti in configurazioni ibride. Inoltre, i sim-
ulatori sono stati integrati in schemi di ottimizzazione tecnico-economica
che determinano le configurazioni e le strategie di dispacciamento ottimali
in diversi scenari, tenendo conto dei vincoli operativi derivanti dalla di-
namica del sistema. Infine, la cogenerazione nucleare e una configurazione
archetipica di sistema ibrido, caratterizzate mediante i modelli dettagliati a
livello di impianto, sono integrate in modelli di pianificazione energetica di
lungo periodo su scala nazionale, per esplorare se e in che misura i sistemi
ibridi possano contribuire alle strategie di decarbonizzazione.

Le applicazioni della metodologia proposta a casi di studio hanno evi-
denziato l’importanza di disporre di un quadro interdisciplinare per l’analisi
di sistemi ibridi che integri le dimensioni tecnica, economica e di policy. In
questo lavoro, tali sistemi sono stati analizzati da un punto di vista progres-
sivamente più ampio, che comprende le indagini a livello di singolo com-
ponente fino alla loro integrazione in sistemi energetici su scala nazionale.
Nel complesso, i casi studio indicano che la cogenerazione nucleare e i
sistemi ibridi possono rappresentare un’opzione valida per la fornitura di
calore e idrogeno a basse emissioni di carbonio, contribuendo al contempo
ad aumentare la flessibilità del sistema e a supportare la stabilità della rete.
Il quadro metodologico risultante, fondato sulle basi tecniche presentate nel
lavoro, è applicato per derivare indicazioni e raccomandazioni rilevanti per
le policy energetiche. In particolare, qualora tali sistemi emergano come
opzioni economicamente competitive, i decisori politici dovrebbero consid-
erare la creazione di un contesto abilitante, ad esempio adattando i quadri
regolatori e di licensing, affinché il potenziale dispiegamento di configu-
razioni di sistemi ibridi possa essere adeguatamente valutato.

Parole chiave: Sistemi energetici ibridi, flessibilità, cogenerazione nucle-
are, analisi tecnico-economica, decarbonizzazione.
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Summary

AN energy transition to low-emissions energy systems is under-
way. Nowadays, this transformation has been largely driven by
the widespread deployment of Variable Renewable Energy (VRE)

sources, such as wind and solar, whose decreasing generation costs and low
associated emissions have established them as central pillars of decarboni-
sation strategies. However, high penetrations of VRE raise several system-
level challenges. Their intermittent nature complicates power system op-
eration and planning, requiring sufficient energy storage and dispatchable
power sources to ensure that demand is met and grid stability is maintained
regardless of environmental conditions. Moreover, in the European Union,
the power sector represents only around 24% of primary energy consump-
tion and accounts for approximately one-third of total energy-related emis-
sions, with the remainder generated from hard-to-abate sectors such as in-
dustry and transport. These sectors remain heavily reliant on fossil fuels,
thereby giving rise to substantial, yet untapped, decarbonisation potential.
While a substantial share of their decarbonisation needs can be addressed
through electrification, important challenges remain for some processes and
end-uses.

In this context, nuclear power can contribute in two ways: by providing
dispatchable electricity that supports deeper VRE penetration and grid sta-
bility and by supplying low-carbon heat to decarbonise hard-to-abate pro-
cesses. However, this requires moving beyond the conventional paradigm
of the nuclear power plant as primarily an electricity-only, baseload gen-
erator toward flexible combined heat and power production. This is also
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motivated by the growing interest in a tighter integration of energy systems
across sectors and energy vectors to increase overall system flexibility and
efficiency. In this regard, nuclear reactors could be integrated into so-called
Nuclear Hybrid Energy Systems (NHES), also referred to as integrated en-
ergy systems, in which they are tightly coupled to other energy sources,
storage technologies and non-electric applications such as district heating,
industrial process steam supply, and hydrogen production. Such configu-
rations face several challenges related to the design and operation of the
integrated architecture, arising mainly from the strong interdependencies
between subsystems. For instance, the specific requirements in terms of
temperature levels, operating limits, and reliability of supply, among oth-
ers, must be met simultaneously for each subsystem. These translate into
technical, economic and regulatory challenges that are essential to address
before NHES can be considered as options in long-term decarbonisation
strategies.

The primary goal of this work is to develop a holistic methodological
framework for the analysis of NHES, with particular focus on light-water
cooled Small Modular Reactors (SMRs) used in cogeneration mode. The
framework combines context analysis, system-level modelling, safety as-
sessment, techno-economic optimisation, long-term energy planning, and
policy analysis, with each domain being strongly interconnected with the
others. The ultimate objective is to provide technically grounded ap-
proaches and tools that can assist policymakers, regulators and involved
stakeholders in assessing the conditions under which NHES could effec-
tively contribute to decarbonisation pathways and which barriers and en-
abling factors should be considered in policymaking.

Methodology

The methodological framework, illustrated schematically in Figure 1, is
organised into several interconnected domains. First, the context analy-
sis aims at assessing how territorial, infrastructural and policy character-
istics can shape the design of NHES architectures. It identifies potential
end-users, available infrastructure, deployment timelines, and relevant pol-
icy drivers, which are then translated into scenarios and boundary condi-
tions for the technical and economic analyses. NHES modelling focuses
on the physics-based representation of the integrated system. In this do-
main, thermodynamic analyses are used to define suitable steam cycle con-
figurations and extraction points that meet end-user temperature require-
ments while minimising power conversion losses. In addition, dynamic
models of NHES components are developed in the object-oriented mod-
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Figure 1: Overview of the methodological framework.

elling language Modelica and assembled through a plug-and-play approach
into dynamic simulators of the overall NHES architecture. These simula-
tors capture the transient behaviour of the coupled systems and can be used
to test different control strategies, evaluate operational limits, and identify
operating regions that are compatible with the constraints of each intercon-
nected subsystem. These simulators can be applied for specific investiga-
tions, such as safety assessments. In this regard, a modelling framework
that couples thermal-hydraulic system codes for the primary loop with the
dynamic Modelica-based simulator of the steam cycle and cogeneration
systems is proposed. This tool allows the simulation of transients initi-
ated both on the nuclear side or on the cogeneration facility, enabling the
assessment of how disturbances propagate through the interconnected sys-
tem and how they might affect nuclear safety. The framework is intended
as a support for safety authorities and regulators when developing or up-
dating guidelines and licensing approaches for nuclear cogeneration and
NHES, with the aim of assessing if the additional coupling is not jeopar-
dising the reactor’s safe operation. Furthermore, the system-level layout
and dispatch optimisation are addressed in the techno-economic optimisa-
tion domain. Mixed-Integer Linear Programming (MILP) models are de-
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veloped to determine optimal NHES configurations and dispatch strategies
under different demand, costs, and policy scenarios. A primary concern
is that thermally coupled NHES exhibit non-linear dynamics, while MILP
formulations require linear approximations. To address this, two coupling
strategies between optimisation and dynamic simulation are explored: a
soft-linked approach, where optimisation results are iteratively refined us-
ing feedback from dynamic simulations, and a hard-linked co-simulation
approach, where the optimiser and simulator exchange states and setpoints
during the optimisation process itself. These methods improve the con-
sistency between optimal dispatch strategies and physics-based operating
trajectories, enhancing the reliability of techno-economic results used for
policy insights. Another important area in assessing the role of NHES
in future energy systems concerns long-term energy planning. In this re-
gard, broader energy system models, which traditionally treat nuclear as
an electricity-only technology, are expanded to represent nuclear cogen-
eration and NHES architectures. The operational characteristics of SMRs
operating as combined heat and power units and of an archetypical NHES
coupling an SMR with high-temperature steam electrolysis modules are in-
corporated into both static and dynamic energy planning models. In the
static framework, a tool with hourly resolution over a full target year is
applied to determine cost-optimal capacity mixes and dispatch strategies
under different policy assumptions (e.g., emission caps, gas price measures
or renewable targets). In the dynamic framework, a multi-year capacity ex-
pansion model is used to investigate how investment timing, deployment
limits, and cost trajectories can affect nuclear deployment. Finally, the pol-
icymaking domain synthesises the insights from the previous pillars into
qualitative recommendations on several fronts, including flexible operation
of nuclear plants in NHES, safety and licensing considerations, economic
aspects and the role of nuclear cogeneration in long-term capacity planning.
Rather than providing country-specific recommendations, the work aims to
show how the proposed tools and approaches can be used to structure pol-
icy discussions and identify key factors that might enable or pose barriers
to NHES deployment.

Highlights of the analyses

In the remainder of this section, illustrative outcomes are presented for the
main methodological domains. From a system-level modelling perspective,
this work developed a set of dynamic models for NHES components, col-
lected in the open-source TANDEM Modelica library, and integrated them
into simulators of the overall architecture. The models were applied to in-
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vestigate novel operational strategies, such as the load-following by cogen-
eration mode, where the nuclear reactor remains at rated power while the
allocation of thermal power between electricity production and non-electric
applications is modulated according to grid or end-user requirements. As a
result, this operational mode leverages the advantages of maintaining a sta-
ble operation and a high capacity factor on the nuclear side while enabling
flexible electrical output through adjustments in heat extraction. Appli-
cations of the models demonstrated how load-following by cogeneration
can shift the burden of flexibility from the reactor core to the steam cy-
cle and the coupled non-electric applications. These findings indicate that,
if compliant with safety requirements, nuclear units could provide greater
flexibility than traditional electricity-only generators by modulating heat
extraction rather than core power.

On the safety side, the coupled thermal-hydraulic system code and dy-
namic simulator framework represents a methodological basis for assess-
ing abnormal transients in hybridised reactors, including initiating events
on the non-nuclear side. It enables comparative analyses between conven-
tional electricity-only operation and cogeneration modes, helping to clarify
under which conditions the integration with non-electric applications does
or does not affect nuclear safety margins.

In the techno-economic optimisation domain, the thesis shows that cou-
pling between dynamic and optimisation tools can significantly improve the
physical representativeness of cost-optimal dispatch strategies in thermally
integrated NHES. The results highlight the trade-off between solution detail
and computational burden and indicate conditions in which co-simulation
or iterative refinement is particularly important (e.g., when thermal flows
are indirect consequences of control actions on electricity or hydrogen pro-
duction).

In long-term energy planning, the extended energy system models
demonstrate how representing nuclear cogeneration and NHES explicitly
changes the way nuclear technologies appear in cost-optimal decarbonisa-
tion strategies. Static energy system models, with full-year hourly resolu-
tion, detailed operational reserves, and unit commitment constraints, can
capture flexibility requirements in systems with high VRE penetration and
quantify under which combinations of emission constraints, fuel prices,
technology costs, etc. nuclear systems prove to be competitive low-carbon
options for supplying electricity, industrial heat, and hydrogen. Comple-
mentary dynamic energy system models, in turn, highlight the importance
of deployment timing, construction times and cost trajectories, showing
that even technologies that are effective in a target year may contribute only
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marginally if introduced late for specific decarbonisation objectives; how-
ever, their reliance on short representative periods and limited operational
constraints can lead to dispatch strategies that are not fully consistent with
real-world system operation. Overall, the outcomes indicate that nuclear
cogeneration should be represented in long-term planning tools and policy
analyses, since the decarbonisation needs of industrial heat and hydrogen
could become key drivers for the deployment of such systems, provided
they emerge as a technically and economically viable option in a specific
context.

Conclusive remarks

In conclusion, it is worth emphasising that, at this stage, the proposed
framework is intended to be methodological and not to provide a detailed
national policy roadmap or to be restricted to a single NHES archetype,
but rather as a general approach that can be adapted to different contexts,
technologies and system configurations. Future work should therefore fo-
cus on extending the framework to multiple reactor concepts and end-users,
enabling the exploration of a broader spectrum of configurations, strength-
ening model validation (especially for dynamic simulators used in safety
studies), and applying the methodology to real industrial clusters and na-
tional systems to investigate detailed policy scenarios.

Within its scope, this work demonstrated that assessing if, when and
how nuclear cogeneration and NHES can contribute to decarbonisation can-
not be addressed by high-level energy scenarios or isolated system-level
studies alone. It requires an integrated view that combines physical mod-
elling, safety assessment, techno-economic optimisation and long-term en-
ergy planning. The methodological framework and tools developed in this
work are designed to bridge the gap between technical performance, eco-
nomic viability, and policy and regulatory considerations, providing a basis
for such integrated analyses and offering a structured way for decision-
makers to move beyond the traditional view of nuclear as a pure electricity
generator towards its potential role as a flexible, multi-purpose contributor
to low-carbon energy systems.
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CHAPTER1

Introduction

In the fight against climate change, the energy transition represents a funda-
mental pathway to reduce greenhouse gas emissions. The decarbonisation
of the energy sector should be addressed by facing the so-called energy
trilemma, which entails the need to ensure energy security, energy equity,
and environmental sustainability [1]. As a result, energy policies are needed
to promote the evolution of the energy sector to cover these three axes, i.e.,
ensure energy supply, provide affordable energy, and phase out fossil fuels
by substituting them with low-carbon energy sources.

The European Union (EU), for instance, is proposing policies to favour
investments and measures to support the decarbonisation of the energy sec-
tor, e.g., by boosting the penetration of renewable energy sources for elec-
tricity generation [2]. In the last years, the penetration of renewables surged
from 21.9% in 2010 to 44.3% in 2023 [3]. This growth was largely driven
by solar and wind power, whose individual contributions to the total elec-
tricity mix expanded significantly, with solar rising from 0.8% to 9% and
wind growing from 4.7% to 17.4% during this period [3]. The combination
of renewable generation and nuclear power, which as of today represents
the largest low-carbon energy source in Europe, limited the reliance on
fossil fuels for electricity generation to about 40%. However, decarboni-
sation efforts cannot be limited exclusively to the power sector. As shown
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on the left-hand side of Figure 1.1, this sector is responsible for about one
third of total CO2 emissions, with the remainder associated with hard-to-
abate sectors such as the transport, industry, and residential sectors. This
is evidenced also by the breakdown by sources of the total energy supply,
reported in Figure 1.2, dominated by fossil fuels by more than 70%.

The EU introduced various energy policies to decarbonise the energy
sector while seeking to remain competitive with other countries and ensur-
ing energy security. In the European Green Deal [5], several policy areas
are covered, including measures devoted to the transport and industry sec-
tors. As for the energy sector in general, the initiative aims at promoting
the deployment of renewable energy sources, improvements in energy ef-
ficiency, investments in cross-border transmission infrastructure, and the
transition towards tighter interconnected energy systems. The objective of
these measures is to support the Union’s ambition to reduce emissions by
at least 50% by 2030 and achieve climate neutrality by 2050. In this regard,
each Member State is responsible for providing a comprehensive National
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Energy and Climate Plan (NECP) [6], which outlines its national targets,
policies, and measures for contributing to achieving these EU-level and
global objectives. After the Russian aggression of Ukraine exposed the vul-
nerability of the European energy system and the need to enhance energy
security, the European Commission proposed to integrate the Green Deal
with the REPowerEU plan [7]. The set of policies proposed in this plan
aims at reducing the dependence on fossil fuels by diversifying energy sup-
ply and further boosting the deployment of renewables for the production
of low-carbon hydrogen to decarbonise industrial processes, among others.

Generally speaking, energy policies, combined with the low lifecycle
greenhouse gas emissions and the dropping plant-level costs, are driving a
massive deployment of Variable Renewable Energy (VRE) sources, such
as wind and solar, in energy mixes. On the one hand, this strategy is con-
tributing to the decarbonisation of the electricity sector, reducing the carbon
footprint of power systems, and lowering electricity prices [8]. On the other
hand, the intermittent nature of these sources poses significant challenges
for the reliability and resilience of the power grid [9]. In particular, the
progressive replacement of rotating synchronous generators (e.g., thermal
power plants) by inverter-based VREs is leading to a loss in grid inertia,
which in turn leads to issues in preserving grid stability [10]. Moreover,
the intermittency and non-programmability of VREs translate into addi-
tional requirements in terms of flexibility provided by dispatchable power
sources that are required to rapidly adjust their power outputs to ensure
that power supply matches load demand. From an economic standpoint,
the lower load factor of dispatchable generators translates into preferring
power plants with lower fixed costs, such as gas-fired generators. More-
over, the increasing penetration of VREs translates into a drop of electric-
ity prices when generation is high, resulting in the phenomenon of can-
nibalisation [11]. This effect, which can even lead to negative electricity
prices, also challenges the economic profitability of programmable genera-
tors [12]. The intermittency of VREs, together with the generation uncer-
tainties and geographical limitations, leads to so-called system costs that
need to be accounted for in addition to the plant-level costs [13]. These
include balancing costs to ensure grid stability through energy storage de-
vices and backup generators, transmission and distribution costs, etc.

Despite the significant contribution of VREs to the decarbonisation of
the power sector, these sources are facing challenges in effectively con-
tributing to the decarbonisation of hard-to-abate sectors [14]. For instance,
industrial processes often require a reliable and continuous energy sup-
ply, both in the form of electrical and thermal power, which is difficult to
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meet given the intermittent nature of VRE electricity generation. Further-
more, electrifying these processes will lead to a dramatic increase in en-
ergy demand. Electrification might also not be compatible with some high-
temperature industrial processes [15], which account for a large share of to-
tal process heat demand and remain difficult to supply without fossil fuels.
For this reason, further solutions are required to address heating demands in
the residential and industrial sectors, which are still predominantly supplied
by fossil fuels [16]. In this context, low-carbon options such as hydrogen-
based technologies and other energy conversion processes could contribute
to meeting these requirements. As shown in Figure 1.3, the total heat de-
mand in the EU is estimated to be almost 2400 TWh for the industrial sector
and 2850 TWh in the residential sector [17], highlighting the magnitude of
the challenge associated with decarbonising heat demand.

To support the decarbonisation of sectors beyond electricity generation,
energy system integration has been identified as an effective pathway in
the frame of the European Green Deal [18]. This strategy involves the
transition from parallel, independent links between energy providers and
end-users to a coordinated and strongly interconnected energy system shar-
ing energy carriers and infrastructure. This philosophy for the management
of energy systems is expected to improve the technical and economic effi-
ciency of the overall system, supporting the path toward climate neutrality.
The policies focus on increasing the overall energy efficiency by recovering
waste energy and strengthening synergies between different sectors. More-
over, a larger direct electrification and the use of low-carbon fuels, such as
hydrogen, are considered the solution to cover the heat demands. A key as-
pect of this tighter integration is the active role of consumers and end-users
in the system’s operation: specifically, higher flexibility can be achieved by
shifting energy consumption (e.g., of industrial processes) to ensure bal-
ance between energy supply, strongly shaped by the VRE availability, and
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the overall demand.
As a result, the transition towards deeply decarbonised energy systems

requires not only massive deployment of VREs but also complementary
dispatchable sources to meet flexibility needs and sustain the decarbonisa-
tion of multiple sectors. In this context, nuclear energy, as a low-carbon
and programmable source, could contribute beyond its traditional role as
a baseload electricity provider, particularly when integrated into so-called
Nuclear Hybrid Energy Systems (NHES), also referred to as integrated en-
ergy systems, in which the nuclear reactor is tightly coupled with other
energy sources, storage devices and end-users. Such hybrid configura-
tions represent a fundamental shift from the conventional electricity-only
paradigm of nuclear power plants. However, this shift introduces a high de-
gree of technical, operational, economic, and regulatory complexity: NHES
are inherently integrated systems in which multiple processes are strongly
coupled; as a result, their behaviour and performance cannot be adequately
captured through isolated component-level analyses. Interactions between
subsystems, operational strategies, and external boundary conditions need
to be taken into account when evaluating the overall system feasibility and
performance.

Moreover, existing research approaches on NHES tend to focus on in-
dividual research domains, such as techno-economic assessments, safety
analysis, or energy system modelling. While these contributions provide
valuable insights for the characterisation of NHES architectures, the lack of
a coherent and integrated framework limits their ability to assess the actual
deployment potential of NHES within decarbonisation strategies. In partic-
ular, independent studies risk being based on different assumptions across
technical, economic, and policy-oriented analyses, potentially leading to
inconsistent conclusions. In addition, there is the risk to sacrifice technical
aspects when addressing economic or policy questions if detailed modelling
of system design, operation, and constraints is not available. At the same
time, limiting the analysis to purely technical considerations would not be
sufficient, as economic competitiveness and policy mechanisms are criti-
cal drivers for nuclear projects. The need for a comprehensive analytical
framework is also motivated by the growing interest in nuclear cogenera-
tion within energy policies. Although nuclear energy is increasingly recog-
nised as a low-carbon option, nuclear power plants are still predominantly
considered as electricity-only generators. As a result, accounting for the
hybridisation of nuclear reactors requires not only updated modelling tools
capable of representing the multi-purpose nature of the plant and the po-
tential flexible operation, but also supporting the adaptation of regulatory
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and licensing procedures. Furthermore, in the context of energy planning
and policymaking, having an analytical framework that also encompasses
NHES and the usage of nuclear heat can reduce the risk of misrepresenting
the potential contribution of nuclear energy to decarbonisation strategies,
particularly in terms of grid stabilisation and the use of nuclear heat for
hard-to-abate industrial processes, which are often ignored.

The primary objective of this work is to develop a holistic methodolog-
ical framework to address the challenges associated with integrating nu-
clear reactors into such multi-output energy systems. The proposed frame-
work encompasses methodological approaches and tools across several
key dimensions relevant for NHES analysis: techno-economic modelling
and system-level optimisation, safety assessment and regulatory consider-
ations, as well as long-term energy planning studies. The ultimate goal is
to provide decision-makers with technically grounded tools and guidelines
that can support evidence-based policymaking, e.g., by identifying policy-
related barriers and enabling factors, and explore under which conditions
nuclear energy (including the use of nuclear heat) can effectively support
the energy transition.

Figure 1.4 provides a schematic overview of the thesis structure and the
main contributions for each domain. Chapter numbers are shown in the
numbered circles, while the key outcomes and main research contributions
are summarised in the blocks. Specifically, Chapter 2 reviews the state of
the art of non-conventional uses of nuclear technologies, including exist-
ing industrial cogeneration experiences, ongoing research initiatives and
identified gaps in current practice and literature, with particular attention
on NHES developments. Chapter 3 presents the methodological frame-
work proposed in this work, emphasising the inherently interdisciplinary
nature of NHES analysis and outlining how the different research dimen-
sions are interconnected with each other. Chapters 4 through 9 then exam-
ine in detail each of the methodological domains introduced in Chapter 3,
describing the adopted approaches, the developed modelling and simula-
tion tools, and several case studies that illustrate how the methods can be
applied in practice. In particular, Chapter 4 highlights the need to perform
a comprehensive context and scenario analysis for NHES architectures, as
it can strongly influence their design and operation. The modelling activ-
ities, described in Chapter 5, focus on the thermodynamic modelling and
optimisation of power conversion systems encompassing steam extraction
for cogeneration purposes and on the dynamic modelling of NHES compo-
nents and architectures, resulting in dynamic simulators for multiple con-
figurations. A key outcome for this domain is the contribution to the TAN-
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DEM Modelica library, an open-source repository that collects a broad set
of dynamic models for NHES analysis, including those developed within
the framework of this thesis. The dynamic simulators were applied to sup-
port safety and techno-economic assessments, described in Chapters 6 and
7, by numerically coupling them to thermal-hydraulic system codes and
techno-economic optimisation tools, respectively. The role of NHES within
broader energy systems (e.g., at the country level) is analysed in Chapter 8
using energy modelling frameworks that have been extended as part of this
thesis to represent nuclear cogeneration and NHES. Chapter 9 then trans-
lates the outcomes of the analysis and modelling activities into general pol-
icy recommendations related to NHES. Finally, Chapter 10 summarises the
main findings, discusses their implications for energy policies, and outlines
potential perspectives for future research efforts.

Context analysis NHES modelling4 5

Techno-economic optimisation7Safety assessment6 Long-term energy planning8

Policy recommendations9
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Figure 1.4: Thesis structure.

The methodological domains will be examined in greater depth in the
following chapters, where their practical implications are explored through
dedicated case studies. These studies apply the proposed approaches and
tools to demonstrate how the methodological framework can support anal-
yses that are relevant for policymaking. In particular, the case studies fo-
cus on three main applications, summarised in Figure 1.5 together with the
corresponding case studies presented in each chapter. These include heat
extraction and flexible operation, which address general steam extraction
for cogeneration purposes (independent from specific end-user segments)
and its potential contribution to the flexibility of the power plant. In addi-
tion, two illustrative non-electric applications were considered throughout

7



Chapter 1. Introduction

the thesis: hydrogen production and district heating. It is worth noting that
some tools and examples proposed in this work span over multiple appli-
cations. For instance, the TANDEM Modelica library encompasses models
for the steam cycle, hydrogen production plants, and district heating net-
works, among others. Moreover, the extended energy system modelling
frameworks were applied to investigate both steam extractions to meet ex-
ogenous heat demands and an archetypical NHES architecture incorporat-
ing hydrogen production.

Each case focuses on a light-water cooled, pressurized water-type Small
Modular Reactor (SMR), considering the European SMR (E-SMR) concep-
tual design, developed within the Euratom-funded ELSMOR project [19],
as a reference. The project provided a database of operational and geomet-
rical data for the primary loop [20], offering a valuable basis for modelling
the nuclear reactor. Most case studies consider a single E-SMR module,
without addressing potential interactions in a multi-module configuration.
The main design parameters of the E-SMR are summarised in Table 1.1.

Parameter Value Unit

Nominal thermal power 540 MWth
Reference electrical power 170 MWel
Primary coolant pressure 15 MPa
Steam outlet temperature 300 ◦C
Steam pressure 4.5 MPa
Feedwater inlet temperature 163 ◦C

Table 1.1: E-SMR module design parameters [19].
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CHAPTER2

State of the Art

This chapter provides an overview of the current and the potential future role of nuclear power
in the evolving energy sector. Specifically, it addresses the contribution of nuclear power plants in
providing flexibility to the electrical grid by adjusting their power production in response to renew-
able power generation and, in general, grid requirements. Moreover, the opportunities of directly
exploiting nuclear heat to drive cogeneration applications, such as district heating and industrial
processes, are discussed, providing an overview of current experiences and future prospects. A
novel application of nuclear reactors involves their integration into Nuclear Hybrid Energy Systems
(NHES), in which a stronger interconnection between energy suppliers and consumers is achieved.
In this chapter, a general overview of these systems is provided, together with the modelling ap-
proaches and research gaps that must be addressed to inform policy decisions.
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2.1 Nuclear energy in the evolving energy sector

Nuclear power, as a low-carbon and programmable heat source, can play an
important role in an energy sector increasingly shaped by intermittent re-
newable generation and the urgent need to decarbonise industrial processes
to meet climate targets. This section examines how nuclear energy can con-
tribute to this transition through flexible electricity production, the direct
exploitation of nuclear heat for cogeneration purposes, and its integration
within highly interconnected hybrid energy systems.

2.1.1 Flexible operation

The increasing penetration of VREs can lead to instabilities on the elec-
trical power grid, mainly driven by the uncertainties related to the renew-
able power generation that might result in mismatches with the electrical
load [9]. Nuclear Power Plants (NPPs), as dispatchable and low-carbon
power sources, represent a possible solution to address this issue by cover-
ing the residual load in response to renewable generation. However, tradi-
tionally, NPPs are operated as baseload generators, i.e., producing electric-
ity continuously at their rated capacity. This operational choice is driven by
both economic and technical factors. Nuclear projects are characterised by
high fixed costs and rather low marginal costs, with the fuel being respon-
sible for just 7-12% of the total operational costs, whereas this figure can
rise to as much as 71% for gas-fired power plants, making these generators
extremely sensitive to fuel price fluctuations [21]. Thus, achieving high
capacity factors is particularly important for NPPs to maximise the return
on investment. The technical advantages of keeping the reactor at its rated
conditions are mainly related to reduced wear and tear of the components,
as frequent power adjustments can induce thermo-mechanical stresses on
the equipment [22]. Moreover, by maintaining the core power at nominal
conditions, it is possible to optimise the neutron economy, as the need for
external reactivity insertion through control rods, which leads to distortions
in the neutron flux distribution, is minimised [22].

However, in light of the growing need for programmable generators, the
flexible operation of NPPs is becoming increasingly important. In Europe,
countries already modulate the reactors’ power to meet load demands. An
example is the French nuclear fleet, whose reactor units are designed to
be operated flexibly through the use of grey rods to modulate the reac-
tor’s power in response to grid requirements, including frequency regula-
tion [12]. As a matter of fact, NPPs can not only operate in load-following
mode, i.e., in response to predicted load variations and market conditions,
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Figure 2.1: Chooz-2 reactor operation and electricity prices in France, 10/08/2025 [24].

but they can also provide operational reserves and other ancillary services,
such as frequency regulation, to help stabilise the grid [23]. By partic-
ipating in these services, operators can adjust the power plant’s output,
contributing to overall system reliability while taking advantage of addi-
tional revenue streams from ancillary service markets. For instance, Figure
2.1 shows an illustrative day-long operation of the Chooz-2 reactor unit in
France. It can be clearly seen how the reactor power output is modulated in
response to the electricity market: during the central part of the day, when
solar generation is high and, consequently, when the residual load demand
is low, the electricity prices fall to negative values. To reduce economic
losses and respond to grid requirements, the reactor power is reduced from
100% rated power to about 25% in 1 hour. In the evening hours, when
electricity prices are high, full power conditions are re-established.

Notably, the flexible operation of nuclear reactors is limited by several
technical constraints, including the aforementioned neutron flux distortion
through control rods. In addition, frequent adjustments in core power can
be challenging for the fuel integrity and in terms of fission product poison-
ing [23]. These constraints are reflected in several operational limits set
by regulatory authorities. The current fleet of nuclear reactors can perform
load-following with ramp rates up to 5%/min of rated power and contributes
to primary and secondary frequency regulation by 3% and by more than 5%
of the rated power, respectively [25]. These capabilities are in line with the
regulations of the European Utilities Requirements (EUR), according to
which light-water cooled reactors should be able to adjust their electrical
output between 50 and 100% at a rate of 3%/min, with a limit of two ramps
per day or five per week [25].
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It is worth noting that these flexibility requirements and limits apply to
the nuclear technology that is currently more widespread, i.e., large-scale,
light-water cooled reactors. Innovative and advanced nuclear reactors could
have different characteristics when it comes to flexible operation. Current
nuclear technology developments are mainly dedicated to Generation IV
reactors [26]. Six nuclear energy systems were identified by the Genera-
tion IV International Forum (GIF), differing in terms of neutron spectrum,
coolants, fuel cycle, etc. The advanced reactor designs were selected with
particular attention on safety, economic viability, sustainability (e.g., in
terms of environmental footprint and nuclear waste management), and pro-
liferation resistance. The selected systems are characterised by different
coolants with respect to conventional light-water cooled reactors, allowing
the primary coolant to operate at higher temperatures, as summarised in
Table 2.1.

Reactor concept1 Temperature range (◦C)

Lead-cooled fast reactor LFR 480-570
Sodium-cooled fast reactor SFR 500-550
Supercritical water reactor SCWR 510-625
Molten salt reactor MSR 700-800
Gas-cooled fast reactor GFR 850
Very high temperature reactor VHTR 900-1000

Table 2.1: Overview of Generation IV reactor concepts [27].

The reactor sizes can differ from tens of MWel to large-scale systems
exceeding 1 GWel. In this regard, generation units of smaller scale are
often denoted as Advanced Modular Reactors (AMRs).

Current research efforts are exploring the viability of SMRs. They are
based on innovative light-water cooled technology and have a rated power
typically below 300 MWel [28]. These reactors can be characterised by
a loop-type design, similar to conventional large-scale reactors, or by an
integral design, with the main primary circuit components packed within
the reactor pressure vessel. A key feature of SMRs, as well as of AMRs,
is the smaller dimension and reduced core inventory, which may facilitate
siting the reactors closer to end-users for the supply of both electricity and
heat. Moreover, these systems are characterised by a modular construction
and deployment approach: the aim is to establish a standardised supply
chain of reactor modules, manufactured in factories and assembled at the

1For reference, the nuclear technology considered in this work (i.e., the E-SMR) has a primary coolant tem-
perature that reaches approximately 325◦C.
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construction site. In addition, multiple reactor modules could be installed
in the same facility, allowing the rated power of the NPP to be scaled up as
needed. From an economic perspective, SMRs rely on a different strategy
with respect to conventional NPPs, as the lower power ratings lead to a loss
of the economy of scale. Thanks to the modular construction approach,
the SMRs competitiveness is expected to be supported by an economy of
series, promoted by the standardised designs and the reduced investment
risk due to the smaller size of the project [29].

The significant design evolutions with respect to conventional NPPs can
lead also to differences in terms of operational limits during flexible oper-
ation. For instance, the limits driven by concerns on fuel integrity will be
different in the case of MSRs or gas-cooled reactors, where the fuel is dis-
solved in the coolant or encapsulated in TRISO particles, respectively. For
this reason, the specific design features of these advanced reactor technolo-
gies should be taken into account in future research efforts when evaluating
their role in the evolving power sector. Despite the technological similar-
ities between SMRs and conventional reactors, the former also can have
some differences in terms of flexible operation. For example, some SMR
concepts are based on soluble-boron-free designs, which lead to stronger
inherent reactivity feedback effects and contribute to core power adjust-
ments during load following [30]. In addition, the multi-modularity of
SMRs can be exploited to adjust the electrical power output of the over-
all NPP by coordinating the operation of the single modules to meet the
variable load demands [31, 32].

2.1.2 Nuclear cogeneration

Nuclear reactors are inherently thermal power sources; however, as of to-
day, they are largely used exclusively for electricity generation. The di-
rect exploitation of nuclear heat has several advantages, including improve-
ments of the plant’s efficiency, driven by a reduction in power conversion
losses [27]. Moreover, the availability of large-scale, dispatchable, and low-
carbon heat could support the decarbonisation of hard-to-abate sectors, es-
pecially in industries that need a reliable energy supply.

A key factor that needs to be considered for the coupling of nuclear reac-
tors with non-electric applications is the compatibility between the temper-
ature requirements of the heat user and the temperature levels achieved by
the nuclear technology. Figure 2.2 shows a temperature range comparison
including the compatibility between various non-electric applications and
different nuclear reactor types, from conventional water-cooled to VHTRs.
It should be noted that the temperature ranges reported in the figure refer
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to the peak temperature requirements of each process. However, most of
these industrial applications can benefit from nuclear cogeneration even at
lower temperature levels, for instance for feedstock preheating or initial
steam temperature increases. In general, the steam temperature level of
light-water cooled reactors, including both conventional large-scale reac-
tors and SMRs, is limited to 300◦C. On the other hand, thanks to the dif-
ferent technological characteristics, advanced reactors can achieve higher
temperatures, up to 1000◦C for the VHTR. It is worth noting that the latter
temperature refers to the primary loop, meaning that some temperature drop
in intermediate heat transfer processes should be accounted for when con-
sidering heat extraction from the secondary side. Nonetheless, temperature
matching can also be addressed through heat-augmentation techniques that
upgrade extracted heat to higher levels required by end users. For example,
steam extracted at around 300◦C can be boosted toward higher tempera-
tures using heat augmentation techniques such as steam compression (with
reported temperature increases up to 650◦C [33, 34]), gas compression cy-
cles, or chemical heat pumps for achieving larger temperature lifts [35].
While such approaches introduce additional equipment and power con-
sumption, they enable heat supply at higher temperature levels (and thus
exergy content) through the conversion of mechanical or chemical work.
Although this inevitably leads to exergy destruction and efficiency losses
at the overall system level, it can expand the addressable heat market by
enabling even conventional reactor technologies to serve high-temperature
end-user segments.

A significant amount of non-electric applications, e.g., desalination, dis-
trict heating, hydrogen production via high-temperature steam electrolysis
and process steam supply for industries requiring low-grade heat, could be
potentially driven by conventional reactor technologies even without tem-
perature boosting techniques. The deployment of advanced reactors could
enable the coupling with high-temperature applications like hydrogen pro-
duction via thermochemical cycles, the petrochemical industry, and steel-
making processes.

A short overview of the main processes suitable for coupling with nu-
clear reactors is provided below:

• District heating: In this application, nuclear energy is used to supply
thermal power to a district heating network that distributes heat to res-
idential, commercial, and industrial buildings for both space heating
and domestic hot water production. The supply temperature of the
hot water is typically limited to 150◦C and can therefore be achieved
by extracting steam from any NPP [36]. Notably, the heat demand
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Figure 2.2: Temperature ranges for cogeneration applications and reactor technologies
(readapted from [36]).

in this non-electric application is strongly seasonal, with higher loads
in winter and almost exclusively domestic hot water demand in the
summer.

• Desalination: Seawater desalination technologies can be classified in
thermal and electricity-driven processes. As for the latter, reverse os-
mosis stands out as the most mature technology and would require just
an electrical interconnection with the NPP. Nowadays, the predomi-
nant share of desalinated water is produced with this technology [37].
Nuclear heat could be exploited to drive thermal desalination pro-
cesses, such as multi-stage flash and multi-effect distillation, reduc-
ing the electrical power requirements of the process [38]. While such
applications are particularly relevant in regions facing water scarcity,
nuclear-driven desalination can also be employed for the treatment of
brackish water [37].

• Hydrogen production: Several hydrogen production technologies,
characterised by different temperature requirements, could be cou-
pled to nuclear reactors. In addition to Low-Temperature Electroly-
sers (LTE) (e.g., based on alkaline and proton exchange membrane
technology), which would be only electrically coupled to the power
plant, nuclear energy could be used to drive High-Temperature Steam
Electrolysis (HTSE). In this system, the water splitting reaction oc-
curs between 600 and 900◦C, leading to significantly lower electri-
cal power requirements compared to LTE (about 40 kWhel/kgH2 in-

17



Chapter 2. State of the Art

stead of 55 kWhel/kgH2) [39]. It is important to note that an HTSE
encompasses heat recuperation and temperature boosting systems to
achieve the temperature levels required by the electrolyser, whereas
external heat supply from the NPP is needed only for feedstock wa-
ter evaporation (i.e., <200◦C). Moreover, high-temperature reactors
could support the production of hydrogen via thermochemical cycles,
which require a minimal electrical power output compared to electrol-
ysis technology. However, these cycles currently exhibit a very low
technology readiness level, largely due to the challenges associated
with handling highly corrosive and reactive chemical materials at high
temperatures. In addition, high-temperature heat can be exploited also
to support the decarbonisation of steam methane reforming, which, as
of today, accounts for the overwhelming majority of hydrogen pro-
duction worldwide. In this process, natural gas combustion is used to
provide the required heat at about 800◦C, which could be replaced by
heat supplied by advanced reactors, reducing the need for gas (and,
therefore, emissions) by about 35% [40].

• Process steam supply: Industrial process steam supply refers to the
use of the heat extracted from NPPs to produce steam to drive in-
dustrial applications, which can be characterised by a wide range of
temperature requirements. For instance, the paper and food industries
require steam at low temperature levels, whereas chemical processing
plants, refineries, steelmaking, etc. operate at higher temperature lev-
els. In industrial processes, the reliability of the energy supply is a
critical aspect. In this context, nuclear plants, with their capability to
deliver a stable and continuous steam supply, could effectively meet
this requirement [27].

Despite being used predominantly for electricity generation, some ex-
periences of nuclear cogeneration exist, specifically with a fraction of the
heat of large-scale reactors allocated for desalination, district heating or
process steam supply. In 2021, 61 nuclear plants supplied heat to non-
electric applications worldwide, representing about 14% of the operational
reactor units [41]. Figure 2.3 shows the nuclear plants in Europe that are
currently operating in cogeneration mode. Reactors are mainly used to sup-
ply heat to district heating networks in Eastern Europe, and there is also
experience in industrial steam supply, especially in Russia. Examples of
nuclear cogeneration applications are present also beyond Europe, with re-
actors in Japan and India used for seawater desalination, for instance. As
of today, there are limited experiences of nuclear-based hydrogen genera-
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tion, mainly involving small-scale production for internal uses, such as in
the case of the Oskarshamn NPP in Sweden, where the produced hydro-
gen is used for generator cooling [42]. Nevertheless, several demonstration
projects are either under deployment or have been announced to showcase
the viability of coupling the power plant’s operation with the hydrogen pro-
duction processes, including the Davis-Besse and the Prairie Island NPPs
in the United States, where the coupling with LTE and HTSE, respectively,
will be implemented [43]. Moreover, the exploitation of high-temperature
heat of the High Temperature Engineering Test Reactor (HTTR) to reduce
emissions of hydrogen production via steam methane reforming is under
demonstration in Japan [40].
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Currently, numerous research and development (R&D) and industrial
initiatives are exploring the potential applications and characteristics of nu-
clear cogeneration. For instance, the GIF "Non-Electric Applications and
Cogeneration Applications of Nuclear Energy" Working Group (NECA
WG) investigates the potential integration of advanced reactors with sev-
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eral non-electrical applications, leveraging the availability of high-quality
heat [44]. Moreover, the International Atomic Energy Agency (IAEA)
launched the Coordinated Research Project Role of Nuclear Cogeneration
within the Context of Sustainable Development in 2023 [45]. The goal of
this initiative is to support Member States to assess technologies and pos-
sible integration strategies between nuclear and cogeneration systems. As
for nuclear hydrogen production, the International Energy Agency’s (IEA)
Task 44 - Hydrogen from Nuclear Energy focuses on conducting techno-
economic analyses, identifying barriers, and providing guidance to policy-
makers, industry, and investors to support the deployment of nuclear-based
hydrogen production technologies [46]. In addition, the European Nuclear
Cogeneration Industrial Initiative (NC2I), established within the framework
of the Sustainable Nuclear Energy Technology Platform (SNETP), aims
at facilitating the deployment of nuclear cogeneration systems by coordi-
nating European public and private research and industrial initiatives [47].
In this framework, the NC2I-R project contributed to defining a strategic
roadmap, assessing safety and licensing frameworks, and identifying re-
search and demonstration needs for nuclear cogeneration systems in the
European context [48]. Over the years, several Euratom-funded projects
explored the role of nuclear cogeneration in the European context. For in-
stance, the EUROPAIRS [49] and ARCHER [50] projects analysed the po-
tential use of High Temperature Gas-cooled Reactors (HTGR) to supply in-
dustrial process heat, addressing technical, economic, and licensing consid-
erations. More recently, the operation of HTGRs in polygeneration mode to
reduce emissions from the industrial sector was addressed in the GEMINI+
and GEMINI 4.0 projects [51, 52]. Lastly, the NPHyCO project investi-
gated the prospect of retrofitting existing, large-scale nuclear power plants
for low-carbon hydrogen production, evaluating the techno-economic and
operational viability as well as possible pilot project configurations and
suitable sites [53]. From an industrial perspective, nuclear cogeneration is
looked at with high interest by many SMR vendors [54]. For instance, stud-
ies are ongoing to evaluate the use of the BWRX-300 reactor design to pro-
duce hydrogen and decarbonise chemical processes in Poland. Moreover,
significant advancements are ongoing for the deployment of LDR-50 reac-
tors to supply heat to the Finnish district heating system. Another example
in the European context is the French NUWARD design, which is specifi-
cally conceived for combined heat and power, providing both electricity and
heat for hydrogen production, district heating, and desalination [55]. Many
HTGR concepts, including the French Jimmy HTR and the Polish HTGR-
POLA, also foresee the coupling with non-electric applications, leverag-
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ing their higher operating temperatures. Beyond Europe, the HTR-600S
project in China targets steam supply for petrochemical applications, while
in the United States X-energy and Dow are advancing the deployment of
high-temperature reactors to provide reliable process heat to industrial fa-
cilities [54].

2.1.3 Nuclear hybrid energy systems

The aforementioned cogeneration applications operate as stand-alone, ver-
tically integrated systems, directly coupling the nuclear reactor to the co-
generation facility. In contrast, Nuclear Hybrid Energy Systems (NHES)
introduce a novel operational paradigm, integrating the nuclear reactor into
a highly interconnected energy system with other generation sources (e.g.,
renewables), energy storage devices, and non-electric applications [56].
This tight coupling allows exploiting synergies between generation sources
to optimise resource utilisation and revenue streams from different com-
modities by flexibly allocating the power flows within the system according
to end-user requirements and market dynamics [56]. NHES can feature dif-
ferent levels of integration, ranging from purely electrical interconnection
through the power grid to a tight coupling via electrical and thermal inter-
connections within the plant itself. A key strength of NHES architecture
is flexibility, achieved by coordinating the various NHES subsystems (both
energy producers and consumers) to regulate commodities production [56].

An illustrative schematic of a NHES architecture is shown in Figure 2.4.
As aforementioned, it can encompass several power sources, storage de-
vices, industrial processes and/or cogeneration applications. Therefore, the
integrated system can produce different commodities needed in the end-
user sectors reported on the right-hand side. Several non-electric appli-
cations could be coupled to the system, including those described before
(district heating, hydrogen production, desalination, process steam supply,
etc.). These technologies can differ in terms of energy requirements; for in-
stance, LTE-based hydrogen production requires only electricity, whereas
thermally coupled systems may require only heat (e.g., district heating) or
both electrical and thermal energy, as in HTSE hydrogen production plants.
Moreover, the system can supply net electricity to the national transmission
network, coordinating on-site generation and consumption to maximise
flexibility and support grid stability. Overall, the commodities produced
by the NHES can contribute to the decarbonisation of hard-to-abate sec-
tors, not only the power sector. For instance, the production of hydrogen
and, eventually, of low-carbon fuels could play an important role in the
industrial and transport sectors. Moreover, the heat produced by the sys-
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Figure 2.4: General schematic of a NHES architecture.

tem could contribute to satisfying the process steam and residential district
heating demands.

The design and operation of NHES is characterised by several bene-
fits and challenges, driven mainly by the strong interdependencies between
NHES subsystems. A noteworthy operational mode for the nuclear reac-
tor is the so-called load-following by cogeneration mode, where the re-
actor is maintained at rated conditions while flexibly allocating its ther-
mal power either for power conversion or to drive non-electrical applica-
tions [57]. This operational mode allows leveraging the advantages men-
tioned in Section 2.1.1 of keeping the reactor stable while meeting flexibil-
ity and grid requirements by adjusting the fraction of thermal power deliv-
ered to non-electrical applications and/or a thermal energy storage system.
For instance, when load demand or electricity prices are low (e.g., due to
high renewable generation), the electricity production of the NHES could
be minimised by delivering a higher amount of thermal energy to produce
commodities beyond electricity, thereby diversifying revenue streams of
the integrated system. However, when designing and operating a NHES,
several challenges must be considered as well, such as the compatibility
and coordination of NHES subsystems. For instance, the industrial process
might need a stable supply of energy, which could constrain the system’s
capability to provide the flexibility needed for variable grid requirements.
As a result, it is fundamental to define an operational mode that is compliant
with the technical constraints of each NHES subsystem. In addition to op-
erational considerations, NHES design also entails significant challenges,
as integrating nuclear reactors with industrial processes or other subsys-
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tems requires compatible design standards and safety requirements, as well
as properly engineered thermal and electrical interfaces [56].

Currently, several research efforts focus on the investigation of NHES.
One example is the Integrated Energy System (IES) programme, a U.S.
Department of Energy initiative coordinated by the Idaho National Labo-
ratory [58]. This initiative is based on three pillars: (i) system simulation,
which aims at analysing the techno-economics of NHES through modelling
tools; (ii) an electrically heated experimental demonstration testing system,
called DETAIL, to test the integrated operation of electrically and ther-
mally interconnected components; and (iii) a nuclear demonstration project
based on retrofitting an existing plant. Moreover, TANDEM (Small Mod-
ular ReacTor for a European sAfe aNd Decarbonized Energy Mix) is a
Horizon Europe project funded under the Euratom scheme that was ac-
tive between 2022 and 2025 [59]. The project focused on the possible hy-
bridisation of light-water cooled SMRs in integrated energy systems, with
the aim of assessing how such systems can contribute to meeting climate
targets in Europe. As part of the project, tools and methodologies were
developed to investigate the couplings from several standpoints, including
techno-economics, safety, stakeholder engagement, as well as gaps and op-
portunities in education and training. Overall, the outcomes of the project
aim at supporting R&D activities to assess the integration of SMRs into
NHES.

Recent review articles on NHES agree that these systems can offer sig-
nificant benefits in terms of flexibility, resource utilisation efficiency, rev-
enue streams, and in the support of deep decarbonisation [60–62]. In par-
ticular, Arent et al. [60] highlighted the importance of leveraging the avail-
ability of multiple energy carriers to optimise the operation of the system
in compliance with operational constraints. However, technical and eco-
nomic challenges need to be considered, especially when it comes to the
different types of interconnections and co-location of nuclear and indus-
trial facilities [61]. Besides technical and economic considerations, gen-
eral strengths, weaknesses, opportunities and threats, including aspects like
social acceptance and policies, were addressed by El-Emam et al. [62].
Overall, the reviews emphasised the importance of conducting system-level
techno-economic studies to assess the competitiveness of NHES in realis-
tic, country-specific market conditions, demonstrating the safety of having
an industrial process that is tightly coupled to NPPs, and developing control
and operational strategies to manage power flows within the NHES to meet
demands and requirements of the various produced commodities.
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2.2 Modelling NHES in decarbonisation strategies

This section aims at describing the main modelling approaches for NHES
available in literature, identifying current research gaps, and discussing the
implications for policymaking. Due to the novelty of such integrated energy
systems, the modelling and simulation phase is critical for assessing their
potential in different decarbonisation scenarios. Consequently, modelling
tools, such as physics-based, techno-economic, detailed thermal-hydraulic,
and energy planning models, will be instrumental for decision-makers in
the global evaluation of NHES. For instance, they can be applied to explore
technically and economically viable configurations of NHES and provide
policymakers insights about their deployment potential in synergy with
renewables, considering uncertainties and different market assumptions,
among others. Moreover, modelling of NHES architectures can support the
definition of the optimal coupling and control strategies for the integrated
system design and operation, identifying also safety-related challenges that
need to be considered by policymakers in the regulations and in the licens-
ing process.

The aforementioned review studies stressed the importance of modelling
NHES to support the investigation of the design and operation of integrated
architectures. In literature, there are several examples proposing dynamic
models to test the operation of NHES, mainly applied to evaluate control
strategies and identify operational constraints arising from system integra-
tion. For instance, the dynamics of a NHES modelled in the object-oriented
language Modelica were investigated by Kim et al. [63], who demonstrated
that such systems could support grid stability by regulating the power allo-
cated for hydrogen production. Similarly, Jacob and Zhang [64] proposed
a dynamic model of a NHES, encompassing a light-water cooled SMR,
HTSE, as well as VREs, and presented a control strategy to coordinate
subsystem operations based on grid requirements, showcasing the flexi-
bility of the integrated system. Moreover, Garcia et al. [65] conducted a
dynamic analysis of two NHES architectures tailored to regional charac-
teristics, considering one integrating chemical production in Texas and the
other fresh water production in Arizona. The study demonstrated that both
architectures can effectively accommodate high levels of VRE penetration
and rapidly adjust outputs to provide operating reserves and ancillary ser-
vices to the electric grid. Other studies have focused on modelling the eco-
nomic and environmental aspects of NHES, particularly assessing the ben-
efits of accessing multiple markets and optimising economic dispatch, as
well as the advantages in terms of emissions reduction. For example, Chen
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et al. [66] optimised the dispatch strategy of the NHES architectures pro-
posed by Garcia et al. [65], highlighting the pivotal role that participation
in markets beyond electricity can have on the profitability of the integrated
system. Moreover, Epiney et al. [67] presented a methodology to optimise
both subsystem capacities and dispatch strategy while accounting for the
stochastic nature of boundary conditions, such as load demand and VRE
availability. Their study demonstrated that the optimal configuration of the
system is highly dependent on the considered context. Overall, these works
emphasise that the economic viability of NHES is strongly scenario- and
assumption-dependent, underlining the need to consider uncertainties in
techno-economic parameters and to adopt realistic market- and site-specific
conditions when evaluating system performance. Lastly, another important
research area concerns the assessment of the role of nuclear power within
broader energy systems. In this regard, most long-term decarbonisation
studies that include nuclear energy still limit its role to the electricity sec-
tor [68]. A notable exception is the work by Matthews et al. [69], in which
nuclear-driven hydrogen production is explicitly modelled in decarbonisa-
tion pathways. The authors show that nuclear could not only support high
penetrations of VRE but also supply heat and electricity for hydrogen pro-
duction when renewable availability is high, thereby reducing reliance on
gas in both the power and hydrogen sectors.

In general, the models of NHES architecture proved to be instrumental
in identifying risks, barriers, and enabling conditions for NHES deploy-
ment. Nonetheless, several gaps and challenges remain, arising mainly
from the complex and tightly interconnected nature of such systems. This
aspect complicates the development of highly representative models, which
would require a detailed set of parameters for each interconnected compo-
nent, and the resulting model complexity could lead to a significant compu-
tational burden when performing simulations [70]. As a result, a simplified
modelling approach is often adopted for broader energy system analysis,
e.g., for techno-economic analyses, whereas a physical representation of
the most important systems is used for rather local or short-timescale op-
erational assessments. The main challenge is then to integrate the outputs
from these two levels into a comprehensive NHES modelling framework.
As previously discussed, dynamic models are often adopted to simulate
the behaviour of the overall system. Also in this case, the heterogeneity
of the coupled systems can introduce considerable modelling complexities,
resulting in the need for a multi-physics modelling strategy. Achieving
computationally feasible simulations may necessitate simplifying certain
components, though this can limit the acceptability of the results. For in-
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stance, a simplified modelling approach for the nuclear reactor can under-
mine the value of the simulations for safety assessments, limiting the ac-
ceptance of the models for regulatory and licensing purposes. In addition,
this challenge is reinforced by the difficulty of establishing model accuracy,
since validation is constrained by the limited experimental data and opera-
tional experience available for NHES. The complex architecture of NHES
also creates hurdles for plant-level techno-economic optimisation, particu-
larly due to interactions with multiple markets (e.g., electricity, hydrogen,
heat), each governed by different regulations that are difficult to represent
in optimisation frameworks [71]. For such integrated energy systems, it
is also essential to account for spatial variability, for example, in renew-
able resource availability, local energy prices, or infrastructure constraints,
all of which are subject to uncertain future developments. In addition, ther-
mal couplings between subsystems can introduce non-linear effects that are
hardly captured by conventional linear optimisation tools and thus require
more advanced modelling approaches. However, one of the most significant
research gaps regarding NHES lies in their representation within long-term
energy system planning analyses. Capturing the role of NHES in these
models is particularly challenging, as such systems can be characterised by
multiple configurations, strong interactions between subcomponents, and
simultaneous participation in multiple commodity markets [72]. Most es-
tablished energy system modelling frameworks treat NPPs predominantly
as electricity-only generators, with limited capability to represent their po-
tential to supply heat or serve non-electric applications. Moreover, in the
context of dispatch optimisation, only a limited number of energy system
models explicitly represent operating reserves and other flexibility require-
ments needed to maintain grid stability [73]. When adequately represented,
these elements, together with transmission, balancing, system integration
costs, etc., contribute to the total system cost, which offers a more represen-
tative figure of merit for assessing decarbonisation pathways, particularly
in scenarios with increasing penetration of VREs [74].

Overall, NHES models should support decision-makers in assessing the
potential deployment of such systems within decarbonisation pathways, ac-
counting not only for emission reductions but also factors such as energy
security, reliability, and flexibility to contribute to grid stability. In addition
to the previously discussed modelling gaps, a fundamental limitation is the
lack of integration between the technical, economic, and policy dimensions.
Specifically, addressing this need requires an interdisciplinary approach,
with modelling tools designed to respond to a range of policy requirements
and gaps, including regulatory frameworks, stakeholder engagement, social
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acceptance, and climate and energy policies. As a result, it is fundamental
to align the NHES modelling strategies to real-world policy needs to ensure
that the outputs are relevant and supportive for decision-making.
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CHAPTER3

Methodology

This chapter presents the methodological framework developed in this thesis for the analysis of
NHES and, in general, nuclear-driven cogeneration systems. The approach integrates six intercon-
nected domains: context analysis, NHES modelling, safety assessment, techno-economic optimisa-
tion, long-term energy planning, and support for policymaking, with each pillar relying on dedicated
simulation and optimisation tools. Together, these domains enable a consistent treatment of techni-
cal performance, safety implications, economics and the integration of NHES within broader energy
systems across different deployment scenarios. The chapter also presents how the resulting frame-
work can be used to inform regulatory developments and evidence-based energy policies regarding
the hybridisation of nuclear reactors.
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The global objective of this research is to propose a holistic methodol-
ogy for the analysis of NHES in different scenarios. The proposed method-
ology follows a structured, multi-domain approach that links contextual
analysis, physics-based system modelling, safety assessment, and techno-
economic optimisation with long-term energy planning and policymaking.
These domains are integrated to provide a comprehensive representation of
NHES architectures and their operation in different scenarios, with the aim
of providing policymakers with technically grounded tools and method-
ologies for the evaluation of NHES configurations. Figure 3.1 shows a
schematic of the proposed framework: it encompasses several domains, un-
derlining the importance of an interdisciplinary approach in NHES research
for shaping evidence-based policies. In this chapter, a brief overview of
the methodology is provided, mentioning the fundamental aspects of each
domain and how they are interconnected with each other. Following that,
each pillar will be addressed in a dedicated chapter, delving into the specific
methodological approaches, the relevant tools, and case studies to showcase
their practical application and how the integrated framework can be applied
to evaluate NHES architectures in different scenarios.
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Figure 3.1: Overview of the methodological framework.
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Context analysis

The design, operation, and optimisation of NHES architectures are strongly
dependent on the considered context, including location and deployment
timeline. For instance, the territories can vary in resource potential, exist-
ing infrastructure, and governing policies, among others. As a result, it is
fundamental to investigate local requirements, market demands, and other
factors that can affect the structure of energy systems. Consequently, under-
standing the context needs helps define the design of the NHES architecture
during the modelling phase, e.g., by identifying the technologies and pro-
cesses best suited for integration with nuclear heat based on the specific
characteristics of the area. In addition, the performance of a NHES design
will be driven by the testing scenarios, e.g., depending on commodity de-
mands and market conditions. Therefore, to fully understand the potential
role of these systems under future uncertainties, it is crucial to develop and
analyse a broad range of scenarios based on projections and existing or an-
ticipated policies. The underlying assumptions of these generated scenarios
must be guided by the local needs and conditions of the areas where the po-
tential NHES deployment is being investigated, ensuring that the analysis
reflects realistic conditions. Moreover, the selected scenarios play a funda-
mental role in techno-economic optimisations, allowing for the assessment
of the optimal design and operation of the integrated system in response to
the specified boundary conditions.

NHES modelling

Firstly, potential components, including non-electric applications, specific
technologies, etc., that are suitable for integration into NHES need to be
identified. As for the overall architecture, the design phase can be supported
through steady-state thermodynamic modelling of the power conversion
system and the interconnection with the non-electric application in order
to define viable steam extraction points in terms of temperature and pres-
sure levels and assess their impact on power conversion performance. The
selected components are then simulated through dynamic models, which
can be characterised by different levels of modelling detail according to
the purpose of the model and the scope of the analysis. Moreover, the
dynamic models are combined in a simulator of the overall NHES archi-
tecture, based on the design identified from the context analysis and the
techno-economic optimisation of the system’s capacities. A fundamental
aspect for both the single subsystems and the overall NHES architecture is
the definition of control and operational strategies. As a matter of fact, the
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operation of single subsystems needs to be controlled to maintain critical
variables within the allowed limits and, at the same time, their operation
coordinated to enable the integrated system to meet different commodity
demands efficiently. In this regard, the techno-economic optimisation of
the system can provide indications on which commodities to prioritise ac-
cording to market conditions, for instance. The dynamic simulator of the
NHES can be applied to explore the system response in transient scenarios
and to identify operational profiles. As for the former, both normal and ab-
normal operating conditions can be considered, providing valuable insights
to assess the safe operation of the system. The operational profiles can be
used to characterise constraints and performance parameters, which play
an instrumental role when evaluating the techno-economics of the system
at different scales.

Safety assessment

The simulators can be applied to test the system’s response under various
accidental scenarios, with the objective of identifying initiating events and
abnormal operating conditions that could compromise the safe operation of
the nuclear reactor. By analysing such scenarios, it is possible to understand
potential risks arising from the integration between the nuclear reactor and
non-electric application and test design and operational measures to min-
imise potential hazard propagation and ensure the system meets safety and
performance requirements. The goal in the frame of this work is to provide
a methodological approach supported by simulation tools. It is intended
to support policymakers adapting the regulatory framework and licensing
procedures, accounting for operation in cogeneration mode, thereby facil-
itating the deployment of NHES and the coupling of nuclear reactors with
industrial processes.

Techno-economic optimisation

The techno-economic optimisation domain focuses on the integrated
system-level dispatch and layout optimisation. In this context, optimisation
tools are used to identify the most cost-effective combination of installed
capacities for the various system components under a given scenario, while
dispatch optimisation determines the optimal power flows within the sys-
tem to maximise overall performance. The NHES simulator supports this
process by providing key information on operational constraints and techni-
cal parameters and by offering a physically representative behaviour of the
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system response when the optimised dispatch strategy is applied. Techno-
economic optimisation plays a critical role in shaping policy recommenda-
tions. It enables an assessment of economic competitiveness, accounting
for capital and operational costs, revenue streams from the production of
multiple commodities, implications of market dynamics, etc. At the same
time, it allows policymakers to compare NHES performance with alter-
native energy supply options from both economic and environmental per-
spectives, accounting for factors such as emissions, integration costs, and
efficiency gains.

Long-term energy planning

For defining strategic investments and assessing the potential inclusion of
NHES within broader energy systems at the country or regional level, it
is essential to integrate these advanced nuclear applications into long-term
energy planning models. Such models allow policymakers to explore how
NHES may fit within evolving energy systems and how they can contribute
to policy objectives. Similarly to the techno-economic optimisation do-
main, long-term energy planning models can rely on the technical parame-
ters that were characterised in the detailed modelling activities. As a result,
it is possible to evaluate the potential contribution of NHES to national de-
carbonisation strategies and to understand how they may complement other
energy sources and technologies in meeting commodity demands. Such in-
sights are crucial for policymakers, as they provide evidence on whether
NHES can reduce system-wide costs and deliver environmental benefits
compared to alternative pathways.

Policy recommendations

The methodologies and tools developed in this work are intended to support
policymakers and regulators in the evaluation and planning of the hybridisa-
tion of nuclear reactors. By integrating detailed technical and economic as-
pects of NHES architectures into energy system optimisation frameworks,
the proposed approach enables the assessment of their potential contribu-
tion to national decarbonisation objectives. The dynamic simulators can
support safety authorities in verifying operational conditions and safety-
related aspects of coupled systems under both normal and accidental con-
ditions. Furthermore, the techno-economic analyses can inform policies
to assess the sustainability of NHES in the context of the energy transition,
highlighting their role, benefits, and potential deployment barriers. Overall,
the developed methodology aims to connect the engineering characteristics
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of such novel, integrated energy systems with policymaking, thereby sup-
porting technically grounded decision-making in the evaluation of NHES
in low-carbon scenarios.

Concluding remarks

This chapter introduced the methodological framework for the assessment
of NHES architectures, highlighting importance of integrating technical,
economic, and policy-oriented analyses. As summarised in Table 3.1, each
methodological domain delivers outputs that directly support the others,
in line with the interdisciplinary nature of NHES analysis. The interac-
tions between domains are a fundamental feature of this framework. For
instance, context analysis sets the boundary conditions that are needed
for modelling and optimisation activities, while NHES modelling provides
the operational constraints and dynamic tools safety assessments and op-
timisation studies. Ultimately, by linking detailed physics-based models
with system-level optimisation and broader energy planning tools, the pro-
posed methodology aims at supporting a technically grounded evaluation
of NHES deployment options and provides a structured basis for informing
regulatory developments and energy policy decisions concerning nuclear
cogeneration.

Domain Outputs

Context analysis Technologies to be integrated into the NHES architecture in
the modelling phase, scenarios for techno-economic studies

NHES modelling Operational constraints for techno-economic and energy plan-
ning studies, dynamic simulator for safety and short-term dis-
patch analysis

Safety assessment Safety guidelines and modelling framework for regulatory
bodies

Techno-economic optimisation Optimal capacities of NHES components and optimal opera-
tional strategy of the integrated system

Long-term energy planning Inclusion of nuclear cogeneration in capacity expansion mod-
els to define optimal energy mixes and deployment strategies

Policy recommendations Examples of policy involving nuclear cogeneration and NHES

Table 3.1: Outputs and interactions between methodological domains.
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Context analysis

This chapter presents the methodological approach used to characterise the context in which
NHES may be deployed, with particular attention to energy needs, existing infrastructure and pol-
icy drivers. It illustrates how such contextual analysis impacts the definition of NHES architectures
through two examples: district heating networks and industrial hydrogen demand. The chapter
further shows how these context-specific insights are translated into testing scenarios for techno-
economic optimisation, dynamic simulation and long-term planning case studies. In general, these
boundary conditions are fundamental for assessing NHES performance and competitiveness under
realistic present and future conditions.
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4.1 Local demands and requirements

The design and operation of NHES are inherently context dependent. First,
nuclear and other low-carbon energy sources can be coupled to existing
infrastructures to decarbonise current processes, for example, by plugging
them into district heating networks, industrial steam systems or hydrogen
supply chains. In addition, retrofitting an existing NPP to serve non-electric
applications can open access to markets beyond electricity, potentially im-
proving its economic competitiveness through additional revenue streams.
The deployment timeline is also critical to be considered in NHES analysis,
as it determines market conditions, projected technology costs, and the pol-
icy framework in place. In this sense, the goal of the analysis in this chapter
is to move from a generic NHES concept to architectures that are explicitly
tailored to the context of interest, accounting for local boundary conditions
and policies, in order to assess their impact on NHES design, operation and
deployment strategies.

A comprehensive context assessment therefore requires the collection
and analysis of several site-related factors, together with their projected
evolution over the long-term planning horizon. These include, first, the po-
tential for renewable energy and the local prices of fuels such as natural gas,
which can strongly influence the transition to low-carbon heat and power
solutions. Secondly, the demand characteristics of different commodities
must be considered, including electricity load profiles and industrial pro-
cess requirements, e.g., in terms of heat temperature and supply reliability.
In this context, the growing deployment of data centres is introducing large
and highly dynamic electricity loads, which must be accounted for in terms
of power reliability requirements and their associated impacts on the grid.
Moreover, policy and market conditions can play a decisive role: different
regional contexts can be characterised by distinct market regulations for
electricity and for non-electric commodities, while climate policies such as
renewable penetration targets or carbon taxes may favour particular tech-
nologies within NHES architectures. Finally, existing infrastructure is a
key driver for the design of the architectures. As outlined in Example
E4.1, several European countries already operate extensive district heat-
ing networks that currently rely predominantly on fossil fuels [75]; in these
regions, NHES could be deployed via a plug-in approach to decarbonise
residential heat supply. The same logic can be extended to industrial appli-
cations, leveraging existing hydrogen and gas infrastructure or co-locating
NHES in established industrial energy hubs.

These contextual considerations translate directly into design decisions
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for the NHES architecture, which should be supported by techno-economic
and safety analyses to identify the most viable and competitive configu-
rations. Technology selection must ensure that technical requirements are
met, e.g., considering the compatibility between the operating temperatures
of the chosen reactor technology and those required by the coupled pro-
cesses. In addition, site characteristics and operational requirements may
impose constraints on the system layout, especially regarding the intercon-
nection strategy between the NPP and industrial processes. For example,
siting and regulatory constraints may require the nuclear facility to be lo-
cated several kilometres away from the industrial site. Combined with the
typically continuous energy demand of large industrial plants, this aspect
motivates the need to investigate intermediate heat transfer loops and heat
storage systems as part of the thermal interconnection design.

Within the methodological framework of this thesis, two complemen-
tary approaches are adopted to design NHES architectures. The first is a
context-tailored approach, in which the NHES is directly coupled to exist-
ing infrastructure with given commodity and market requirements; this is
illustrated by the district heating case presented in Example E4.1, where
nuclear cogeneration can be integrated into a pre-existing network. The
second approach is based on the definition of archetypical NHES config-
urations that could in principle be deployed across different contexts. An
illustrative example is nuclear-driven hydrogen production, motivated by
the widespread and growing demand for hydrogen outlined in Example
E4.2. Here, the objective is to assess potential deployment opportunities
for a representative NHES architecture in different conditions, for instance
by evaluating its contribution to the decarbonisation of hydrogen produc-
tion and its role in providing flexibility services to the power system. This
archetype-based perspective is particularly relevant for long-term energy
planning, where a well-characterised NHES configuration could be con-
sidered in decarbonisation pathways alongside other energy sources and
hydrogen production methods, with the aim of assessing its value and com-
petitiveness on regional or national levels in the long term.

E4.1. District heating infrastructure in Europe

As discussed in Section 2.1.2, there is already substantial operational
experience with nuclear-driven district heating in Europe. In these
systems, low-temperature heat is extracted from the steam cycle and
used to produce hot water for the residential and tertiary sectors. Dis-
trict heating itself currently plays a particularly important role in East-
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ern and Northern Europe, as illustrated in Figure 4.1. In particular,
in Nordic countries such as Denmark, Sweden, and Finland, district
heating supplies more than 40% of the heat demand in the aforemen-
tioned sectors [75]. Moreover, in Central and Eastern Europe, district
heating supplies roughly 55 TWh/y in Poland and about 18 TWh/y per
year in both Austria and the Czech Republic. Overall, the European
district heating market is in the order of 300-400 TWh/y, representing
a considerable potential market for nuclear cogeneration [38].
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Figure 4.1: Distribution of existing district heating networks in Europe [76].

As of today, the large majority of heat supplied to these district heat-
ing networks is still generated from fossil fuels. Natural gas and solid
fossil fuels remain dominant, with the latter playing a prevailing role
in Poland and the Czech Republic. In many cases, heat is provided by
Combined Heat and Power (CHP) plants, whose simultaneous pro-
duction of electricity and heat is difficult to replace with conventional
nuclear or renewable technologies providing exclusively electricity
without compromising heat supply. Nuclear cogeneration, however,
offers a viable pathway to phase out these fossil-fuelled CHP units,
since it can provide both electricity and heat in a coordinated manner.
In combination with renewables, heat pumps, and thermal storage, nu-
clear cogeneration could therefore support a deep decarbonisation of
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the district heating sector, provided it proves to be economically com-
petitive with alternative low-carbon options and is supported by an
appropriate enabling framework in terms of policies and regulations.
Given the extensive existing infrastructure, it is particularly attrac-
tive to explore a plug-in deployment strategy for nuclear-driven hy-
brid systems, where nuclear heat is integrated directly into the avail-
able district heating networks. Among the countries mentioned be-
fore, Finland stands out for its explicit interest in decarbonising dis-
trict heating using nuclear energy [38]. With the exception of the
Helsinki network, Finnish district heating systems are generally char-
acterised by relatively small transmission capacities (50-100 MWth).
Given these limited scales, together with a power sector already dom-
inated by low-carbon generation and relatively low electricity prices,
the focus is increasingly shifting toward heat-only SMRs, such as the
LDR-50 design [54], which offer a better match to the country’s spe-
cific energy system requirements and market conditions remaining
economically viable even at relatively low capacity factors [77].
In conclusion, European district heating networks represent one of the
most promising near-term applications for NHES deployment. The
combination of large-scale heat demand, existing infrastructure, and
strong decarbonisation pressure creates a favourable context for nu-
clear cogeneration. Properly designed NHES concepts can leverage
this opportunity by replacing fossil-fuelled CHP capacity, supplying
low-carbon heat and operating in synergy with renewables and elec-
trified heating technologies like heat pumps.

E4.2. Present and future hydrogen demand

Hydrogen is increasingly recognised as a fundamental energy vec-
tor in the context of the energy transition. Its potential to support
the decarbonisation of several hard-to-abate sectors, including heavy
industry and transportation, has placed it at the core of various in-
ternational policies aimed at achieving climate change mitigation ob-
jectives, such as the net-zero emissions by 2050 target [78]. For this
reason, the IEA projects a dramatic increase in global hydrogen de-
mand, surging from around 100 Mt in 2024 to 430 Mt in 2050. This
rise is largely driven by a higher penetration of hydrogen-based fuels
in the transportation sector, particularly in aviation and shipping [78].
As of today, out of the 100 Mt hydrogen demand, only 1 Mt is met
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by producing hydrogen with low-carbon energy sources [78]. Fossil-
fuel based solutions, particularly steam methane reforming, are sig-
nificantly cheaper compared to low-carbon alternatives. However, for
hydrogen to effectively contribute to decarbonisation objectives, the
transition to low-carbon production processes is of paramount impor-
tance.
At present, hydrogen demand in Europe is concentrated primarily in
refining processes and ammonia production [79]. Figure 4.2 illus-
trates the distribution of the main hydrogen-consuming plants in se-
lected European countries, along with their annual consumption lev-
els. Most of these industrial sites are characterised by relatively low
demands, typically below 200 t/d, as shown in Figure 4.3. For exam-
ple, the industrial hub in Fos-sur-Mer, in France, requires around 75
t/d of hydrogen, while the average hydrogen consumption of Italian
industrial plants considered in this study is approximately 108 t/d.
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Figure 4.2: Distribution of main hydrogen consuming plants in selected European
countries [79].
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In the context of nuclear-driven hydrogen production, the distribu-
tion of the number of plants by consumption class has been compared
with the hydrogen production capacity of the E-SMR, assuming that
the reactor’s output is fully dedicated to hydrogen production. Two
low-carbon hydrogen production technologies are considered for the
integrated system, namely LTE and HTSE. Under representative ef-
ficiency assumptions for these technologies [39], an E-SMR module
can supply approximately 108 t/d and 77 t/d of hydrogen when cou-
pled to HTSE and LTE, respectively. As a result, a single module
would be sufficient to fully cover the hydrogen requirements of a sub-
stantial fraction of the industrial plants analysed, satisfying the total
demand of roughly 56% of them in the HTSE case and about 40% in
the LTE case. For larger hydrogen demands, multi-module configura-
tions, potentially operated in synergy with other power sources, could
represent a viable option to meet higher consumption levels.
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Figure 4.3: Compatibility of hydrogen plant consumptions with the E-SMR produc-
tion capacity.

Assessing the viability of such nuclear-driven solutions requires
dedicated techno-economic analyses to evaluate their competitive-
ness against alternative low-carbon production methods, such as
renewable-driven electrolysis or fossil-fuelled systems with Carbon
Capture and Storage (CCS). These assessments are essential not only
to quantify cost and performance metrics at the plant level but also to
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inform policymakers about the system-level benefits of nuclear-based
hydrogen, for example, in terms of emissions reductions, security of
supply, etc. In this regard, industrial processes typically require a
high degree of supply reliability, which translates, for instance, into
the deployment of dedicated backup systems to mitigate unplanned
interruptions. When coupling such processes with an SMR or with
other energy sources, these reliability constraints must be considered
not only in the economic evaluation of the system but also in the def-
inition of operational strategies, outage planning, and maintenance
scheduling. The insights from these studies can, in turn, support the
design of an enabling policy and regulatory framework that recog-
nises the contribution of nuclear cogeneration to the decarbonisation
of industrial hydrogen production.
In the future, hydrogen demand in Europe is projected to increase
substantially. Final hydrogen consumption is expected to grow from
around 273 TWh/y in 2022 to approximately 1520 TWh/y by 2050,
driven mainly by the industry and transport sectors [79]. Even the
current demand level of 273 TWh/y already implies a massive decar-
bonisation challenge: meeting it with low-carbon hydrogen produced
via the coupled E-SMR and HTSE systems would require about 208
E-SMR modules, a figure that would increase further considering real-
istic reactor availability and capacity factors. Nearly all EU Member
States have submitted national hydrogen strategies aligned with the
broader EU-level policies (e.g., EU Green Deal, EU Hydrogen Strat-
egy, REPowerEU, etc.), outlining targets, priority sectors, and indica-
tive trajectories for both renewable and low-carbon hydrogen deploy-
ment [80]. For instance, in Italy’s Strategia Nazionale Idrogeno [81],
the current hydrogen consumption of 17.4 TWh/y is projected to rise
between 64.4 TWh/y and 122.9 TWh/y by 2050 in the proposed sce-
narios. In that strategy, the potential role of nuclear power in meeting
part of this future demand is explicitly highlighted, as it can contribute
to meeting the EU-level targets in terms of embedded greenhouse gas
emissions.

4.2 Generation of testing scenarios

The performance of NHES is strongly linked to the testing scenarios se-
lected for the assessment. These scenarios must reflect realistic conditions
but also future developments in commodity demands, policy frameworks,
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and technology costs. Their formulation is therefore closely tied to the con-
text analysis: local demand profiles, renewable resource availability, market
dynamics, etc. all influence the assumptions that characterise the scenarios.

In this work, uncertainties in the techno-economic evaluations are ad-
dressed primarily through sensitivity analyses on key parameters. Varia-
tions in technology capital and operating costs, as well as in the demand
for electricity, heat, and hydrogen, are explored to quantify the impact of
different boundary conditions on system performance and NHES compet-
itiveness. This deterministic approach provides a preliminary understand-
ing of the parameters’ impact on the optimal solution and helps identify
the drivers that most strongly affect the viability of NHES configurations.
From a methodological perspective, the framework could be extended to
a stochastic formulation. For instance, renewable generation profiles or
market prices could be treated as random variables to address their uncer-
tainties, as proposed in literature for NHES economic analyses [67]. More-
over, the present work does not include an uncertainty quantification of the
technical parameters that characterise the NHES architecture itself and how
they affect the transient response of the system.

The constructed testing scenarios are integrated across the different do-
mains of the methodological framework presented in Chapter 3. In the
techno-economic optimisation, they define the system-level boundary con-
ditions, for example, by prescribing commodity demands, renewable poten-
tial, and policy constraints such as emissions caps or hydrogen production
targets. Notably, the generation of scenarios is not limited to the techno-
economic analysis. In this work, illustrative scenarios are used as setpoints
for the dynamic simulation tools to test the dispatch strategy of the NHES
architecture. Scenario generation is also a core element of safety assess-
ment, where initiating events and accidental conditions must be specified
to verify the behaviour of the coupled system. Finally, in the long-term
energy planning analyses, scenarios capture the evolution of policies, mar-
ket structures, and technology costs over the planning horizon, enabling the
consistent evaluation of NHES deployment strategies and competitiveness
in alternative future pathways.
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Modelling of NHES architectures

This chapter presents the modelling framework developed to describe NHES to assess their per-
formance and transient response in different contexts. It first addresses the design of NHES archi-
tectures, focusing on the thermal and electrical interconnections between the NPP and non-electric
applications, and on how thermodynamic modelling can quantify power conversion losses and iden-
tify suitable coupling strategies. It then introduces dynamic models based on the Modelica lan-
guage and the TANDEM library, used to build simulators of various NHES configurations through a
plug-and-play approach, including nuclear-driven hydrogen production plants and integration with
thermal energy storage systems. These simulators are applied to investigate flexibility, operational
constraints and control strategies, providing performance indicators and physics-based transient re-
sponses that will be instrumental in safety assessments, techno-economic optimisation and long-term
energy planning.
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5.1. Design of NHES architectures

This chapter presents the modelling approaches adopted to analyse the
design and operation of NHES architectures. First, the design of NHES
is addressed through static thermodynamic modelling, with particular em-
phasis on the steam cycle and the definition of viable thermal interconnec-
tions (e.g., steam extraction and return points, intermediate heat transfer
loops, etc.) under nominal and off-design conditions. Subsequently, dy-
namic modelling is adopted to capture the transient behaviour of the inte-
grated systems and to evaluate operational profiles, control strategies, and
system-level constraints that cannot be determined with steady-state tools
alone.

5.1 Design of NHES architectures

The definition of the NHES architecture is a core aspect of the modelling
of such integrated systems. Firstly, it is fundamental to identify the sub-
systems, together with the technology characteristics, to be integrated into
the overall architecture. In this regard, a key requirement that needs to
be accounted for in the design phase is the needed heat temperature level,
which can differ significantly according to the non-electrical applications
and determines the compatibility with reactor technologies, as mentioned
in Section 2.1.2. Moreover, a fundamental aspect of the modelling activities
is related to the design of the interconnections between NHES subsystems.
For instance, the thermal interconnection design should focus on the choice
of the steam extraction point, as well as on the potential deployment (and
the design) of an intermediate heat transfer loop or of a Thermal Energy
Storage (TES) system, as schematically shown in Figure 5.1. Considering
such additional loops can be motivated by several factors, including:

• The physical separation introduced by the intermediate loop could im-
prove the safety of the integrated system and potentially facilitate the
licensing process [82]. However, the longer the distance, the higher
the operational costs due to higher thermal and pressure losses.

• The additional thermal inertia of the intermediate circuit contributes to
mitigating rapid transients either on the NPP or on the non-electric ap-
plication side, also by managing significant power variations through
dedicated control systems in the intermediate loop. This aspect is rein-
forced in the case of a TES, as the charging and discharging processes
can decouple the thermal power exchanged between the NPP and the
non-electric application.

• Using a sensible fluid avoids phase change on both the hot and cold
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sides of the Intermediate Heat Exchanger (IHX), facilitating temper-
ature regulation and heat exchanger design by preventing steam con-
densation on the hot side and fluid evaporation on the cold side.

Direct coupling  through IHX

Steam 

extraction
Intermediate heat  transfer loop

Thermal energy  storage system

Heat

userNSSS

Condensate

return

Thermal interconnection
Non-electric 

application
Balance of plant

Nuclear 

island

Figure 5.1: Examples of three thermal interconnection designs.

These will not only affect the operational strategy of the integrated sys-
tem but also need to be accounted for when it comes to its design and the
definition of the operational points. For instance, the introduction of the in-
termediate loop requires the deployment of additional heat exchangers that,
in turn, lead to temperature drops, reducing the margin between supplied
heat temperature and demand. Also the design of the electrical intercon-
nection between NHES subsystems must be addressed during the design
phase. For example, the NPP can be coupled with the other subsystems
(e.g., renewables and industrial processes) before the connection point with
the national grid, establishing an off-grid connection between the compo-
nents. Conversely, an indirect interconnection is also possible, with the
electricity production going through the power grid. These two coupling
approaches are characterised by different benefits and challenges and will
have implications not only on the design of the system but also on its oper-
ation, management structure, and stakeholder interactions [56].

Models of the integrated system are essential for these assessments. This
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work primarily focuses on the thermal interconnection, as it constitutes a
major novelty with respect to conventional nuclear systems and introduces
additional complexities compared to electrical coupling schemes [61]. The
modelling to support the design of NHES architectures is strongly linked
to the other pillars of the methodological framework presented in Chapter
3. For instance, the selection of technologies to be integrated in the system
is largely dependent on the context, policies, and requirements discussed in
Chapter 4. The capacities and deployed components, e.g., storage devices,
should be defined through the techno-economic analysis of the system to
define the optimal configuration in various scenarios. Moreover, the design
of NHES architectures has strong implications also for the safety analysis:
simulating accidental scenarios can provide indications about design gaps
and possible protective measures, such as the physical separation design, to
ensure the safety of both the NPP and the end-user facility.

The goal of the modelling of NHES architectures is to identify viable
coupling strategies that are compatible with several requirements and de-
sign objectives, including (i) maximising overall system performance and
efficiency, (ii) ensuring compatibility with the technical constraints of all
coupled systems (e.g., in terms of temperature levels), and (iii) guarantee-
ing the safe operation of both nuclear and industrial facilities. Notably,
these requirements are mainly related to the design of the architecture, but
additional aspects need to be considered for the operational phase, such as
flexibility, reliability of energy supply to industrial processes, etc.

In this work, particular attention has been devoted to modelling the
Balance Of Plant (BOP), which represents a key component for the in-
terface between the NPP and non-electric applications. The analysis was
performed using Ebsilon Professional [83], a commercial software for sim-
ulating power plants and thermodynamic systems under both nominal and
off-design conditions. This tool allows the comparison and evaluation of
different thermal coupling configurations, enabling the quantification of the
impact of heat extraction for cogeneration purposes on the steam cycle de-
sign. Furthermore, to enhance the physical separation between the nuclear
and cogeneration systems, an intermediate heat transfer loop can be con-
sidered in the thermal interconnection design. As previously stated, the
inclusion of additional heat exchangers requires a careful evaluation of the
pinch points and temperature losses arising from both heat transfer effec-
tiveness and thermal losses in the transmission pipelines. Heat exchange
effectiveness must also be taken into account in off-design operation and in
the definition of control requirements. Steam extraction for cogeneration
purposes reduces the mass flow through the turbine, thereby lowering the
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machine’s inlet pressure. Depending on the design of the thermal intercon-
nection, this pressure may coincide with the pressure in the intermediate
heat exchanger. In such cases, a shift to off-design conditions can reduce
the saturation temperature and thus the available heat quality. This temper-
ature drop may decrease the supply temperature of the intermediate fluid,
which, in turn, could not be sufficient to meet the non-electric application
requirements. It is therefore necessary to investigate alternative design and
control solutions, such as the use of control valves or dedicated pressure
control strategies, to ensure that the required heat quality is preserved un-
der off-design conditions.

Consequently, these factors must be accounted for to verify that the fi-
nal extracted temperature remains compatible with the temperature require-
ments of the non-electric applications [84]. The Ebsilon Professional tool
was applied to assess the impact of steam extraction and return points on
power conversion performance [85], as outlined in Example E5.1. An addi-
tional example, based on a different reactor technology, is presented in Ap-
pendix A. Heat extraction can be considered either in design or off-design
conditions, according to the purpose of the integrated system, among oth-
ers. For instance, if the NHES foresees a continuous steam extraction, e.g.,
to satisfy a constant industrial heat demand, it could be worth optimising
the operational points of the BOP to have the required steam extraction at
nominal conditions. This will also have an impact on the equipment cost,
as the extracted steam will reduce the flow rate allocated for power conver-
sion, thereby leading to the deployment of smaller turbines. In contrast, the
system integration could be exploited to enhance the overall flexibility, with
the non-electric application representing a programmable load that can be
modulated to meet variable grid requirements. In this case, the steam cycle
could be optimised for full power generation, allowing the turbine line to
accommodate all the steam produced by the reactor. Therefore, it would
be possible to regulate steam extraction to enhance flexibility, albeit at a
higher efficiency cost due to the shift of the turbine operation to off-design
conditions. A key outcome from this kind of analysis are the performance
metrics that characterise different steam extraction points. For instance, the
power loss factor provides an indication of the drop in electricity generation
due to heat extraction and can be defined as follows [86]:

β =
∆Pel

Pcog

where ∆Pel is the reduction in electrical power output due to the extraction
of the thermal power Pcog. In general, extracting steam at higher enthalpies
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leads to higher losses compared to a low-temperature and pressure flow
for the same extracted thermal power [85]. For instance, in the case of
the steam cycle of a light-water cooled SMR with steam extraction in off-
design conditions, the power loss factors were found to be in the order of
0.46 and 0.32 for high-temperature steam extraction at the steam generator
outlet and low-temperature one at the high-pressure turbine outlet, respec-
tively [87]. The condensate return point also influences power conversion
efficiency and, therefore, the power loss factor, since the position at which
the condensate is reinjected into the feedwater line affects the preheating
requirements. In this regard, it is essential to define acceptable limits on the
amount and conditions of heat extraction for a given BOP configuration.
For example, returning condensate with a high residual enthalpy directly
to the deaerator can raise its outlet temperature to an unacceptable level,
potentially bringing the feedwater above saturation and causing two-phase
flow at the inlet of the feedwater pump. Consequently, both in design and
off-design conditions, it is necessary to verify that the required heat extrac-
tions remain compatible with the operating limits of the BOP. Overall, the
power loss factor, as well as the maximal heat extraction, are fundamen-
tal parameters in the broader framework of NHES analysis, as they govern
the relationship between heat extraction and electricity generation needed
to describe cogeneration units in energy modelling tools such as techno-
economic optimisers and long-term energy planning frameworks.

It is worth noting that the considerations mentioned above are applica-
ble mainly to support the design phase of new systems, whereas additional
challenges may arise when retrofitting an existing NPP for coupling with a
cogeneration system. In such cases, the available extraction points may be
dictated by the original steam cycle architecture. For instance, the Madras
NPP in India was retrofitted to drive a thermal desalination plant. Despite
the low temperature requirements of the plant, the only available extraction
point was at the steam generator outlet, resulting in a supply temperature
significantly higher than what the process actually required [36].

E5.1. Impact of steam extraction on power conversion performance

In this case study, the Ebsilon Professional tool is used to assess the
impact of steam extraction and return points in a simplified steam cy-
cle architecture. The reference non-electric application is the HTSE
process, which requires an external heat input between 150 and 200◦C
for process water evaporation. As a result, the extraction points un-
der investigation were selected to be compatible with this temperature

51



Chapter 5. Modelling of NHES architectures

range.
The analysis is based on a simplified BOP architecture, displayed in
Figure 5.2. Additional information about the configuration and the
underlying assumptions used in the Ebsilon Professional model is
available in a dedicated study [85]. The considered interface points
are the following:

• Extraction points: A high-temperature extraction point (300◦C,
45 bar) is located at the steam generator outlet. Steam ex-
tracted from the high-pressure turbine, at approximately 230◦C
and 25 bar, is referred to as the intermediate-temperature extrac-
tion point. Lastly, steam at low temperature is extracted at the
high-pressure turbine outlet at 168◦C and 7.7 bar. The analy-
sis is limited to these points, as extraction at lower temperatures
would not meet the HTSE requirements, especially in configura-
tions involving an intermediate loop between the two facilities.

• Return points: As for the return points, the condenser, the low-
pressure feedwater preheater and the feedwater tank were se-
lected. The extracted steam is assumed to deliver heat through
an intermediate heat exchanger, where it condenses to saturated
liquid conditions. Each proposed return point is at a lower pres-
sure than the extraction points, ensuring compatibility even con-
sidering pressure losses in the valve regulating steam extraction.

G

Cycle efficiency: 0.32466

 Q 540.000 MW

 Q 175.316 MW
Extraction points

Return points

High temperature (HT)

Intermediate 
temperature (IT)

Low temperature (LT)

Condenser

Low pressure 
preheater 
(LP-FWH)Feedwater tank 

(FW-Tank)

Figure 5.2: Ebsilon Professional model of the BOP in full power mode, with steam
extraction and return points [85].
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The analysis assumes heat extraction under nominal operating condi-
tions and therefore does not address off-design behaviour. Within this
framework, the steam cycle is optimised for different extraction levels
by maximising power conversion efficiency. The study is limited to a
thermal exchange of 36 MWth, as the electrical demand of an HTSE
unit is significantly higher compared to the thermal one [39]; beyond
this extraction level, the net power output of the BOP would no longer
be sufficient to supply the electricity required by the hydrogen produc-
tion plant. The results summarising the impact of the different steam
extraction and return points are shown in Figure 5.3. Overall, ex-
tracting heat at higher temperatures leads to higher conversion losses.
Moreover, also the choice of the return point has a significant impact
on power conversion, albeit lower compared to the extraction points.
Injecting the returning flow in the condenser leads to the higher losses,
due to the fact that the residual energy is discharged to the environ-
ment without contributing to the feedwater preheating phase, as in the
case of return in the feedwater preheater of the feedwater tank. This
recovery of energy in the feedwater line reduces the bleeding require-
ments from the turbine line, which translates into the fact of having
more steam available for electricity production.
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Figure 5.3: Impact of extraction and return points on the power generated by the
cycle for different thermal power extractions [85].

In conclusion, a linear dependence of power conversion efficiency
with extracted thermal power is observed when accounting for cogen-
eration in design conditions. Higher losses occur in off-design con-
ditions due to the drop in turbine efficiencies, for instance. Overall,
extractions at lower enthalpies lead to lower losses but can be more
challenging in terms of temperature compatibility with non-electric
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applications, especially in the presence of intermediate heat transfer
loops.

5.2 Dynamic modelling of NHES architectures

Dynamic modelling plays a central role in analysing the behaviour of
tightly coupled NHES under varying operating conditions. Such models
allow the assessment of system responses to changes in boundary condi-
tions, including electrical and thermal loads, while ensuring that critical
process variables remain within operational limits. Moreover, they support
the identification of operational limits, such as maximal allowed ramp rates,
and facilitate the investigation of different control and operational strategies
to meet commodity demands and system requirements. Dynamic models
can also be applied to perform quasi-static simulations, providing insight
into operational profiles and performance metrics, similar to the aforemen-
tioned thermodynamic analyses of the steam cycle in off-design conditions.

The dynamic models proposed within this framework are based on the
Modelica language, selected due to its versatility and suitability for com-
plex engineering systems. Modelica is an equation-based, object-oriented
modelling language that can be used in multiple simulation environments,
including the open-source OpenModelica and the proprietary Dymola plat-
form, with the latter being the primary environment used in this work. It is
based on an acausal modelling approach, which enables a higher reusabil-
ity and flexibility of the developed models, as inputs and outputs are not
prescribed a priori, and a more intuitive representation of physical sys-
tems [88]. Modelica models are typically physics-based, relying on fun-
damental principles such as mass, energy, and momentum conservation.
These principles are expressed as sets of Differential Algebraic Equations
(DAEs), which are symbolically processed by the Modelica compiler and
solved using numerical integration algorithms, such as DASSL [89]. The
object-oriented structure of Modelica, through encapsulation and abstrac-
tion, allows the development of independent, interchangeable subsystem
models that can be interconnected via dedicated interfaces [88]. This mod-
ularity is particularly advantageous for NHES, where subsystems (e.g., nu-
clear power plant, non-electric applications, etc.) can be developed and
tested independently before being integrated into a comprehensive system
simulator using a plug-and-play approach [90]. In addition, Modelica’s
compatibility with the Functional Mock-up Interface (FMI) standard sup-
ports co-simulation with models from other environments, facilitating the
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multi-domain investigations within the proposed methodological frame-
work.

In this work, several NHES components were modelled, including the
Nuclear Steam Supply System (NSSS) of the E-SMR, the steam cycle,
district heating network components (e.g., transmission pipelines), ther-
mal energy storage systems, and an HTSE module. The majority of the
latter components is available in the open-source TANDEM Modelica li-
brary [91], presented in Example E5.2. A detailed description of the struc-
ture and modelling assumptions of the models is provided in Appendix B.
These models were designed to meet several requirements [91], including
the ability to provide a physically accurate representation of the integrated
system over multiple timescales, e.g., from fast transients in the order of
seconds to days-long simulations, and to offer a high degree of parametri-
sation, enabling adaptation to the users’ needs. Specifically, model param-
eters can be obtained from literature, derived from separate calculations, or
determined using specialised software tools, depending on the type of com-
ponent and the available information. For example, the operational points
needed to characterise the steam cycle parameters were obtained from sim-
ulations performed with the Ebsilon Professional software.

E5.2. The TANDEM Modelica library

Most of the dynamic models of NHES components developed in this
work are collected in the open-source TANDEM Modelica library
[91]. This tool was developed in the frame of the Euratom-funded
TANDEM project to support the investigation of hybridisation strate-
gies of light-water cooled SMRs in the European context. The library,
available since mid-2024 in a freely accessible git repositorya, aims at
providing the building bricks for the simulators of the two case stud-
ies identified in the frame of the project, namely the district heating
and power supply and the energy hub architectures.

Figure 5.4: Logo of the Euratom-funded TANDEM project.
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The components, listed in Table 5.1, rely on different well-established
and open-source Modelica libraries, including ThermoPower [92],
ThermoSysPro [93], and Buildings [94]. The compatibility between
components originating from different libraries is ensured through
dedicated adaptors included in the library. Table 5.1 also summarises
the modelling strategy adopted for each component. A simplified ap-
proach is applied to technologies that are only electrically coupled
into the NHES architecture, such as desalination and low-temperature
electrolysis, while physics-based models are proposed for key ther-
mally interconnected systems, including the NPP and HTSE. The
choice of this strategy reflects the significant impact of thermal power
exchanges on system dynamics, e.g., due to thermal inertia, fluid
transport delays, etc., which is more pronounced than that of elec-
trical interconnections.

Component Supporting libraries Modelling approach

Nuclear Steam Supply System ThermoPower, ThermoSysPro Detailed
Balance Of Plant ThermoPower, ThermoSysPro Detailed

Combined Cycle Gas Turbine ThermoPower Simplified
Heat Pump ThermoPower Simplified

Electrical Grid Buildings Detailed
District Heating ThermoPower Detailed
Thermal Storage ThermoPower Detailed
Electrical Storage ThermoPower Simplified

Desalination (Reverse Osmosis) ThermoPower Simplified
Low-Temperature Electrolysis ThermoSysPro, Buildings Simplified

High-Temperature Steam Electrolysis ThermoSysPro, Buildings, HTSE Detailed

Table 5.1: Overview of the TANDEM library contents [91].

The models were used to build comprehensive NHES simulators for
the two case studies employing a plug-and-play approach [91, 95]. In
the scope of the project, the simulators were applied to test the system
operation in different scenarios and were successfully coupled with
other tools for techno-economic analyses and safety assessments of
the integrated system.

ahttps://gitlab.pam-retd.fr/tandem/tandem

As noted above, a major advantage of the Modelica language in the
context of NHES modelling is its plug-and-play structure, which allows in-
dividual models to be easily combined and interchanged to create complex
hybrid system simulators [90]. This feature has been extensively leveraged
in the framework of this work, enabling the development of multiple NHES
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simulators tailored to different applications and scenarios. These include:

• An NHES architecture integrating the NPP with a HTSE hydrogen
production plant [96–98], described in Example E5.3;

• A NPP simulator to test system operation under conventional load-
following and load-following by cogeneration strategies [87], intro-
duced in Example E5.4;

• The integration of the NPP with a TES, employed for electrical peak-
ing to enhance the flexibility of electricity production [99], also men-
tioned in Example E5.4;

• A dynamic simulator of the NPP coupled to the district heating net-
work of the Helsinki metropolitan area [95,100], developed within the
framework of the TANDEM project;

• A dynamic simulator of an energy hub architecture, encompassing
the NPP along with other power sources, HTSE, and thermal and
hydrogen storage systems [95], also developed within the TANDEM
project.

In all cases, the nuclear reactor considered is the previously described
E-SMR. These simulators have been employed for multiple purposes, such
as the investigation of system responses under different operational sce-
narios, the implementation and testing of various control and operational
strategies, and coupling with external tools for techno-economic and safety
assessments, demonstrating the flexibility and modularity of the developed
modelling framework.

E5.3. Nuclear-driven hydrogen production

In the proposed case study, a HTSE-based hydrogen production plant
is thermally and electrically coupled to the E-SMR. The thermal in-
terconnection involves extracting steam from the SMR’s steam cycle
and transferring it to the HTSE for water evaporation via an interme-
diate heat transfer loop. In this architecture, shown in Figure 5.5, the
thermal power requirements of the HTSE are assumed to be met by
extraction steam from the main steam line, where the flow is at 300◦C
and 45 bar. The steam condenses in an intermediate heat exchanger,
supplying power to the thermal oil flowing in the intermediate heat
transfer loop. For the latter, a transmission distance of 1 km between
the NPP and the hydrogen production plant was assumed [101].
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Figure 5.5: NHES architecture for electricity and hydrogen production [97].

Figure 5.6 shows the dynamic simulator, developed in the Modelica
language, of the considered layout. It can be applied to investigate the
flexibility of the integrated system, including the exploration of differ-
ent control strategies and the identification of operational constraints
to ensure the safe operation of both the NPP and the hydrogen produc-
tion system. The simulator is built adopting a plug-and-play approach,
leveraging the NPP simulator available in the TANDEM Modelica li-
brary. In addition, a detailed HTSE model, developed with particular
focus on the thermal interface with the NPP, is integrated into the sim-
ulator together with an intermediate loop model. The HTSE model is
based on a one-dimensional modelling approach for key components
such as heat exchangers and the electrolyser, which is fundamental to
capture system dynamics and temperature gradients. A single cell is
modelled and assumed to be representative of the whole electrolyser
behaviour. Moreover, the resulting electrochemical model is validated
with respect to experimental data for the polarisation curve available
in literature [102].
A detailed description of the architecture and the simulator with its
underlying assumptions is available in dedicated studies [96–98],
where it was applied to support the design of the configuration and
verify the system response to different flexibility requirements.

Design and operational characteristics
As a first step, the dynamic simulator is applied to define the opera-
tional profiles of the nuclear and hydrogen production plants to size
the NHES architecture. Specifically, the goal is to design a flexible
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integrated system where the SMR power can be allocated either to
hydrogen production or to supply electricity to the grid. In this study,
the reactor is assumed to operate in the load-following by cogenera-
tion mode, i.e., remaining at rated conditions. The hydrogen produc-
tion capacity is determined by the number of installed HTSE modules,
whose behaviour is simulated by an equivalent HTSE model. In this
case study, the hydrogen production plant is sized to absorb the whole
power produced by the SMR in nominal conditions, i.e., there is no
net electricity delivered to the grid.

NHES model

HTSE model

BOP model

NSSS model Intermediate loop model

Figure 5.6: Dynamic simulator developed in the Modelica language [97].

To define the available electrical and thermal power that can be al-
located for hydrogen production, a quasi-static simulation with the
NPP simulator was performed to assess the impact of steam extrac-
tion on power conversion performance. The results, shown in the red
line on the left-hand side of Figure 5.7, show a degradation in cycle
efficiency corresponding to a power loss factor of about 0.46. This
profile represents the upper limit for the system to be self-sufficient;
operating the HTSE beyond this limit would require importing addi-
tional power. Conversely, the hydrogen production capacity is defined
by multiplying the design point of a single HTSE module by the num-
ber of installed modules, resulting in the linear profile shown in blue.
The intersection between the profiles defines the desired design point,
whose characteristics are summarised in Table 5.2.
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Parameter Value Unit

Number of HTSE modules 198 -
HTSE thermal power consumption 37.82 MWth

HTSE electrical power consumption 159.4 MWel

Hydrogen production capacity 107.7 t/d

Table 5.2: Resulting NHES architecture capacities [97].

The operational map during flexible operation is shown on the right-
hand side of Figure 5.7, with the hydrogen production rate modulated
between 20 and 100% of the plant’s rated capacity. As aforemen-
tioned, during off-design conditions, the reactor remains at its rated
conditions, varying the fraction of thermal power allocated for grid
supply or hydrogen production. As a result, decreasing the hydro-
gen production rate leads to an increase in electrical power injected
into the power grid. It should be noted that, by modelling an equiv-
alent HTSE module, the analysis implicitly assumes that each unit
exhibits the same behaviour. In practice, the various modules could
be independently shut-down or kept in hot standby, particularly under
significant load reductions. Given the relatively low thermal power
extraction, limited to approximately 38 MWth (about 7% of the reac-
tor’s thermal output), the resulting drop in cycle efficiency is limited,
with the steam cycle output ranging between 160 and 173 MWel, cor-
responding to efficiencies of 29.6% and 32%, respectively. Neverthe-
less, given the considerable amount of electrical power consumed by
the hydrogen production system, the net electricity delivered to the
grid can be modulated between 0 and 140 MWel, corresponding to
0-80% of the steam cycle rated capacity, without any adjustments in
core power.
Two operational philosophies were considered for the integrated sys-
tem, which in turn translate into distinct control strategies. They differ
in terms of commodities to be prioritised during flexible operation: in
the hydrogen-follows strategy, grid requirements are prioritised, and
the hydrogen production plant is adjusted accordingly. In contrast, in
the grid-follows mode, a given hydrogen target is satisfied, and any
excess electrical power is supplied to the grid.
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Figure 5.7: NHES sizing results and operational map [97].

Transient simulations and operational constraints
The integrated system has been tested in several transient scenarios,
both to establish operational constraints and to showcase how it could
operate in real-world scenarios.
First, a 10% stepwise decrease in the hydrogen production target,
starting from design conditions, is investigated. In the proposed tran-
sient simulation, a grid-follows strategy is adopted and the response
of the system is later compared with the hydrogen-follows strategy.
Figure 5.8 shows the behaviour of the system in response to the afore-
mentioned setpoint, in particular in terms of hydrogen production rate
and thermal and electrical power allocation within the NHES. The re-
duction in hydrogen production rate translates into a rapid increase
in electrical power supplied to the grid. In addition, the variation in
extracted thermal power leads to a slight increase in steam cycle gen-
eration. As shown on the right-hand side panel, the thermal power of
the reactor remains at rated conditions, whereas the heat allocated to
the hydrogen production system adjusts to the new steady-state condi-
tion after about 600 seconds. This delay is given by the intermediate
loop fluid’s thermal inertia and travel time in the transmission line,
which in turn leads to a delayed response of the steam cycle with re-
spect to the hydrogen production system. However, it is important to
highlight that the hydrogen production process itself is significantly
more responsive, with the electrochemical system reaching a new
steady-state condition in approximately 20 seconds. This faster dy-
namics reflects the intrinsically rapid electrochemical response of the
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stack [103], which is not limited by the inertia affecting the thermal
interconnection with the NPP.

Figure 5.8: Hydrogen production and power flows in the 10% step decrease sce-
nario [97].

In this operational philosophy, the NHES is controlled to meet the hy-
drogen production setpoint. The comparison of the system response
to an alternative control strategy, the hydrogen-follows strategy, is
shown in Figure 5.9. From this result, it can be observed how the
commodities are consistent with their setpoints in the corresponding
operational strategies, while the second product is regulated to ensure
that the setpoint is met. It is worth highlighting that a higher flexibil-
ity could be achieved by overcoming the constraint of constant core
power characterising the load-following by cogeneration mode. As a
matter of fact, the reactor power could be modulated to meet both grid
and hydrogen demands at the same time or together with the electrol-
yser operation to meet highly variable grid requirements [98].
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Figure 5.9: Comparison of NHES responses considering two different control
strategies [97].
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In general, with the proposed NHES architecture and considered op-
erational philosophies, the burden of flexibility is shifted to the hydro-
gen production system rather than the NPP. For this reason, the one-
dimensional electrolyser model is applied to investigate the thermal
behaviour of the cell under different flexibility requirements. Simi-
larly to the 10% step decrease presented before, the simulator was ap-
plied to test variations in hydrogen production rates up to 30% and at
different ramping rates, ranging from 1%/min to step variations. The
main limits on flexible operation for high-temperature electrolysers
are dictated by temperature gradients and variation rates in the cell’s
solid structure, which in turn lead to thermo-mechanical stresses that
challenge the structural integrity of the system. As a result, the latter
indicators were selected to evaluate the possible flexible operation of
the system, for which operational limits of 10◦C/cm and 3◦C/min, re-
spectively, are typically considered [104–106]. Figure 5.10 shows the
simulation outcomes for the maximal gradient and variation rate in
each cell node. The data labels on the left-hand side of the figure refer
to the settling time required to stabilise to the new hydrogen produc-
tion target. The results show that the temperature gradient is mainly
affected by the magnitude of hydrogen variations, and for relatively
low excursions (<30%), the gradient remains within acceptable lim-
its. In contrast, the temperature variation rate proved to be sensible to
the simulated ramps, suggesting that ramp rates below 10%/min could
reduce thermo-mechanical stresses on the cell.

Figure 5.10: Evaluation of temperature gradients and variation rates for different
flexibility requirements [97].

To illustrate the potential operation of the integrated system to meet
grid requirements in more representative conditions, a day-long simu-
lation with a typical load profile has been simulated. The imposed grid

63



Chapter 5. Modelling of NHES architectures

demand was rescaled to be consistent with the minimal and maximal
power output of the system, accounting also for the minimal power
requirements of the hydrogen production system. In this scenario, the
NHES operated in the hydrogen-follows mode, with the external load
profile met by regulating hydrogen production. Figure 5.11 illustrates
how the power flows are allocated within the system, with constant re-
actor thermal power (shown on the right-hand side) and the relatively
low variation in steam cycle electricity generation following the steam
extraction. In this case study, high grid flexibility can be achieved
(specifically, variations between 0 and 80% of the steam cycle rated
capacity) mainly by regulating the hydrogen production system.

Figure 5.11: Power flows allocation in a day-long simulation [97].

Concluding remarks
The proposed dynamic simulator was applied to address several ar-
eas of NHES analysis, including layout considerations, identification
of operational constraints, testing of different control strategies, and
evaluating the system response in different scenarios. Moreover, the
integrated system configuration proved to be capable of achieving
high grid flexibility by regulating hydrogen production while induc-
ing only minimal perturbations on the nuclear island. In addition,
the system could produce a reliable, low-carbon, large-scale amount
of hydrogen to support the decarbonisation of hard-to-abate sectors.
Beyond the proposed operational strategies, which involve using the
reactor in a load-following by cogeneration mode, it could also be
possible to modulate both the reactor’s and electrolyser’s operation in
response to rapidly changing grid requirements, resulting in reduced
ramps on the single subsystems [98].
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One of the main motivations for developing dynamic models of the
NHES, particularly using the Modelica language, is the ability to test and
evaluate different control and operational strategies. Such analyses support
the investigation of alternative pathways to meet variable load and com-
modities demands. For example, they allow assessment of the benefits
and challenges associated with conventional load-following versus load-
following by cogeneration modes, as illustrated in Example E5.4. In terms
of operational strategies, the control system can be designed to prioritise
specific commodities produced by the integrated energy system while us-
ing others as additional degrees of freedom to enhance flexibility. This ap-
proach is demonstrated in Example E5.3: the thermal and electrical power
flows allocated to the hydrogen production plant are modulated to satisfy
variable grid requirements, while variable hydrogen production targets are
met by delivering surplus electricity to the grid.

A key feature of the developed dynamic models is their plug-and-play
capability, which allows different controllers to be coupled to the subsystem
models without modifying the underlying components. For instance, in the
dynamic model of the BOP, buses are used to collect actuator signals (e.g.,
valve openings and pump rotational speeds) and process variable measure-
ments (e.g., temperatures and pressures), linking them to the user-tailored
controller, as demonstrated in Figure 5.12.

The control strategies are based on a decentralised approach, with each
process variable independently regulated by its corresponding control vari-
able. Proportional-Integral-Derivative (PID) controllers are employed to
regulate actuator variables in response to deviations of controlled variables
from their setpoints. PID calibration was performed using the PID Tuner
application in MATLAB’s Control System Toolbox, which allows tuning
controller performance and robustness [87]. While this tool is designed for
linear models, the Modelica models are inherently non-linear. Nonetheless,
the Dymola simulation environment provides a linearisation tool that en-
ables exporting a linearised version of the model as a Linear-Time-Invariant
(LTI) system around an equilibrium condition, making it compatible with
the PID tuning workflow.

The modularity of the models allows testing different control strategies
by varying the controlled variables and their corresponding actuator pairs.
In a coordinated operation of NHES components, a supervisory control
layer can be included to provide compatible setpoints for interacting sub-
systems to the corresponding controllers.

To quantitatively evaluate the pairing of control and controlled variables,
a Relative Gain Array (RGA) analysis is performed [107]. In this proce-
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BOP model

Controller model

Actuator signals Sensor signals

Extraction points Return points

from SG

to SG

Figure 5.12: Example of controller structure (BOP model from [87]).

dure, a linearised version of the Modelica model is used to calculate open-
and closed-loop gains in response to perturbations of the inputs on the out-
puts. The resulting RGA matrix provides a quantitative measure of interac-
tions between process and control variables, ranking the variable pairs that
are most suitable for the decentralised control strategy [87].

E5.4. Heat extractions to enhance flexibility

The dynamic models were also applied to investigate how heat ex-
traction for cogeneration purposes can support the increased flexible
operation of NPPs. First, the capabilities of the SMR to satisfy a
variable load demand are investigated, considering two strategies: the
classical load-following mode and load-following by cogeneration. In
the conventional method, based on the sliding-pressure approach [22],
the core power is adjusted to meet the variable grid requirements. In
contrast, in load-following by cogeneration, the core power remains
constant, and excess thermal power is allocated for cogeneration pur-
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poses.
Illustrative results from a dedicated study [87] are shown in Figure
5.13. In the configuration in cogeneration mode, thermal power is
extracted at two points: one high-temperature point at the steam gen-
erator outlet and one low-temperature point at the high-pressure tur-
bine outlet. The same BOP model is adopted for each configuration,
but different control schemes are implemented, with the correspond-
ing controllers defined and tuned according to the outcomes of the
RGA analysis. The analysis shows that regulating the distribution of
thermal power extraction can substantially reduce core power fluctua-
tions. This, in turn, decreases thermo-mechanical stresses on the core
structure and improves fuel utilisation, among other advantages [22].
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Figure 5.13: System response comparison between conventional load-following
and load-following by cogeneration mode [87].

In another study, the flexible capabilities of the NPP were tested by
considering its integration with a TES employed to perform electrical
peaking [99]. A schematic of this coupled architecture is shown in
Figure 5.14. A two-tank sensible heat storage system is considered,
charged by thermal power exchanged with steam extracted from the
steam generator outlet. During electrical peaking, the stored thermal
energy is discharged to produce additional steam, which is injected
into the low-pressure turbine to increase the electrical output beyond
its nominal value. This additional steam is generated by pumping
water from the feedwater tank to the discharging heat exchanger. It
should be noted that, in this configuration, the low-pressure turbine
must be oversized to accommodate the increased steam flow, which
might lead to increased equipment costs.
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Figure 5.14: Coupled architecture with a TES employed as electrical peaking unit.

The operation and control strategy of the system was evaluated by
constructing two load profiles estimated qualitatively from energy
price trends, which are strongly influenced by the availability of re-
newable generation, for an illustrative weekday and a weekend day.
The results, shown in Figure 5.15, demonstrate that the variable load
demand can be met with minimal perturbations on the primary side,
as the observed fluctuations are mainly related to thermal feedback ef-
fects rather than external interventions through control rods. The full
variability of the load demand is accommodated by controlling the
charging and discharging of the TES, which results in corresponding
changes in the sensible fluid levels in the two tanks, as shown in the
lower part of Figure 5.15.
In conclusion, heat extractions for cogeneration purposes or TES
charging can significantly contribute to the flexibility of the system,
as grid requirements could be met with minimal perturbations on the
nuclear island. As a result, it could be worthwhile testing the system
response to more rapid load ramps (i.e., > 5%/min). If the nuclear
island remains unaffected by such rapid load variations, i.e., the core
remains at rated power, and provided that all safety requirements are
met, it could be possible to relax regulatory flexibility limits, enabling
the system to respond more rapidly and frequently to variable grid
demands.
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Figure 5.15: Transient results obtained by meeting flexibility requirements through
the TES [99].

5.3 Concluding remarks

In conclusion, this chapter presented a modelling framework for the analy-
sis of NHES in terms of both design and operation. On the one hand, a ther-
modynamic modelling tool was employed to guide the definition and op-
timisation of coupling configurations, particularly at the steam cycle level,
by quantifying the impact of steam extraction and return strategies, inter-
mediate heat transfer loops, and off-design effects on power conversion
performance. On the other hand, dynamic modelling proved essential to
capture the strong interactions shown by tightly coupled NHES, which can-
not be adequately represented using purely static or quasi-static tools, and
to characterise flexibility and operational limits under varying boundary
conditions. A key methodological outcome of the dynamic modelling ac-
tivity is the delivery of a set of NHES component models, collected in the
open-source TANDEM Modelica library. By adopting a plug-and-play ap-
proach, these models can be combined to develop multiple NHES simula-
tors tailored to different architectures and control philosophies, without the
need to modify the single submodels. This approach facilitates the testing
of alternative configurations, operational strategies, and control schemes by
exploiting the reusability of the developed models.

To showcase the capabilities of the methodological approach, several
NHES simulators were proposed and applied to investigate the integrated
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system response in different scenarios. The results demonstrated that a
NHES could achieve high degrees of flexibility, e.g., from the electrical
grid perspective, by modulating the interconnected systems (storage units,
hydrogen production, etc.) rather than regulating the nuclear reactor oper-
ation. Shifting the burden of flexibility to the non-electrical applications,
however, makes it essential to identify the operational constraints of these
subsystems and ensure that their operation remains within the allowed lim-
its. The dynamic models developed in this work supported this assessment
for the flexible use of HTSEs, for example, by identifying ramping con-
straints that restrict their capacity to follow rapid load variations. In addi-
tion, the modelling activities enabled the computation of performance indi-
cators that characterise system design and operation, such as the power loss
factor. Overall, these simulators can support policymakers in evaluating
possible NHES architectures. By providing a physics-based representation
of the integrated system, these tools enable quantitative assessments of de-
sign choices, operational strategies, and the overall feasibility of different
configurations. Moreover, the modelling framework could help update op-
erational requirements and constraints, such as electrical grid-related flex-
ibility metrics, to ensure they remain consistent with the actual flexibility
potential observed for NHES. Since the reactor can operate steadily at rated
power while flexibility is delivered by the interconnected subsystems, the
system’s allowable operating range could be substantially increased com-
pared to the current limits set for conventional NPPs. As a result, the NHES
architectures could provide faster and more frequent power adjustments
while still complying with the safety margins of the nuclear island.
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CHAPTER6

Safety assessment

This chapter examines the safety implications of the hybridisation of SMRs. It discusses regulatory
and licensing challenges, the need to harmonise nuclear and industrial safety frameworks, and the
specific design and operational issues arising from the interface between the nuclear and industrial
facility, including new initiating events and hazard propagation pathways. A co-simulation method-
ology is then presented, coupling validated nuclear thermal-hydraulic system codes with dynamic
NHES models to analyse safety-relevant transients, such as load rejection scenarios, in configu-
rations with steam extraction for cogeneration. The resulting framework is intended as a tool for
regulators and policymakers to assess whether SMR-driven NHES can maintain safety levels com-
parable to stand-alone NPPs and to support the development of NHES-specific safety requirements
and guidelines.

Further details on the tools and case studies presented in this chapter can be found in the following
publications:

• Olita, P., Masotti, G. C., De Angelis, A., Ambrosini, W., & Alpy, N. (2025). TANDEM D4.4 - Report of
operational Design Basis Accident case studies for a SMR with cogeneration (Project deliverable).
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Safety assessments for SMR-driven NHES must address both the ex-
tensive use of flexible NPP operation to cope with VRE intermittency and
the specific coupling aspects with non-electric applications. According to
IAEA’s SSR-2/1 Requirement 35: Nuclear power plants used for cogener-
ation of heat and power, heat generation or desalination, the global safety
objective of a NPP coupled to a cogeneration system is to prevent any path-
way that could transport radioactive material from the nuclear island to the
user facility under both operational and accidental conditions [108]. An-
other key risk that must be considered concerns the propagation of haz-
ards or disturbances from the cogeneration unit to the NPP, which could
lead to transients in the nuclear island [27]. This chapter aims at provid-
ing an overview of the policy gaps and challenges of integrating a SMR
into a NHES from a safety standpoint, addressing licensing and regulatory
aspects, design and operational considerations, as well as safety assess-
ment methodologies. Subsequently, the modelling approach developed in
the framework of this work is presented, together with an illustrative case
study involving a safety-relevant transient.

6.1 NHES safety requirements and challenges

Currently, several gaps and challenges are present in licensing and regu-
latory frameworks. For sites where NPPs are co-located with industrial
facilities (e.g., hydrogen production plants), clear licensing standards, a
well-defined division of responsibilities between plant owners and/or oper-
ators, enhanced risk assessment methods, and a comprehensive regulatory
framework encompassing both nuclear and industrial safety need to be es-
tablished [109]. In this context, it is fundamental to consider that industrial
facilities are subject to their own regulatory regimes (e.g., the European
Seveso legislation for controlling industrial hazards and preventing acci-
dents involving releases of chemical substances [110]). In the context of
NHES, these directives must be compatible with nuclear safety require-
ments and aligned with nuclear regulatory frameworks. From a licensing
standpoint, the NPP and the cogeneration facility are governed by differ-
ent safety and design standards. These regulatory differences need to be
coordinated in the licensing of the coupled system and considered in the
interface design so that the interconnection does not compromise nuclear
safety and remains consistent with both regulatory regimes. Generally
speaking, licensing SMRs is more challenging than conventional reactors
because SMRs often incorporate novel technologies and design features
that require an adaptation of existing regulatory and licensing requirements
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(e.g., reliance on passive safety systems) [28]. This challenge becomes
even more pronounced when SMRs are conceived for cogeneration uses or
NHES integration, where additional interfaces and operational modes that
must be assessed and approved are introduced. Another aspect that can
complicate licensing and regulatory aspects is multi-module SMR deploy-
ments, where several reactor units may share common systems, be cou-
pled to industrial processes, or operate under coordinated load-following
strategies. Such multi-module configurations introduce additional system-
level interactions and potential propagation of failures to multiple reactor
units, which require dedicated safety assessments beyond those performed
for conventional NPPs. Overall, the novel nature of SMRs and their en-
visaged deployment in NHES architectures implies that experiences from
large-scale NPPs coupled to industrial processes cannot simply be extrapo-
lated; instead, SMR-specific safety demonstrations, addressing the techno-
logical characteristics, are needed [109].

Safety in SMR-driven NHES also critically depends on the design of
the coupled system, especially the interconnection between the NPP and
the non-electric application. In this context, the BOP constitutes the key
physical interface between the nuclear island and the non-electric applica-
tions, and its design, e.g., in terms of additional steam extraction lines for
cogeneration purposes and associated control and protection equipment,
must be configured so that electrical and industrial load variations can be
accommodated without driving any system outside its prescribed safe oper-
ating range [109]. Protective measures commonly implemented in the inter-
connection design can include intermediate heat exchangers, intermediate
heat transfer loops, and additional isolating valves that provide physical and
functional separation between the nuclear and industrial facility. Moreover,
the deployment of a TES, which can act as a buffer to accommodate de-
mand transients on both the nuclear and non-electric application sides, may
also contribute as a protective measure and in managing deviation from
normal operating conditions. It is worth highlighting that the main compo-
nents required for the thermal interconnection with cogeneration systems,
such as heat exchangers and circulation pumps, are typically located in
the turbine hall of the NPP and are usually classified as normal non-safety
systems, which has implications for their design and qualification, among
others [109]. Overall, physical separation and appropriate safety distances
between the NPP and the industrial facility represent a key design choice
for safety assessments. The definition of these barriers is strongly depen-
dent on the configuration of the integrated system: for instance, in the case
of the production of chemicals like hydrogen, the physical separation be-
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tween the facilities must guarantee that the NPP remains protected against
storage tank explosions [111].

The design of interconnection, in turn, is strongly dependent on the site
and infrastructure in which the coupled system will be deployed. Siting
decisions must account for the presence of dangerous industrial hazards,
the distance from densely populated centres, and the availability of suitable
infrastructure, while considering that an excessive separation between the
NPP and the industrial facility can decrease the efficiency and economic
attractiveness of cogeneration because of increased transport losses and ad-
ditional interconnection costs, including protective measures to prevent line
breaks of the transmission system. Safety distance criteria for co-located
nuclear-industrial facilities must be supported by quantitative analyses of
accident scenarios, accounting for the characteristics of the industrial pro-
cess. In this regard, a risk analysis focusing on the coupling between an
NPP and an HTSE-based hydrogen production plant has shown that locat-
ing the hydrogen plant at distances greater than 1 km can ensure that po-
tential hydrogen detonations do not compromise the safety of the nuclear
plant, thereby illustrating the role of separation distance as a key protective
system in siting strategies [112].

From an operational perspective, safety aspects for NPPs integrated into
NHES are closely linked to the plant’s ability to manage load-following
and transients induced from the cogeneration facility. For instance, the op-
erational implications of coupling a NPP to an industrial facility include
the need to accommodate rapid changes in the thermal or electrical power
absorbed by the non-electric application, both under normal operation and
in accidental conditions, while keeping both plants within safe operating
limits [113]. In particular, an abrupt loss of heat demand from the cogen-
eration facility requires the NPP either to accept more steam in the turbine
line, if feasible, or to reduce reactor power; if not properly analysed and
mitigated, the resulting transients may challenge the safe operation [113].
In particular, anomalies on the heat transmission line or within the indus-
trial facility can translate into a loss of heat sink for the secondary circuit of
the NPP, which must be managed without compromising safety. As afore-
mentioned, NHES can respond to the intermittency of VRE; however, the
associated need for extensive flexible operation can have safety-relevant
implications. In the load-following mode, safety concerns involve pellet-
cladding interactions and the formation of hot spots due to axial power dis-
tortions, which translate into thermo-mechanical stresses [22]. As a result,
the flexible operation of NPPs is strictly regulated, e.g., by imposing limits
on ramping rates, as described in Chapter 2. In this regard, an open question
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is whether load-following by cogeneration can mitigate these effects com-
pared with conventional load-following. However, in both conventional
load-following and load-following by cogeneration, it is fundamental to
account for operational constraints on BOP components, such as allowable
temperature variation rates in heat exchangers and piping, and turbine oper-
ating limits (e.g., minimum steam flow rate) [109]. In load-following by co-
generation, in particular, the BOP and its associated control scheme need to
manage the whole burden of flexibility by allocating steam between power
conversion and cogeneration application. Previously, the role of a TES was
discussed from a design perspective, considering it as part of the thermal
interconnection between the NPP and the cogeneration unit. In addition,
a TES can serve as an operational protection device, reducing the impact
of thermal transients and acting as a heat sink in accidental scenarios, for
instance.

In safety assessments for nuclear cogeneration systems and NHES, the
identification of hazards and potential initiating events are key elements.
For such configurations, safety analyses should identify new types of ini-
tiating events arising from the specific technologies adopted and from the
integrated system configuration, including hazards such as hydrogen explo-
sions and release of toxic substances [113]. In cogeneration configurations,
additional steam extraction lines and associated equipment introduce fur-
ther initiating event possibilities, for example, failures of steam lines, inter-
mediate heat exchangers and valves connected to non-electric applications,
as well as malfunctions of equipment governing the thermal interconnec-
tion between the NPP and the heat user. Moreover, in case of co-location
between the nuclear and industrial facility, additional hazard sources in-
clude the storage and transport of chemical products and of radioactive ma-
terial. More generally, for coupled systems, the bidirectional interactions
between the NPP and the cogeneration facility must be assessed explicitly
in the hazard analysis: on the one hand, the potential propagation of indus-
trial hazards toward the NPP (e.g., fires, explosions, releases of hazardous
chemicals), and on the other, transport of radioactive material from the nu-
clear island to the non-electric application.

Safety assessment and demonstration for SMR-driven NHES configu-
rations require an integrated methodological approach and a broad set of
modelling tools. A comprehensive safety demonstration should combine
deterministic thermo-hydraulic studies, probabilistic safety assessments,
hazard analyses, and failure evaluations in order to quantify both the like-
lihood and consequences of accidents in the integrated system [109]. Sev-
eral European and international projects have addressed the safety of nu-
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clear cogeneration, particularly for gas-cooled reactors, and have devel-
oped methodologies and initial insights that can be adapted to SMR-driven
NHES [111]. Moreover, risk assessment studies for nuclear-hydrogen cou-
pling have shown that, under suitable siting and design assumptions, co-
location can be feasible from a risk perspective [112, 114]. Similarly, a
study performing a probabilistic safety assessment for pressurized and boil-
ing water reactors coupled to HTSE-based hydrogen production plants indi-
cated that current licensing approaches are still applicable, as risk indicators
such as core damage frequency remain comparable to those of the reference
plant without coupling in the considered configuration [82]. Within the Eu-
ratom projects GEMINI+ and GEMINI 4.0, dedicated work packages and
tasks addressed the safety aspects of nuclear poly-generation systems, with
the objective of adapting and extending conventional nuclear safety con-
sideration to integrated energy systems. In this context, studies have been
conducted to assess the potential propagation of hazards from the cogenera-
tion facility to the coupled NPP. For example, CFD-based simulations have
been carried out to model hydrogen detonation and blast-wave propagation,
enabling the assessment of overpressure loads on the reactor building, as
well as the evaluation of different safety distances and mitigation measures
such as protective barriers [115].

In summary, a central requirement for NHES is to demonstrate that in-
teractions between the NPP and the coupled cogeneration systems do not
reduce the safety level relative to a stand-alone NPP, either in normal op-
eration or under accidental conditions. When the reactor operates in co-
generation mode, the BOP assumes a critical role, as it represents the pri-
mary interface between the nuclear island and the non-electric applications;
consequently, it should be considered in safety assessments as a potential
source of initiating events, rather than focusing exclusively on the nuclear
island. Existing safety studies on nuclear cogeneration, largely focused on
conventional large reactors, generally indicate that risks can be maintained
comparable to those of reference plants without coupling when appropri-
ate design, siting and protection measures are implemented [82]. However,
safety guidelines for SMR-driven NHES remain less mature: SMRs intro-
duce both potential advantages, such as passive safety systems and lower
inventories of fission products that may enable reduced emergency plan-
ning zones, and additional challenges related to multi-module deployment,
for instance. From a regulatory and policy perspective, this highlights a
clear gap in the current treatment of nuclear cogeneration and NHES within
safety frameworks. There is a need to further develop and harmonise reg-
ulatory approaches between the nuclear and industrial facilities, including
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siting criteria, interface design requirements, and coordinated licensing pro-
cesses for co-located facilities. In addition, safety analysis methodologies
must be extended to include scenarios with nuclear cogeneration and NHES
design and operation, capturing a broad range of initiating events and tran-
sients arising from system coupling. Establishing such an integrated safety
assessment framework is therefore a key enabling factor for the deployment
of NHES.

6.2 Modelling approach

In this work, a simulation framework to address the safety challenges asso-
ciated with coupling SMRs to non-electric applications in NHES configu-
rations is introduced. The main objective is to analyse, from a deterministic
safety assessment perspective, how the hybridisation of the SMR can affect
the safe operation of the system and potentially introduce new initiating
events. To this end, the framework is based on the numerical coupling
between the dynamic simulators and validated nuclear thermal-hydraulic
system codes, with the aim of representing the interactions with the co-
generation systems and assessing the impact on the NSSS behaviour. This
approach is motivated by the need to simulate in detail the SMR response to
a range of accidental scenarios that are influenced by cogeneration. Many
of these scenarios, such as rapid variations in heat demand or failures in the
thermal interconnection, can hardly be represented exclusively by thermal-
hydraulic system codes, as they are conceived primarily for the modelling
of the nuclear island and the associated safety systems. For this reason, the
safety analysis is extended beyond the nuclear island to the full NHES ar-
chitecture, investigating interactions between the NPP, the BOP, and other
coupled components, with the NHES subsystems beyond the nuclear is-
land represented through dynamic models implemented in Modelica. The
simulation setup can be applied to simulate sudden variations in thermal
or electrical energy absorbed by end-users and to generalise these pertur-
bations into new initiating events that can be triggered in the cogeneration
system or in the interconnection infrastructure.

The nuclear island is modelled using validated thermal-hydraulic sys-
tem codes that are accepted by safety authorities for licensing applications
and probabilistic safety assessments, among others [116]. In the frame-
work of the TANDEM project, the NSSS of the E-SMR design was imple-
mented in the ATHLET [117] and CATHARE [118] system codes. ATH-
LET, developed by GRS, can be applied to normal operating conditions,
Design Basis Accidents (DBA) and beyond-DBA transients for various re-
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actor types. The CATHARE code, developed by CEA, EDF, Framatome,
and IRSN, offers a modular representation of reactor components which has
been extensively validated against integral- and separate-effects tests [118].
In TANDEM, dedicated E-SMR models were developed in both codes, as
documented in the corresponding project reports [119, 120].

These NSSS models were specifically prepared for coupling with the
BOP and NHES dynamic models developed in Modelica and described in
Chapter 5. The coupling relies on the FMI standard: the Modelica-based
BOP and corresponding control systems are exported as Functional Mock-
up Units (FMUs), which are then imported into a supervisory environment
and co-simulated together with the thermal-hydraulic system code. In this
co-simulation scheme, multiple FMUs can be imported into the same envi-
ronment (e.g., adopting Dymola, OpenModelica or Python as supervisor),
each preserving its own numerical solver. The coupling algorithm is imple-
mented in the supervisor: in the present studies, an explicit coupling strat-
egy is adopted, where each time step is computed once without iterative
convergence between codes. Although implicit schemes can improve nu-
merical robustness at the cost of higher computational effort, an appropriate
choice of the global time step proved to be sufficient to avoid numerical in-
stabilities, making explicit coupling a suitable approach for the investigated
transients [121]. Variable exchange between the tools is achieved through
a fluid-coupling approach, as illustrated in the schematic in Figure 6.1. In
this configuration, the exchanged variables are the steam generator inlet
and outlet fluid conditions in terms of pressure, enthalpy, and mass flow
rate. This setup allows the BOP side to impose dynamic boundary condi-
tions (e.g., perturbed by steam extraction for cogeneration purposes) on the
nuclear side while receiving the corresponding response from the detailed
NSSS model. Alternatively, a thermal-coupling concept, in which the ex-
changed variable is represented by the thermal power exchanged between
the primary and secondary side of the steam generator, was also discussed
in the frame of the TANDEM project but not applied in simulation exam-
ples [122].

Within TANDEM, the coupled framework was applied to investigate
normal operation, Anticipated Operational Occurrences (AOOs) and DBAs
in the case of steam extractions for cogeneration purposes. Specifically,
the simulation framework with the ATHLET code focused on an AOO trig-
gered by abrupt changes in thermal power exchanged with the non-electric
application, including thermal load rejection scenarios. These scenarios are
classified as an AOO because substantial changes in heat demand from the
cogeneration system are expected to occur with non-negligible frequency
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BOP model - ModelicaNSSS model - CATHARE

Figure 6.1: Coupling approach between thermal-hydraulic system code and dynamic sim-
ulator (NSSS model from [121]).

over the plant lifetime. For this study, the ATHLET E-SMR model was
coupled to a Modelica BOP model described in the previous chapter and
to a simplified thermal interconnection, consisting of an intermediate heat
exchanger that transfers heat to a sensible heat transfer fluid and a valve
regulating steam extraction for cogeneration purposes. This interconnec-
tion model was designed to generate boundary conditions representative of
a NHES architecture and was coupled to ATHLET in a co-simulation en-
vironment. The detailed description of the coupling setup and the simula-
tion results is provided in Deliverable D4.3 of the TANDEM project [123].
From a methodological standpoint, the co-simulation setup proved to be
capable of tracking the plant response to abrupt changes in the cogenera-
tion boundary conditions, confirming the suitability of the framework for
safety demonstrations. Moreover, the simulation outcomes indicated that
sudden increases in thermal demand can lead to core power overshoots
above the nominal value if electrical power is not reduced simultaneously,
highlighting the need for additional control strategies to keep power excur-
sions within acceptable limits.

In the application with the CATHARE code, the same overall cou-
pling concept was adopted: the CATHARE E-SMR model was linked to
the Modelica BOP and to an analogous simplified thermal interconnection
model with an intermediate heat exchanger and a steam extraction valve.
This setup was used to analyse the impact of cogeneration on both normal
operation transients and a DBA sequence. The normal operation case fo-
cused on a load rejection transient, with a detailed discussion of boundary
conditions and results provided in a dedicated deliverable of the TANDEM
project [121] and summarised in Example E6.1. In addition, a loss of off-
site power scenario was simulated as an illustrative DBA event. The results
showed that, once the NSSS is isolated from the BOP, the influence of co-
generation becomes negligible. These examples are presented, together
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with a more extensive discussion of the coupling methodology and of the
specific impact of cogeneration on initiating events, in the aforementioned
report [121].

In conclusion, the applications developed within the TANDEM project
demonstrate the feasibility and value of a co-simulation framework that
couples nuclear thermal-hydraulic system codes with dynamic models of
the broader, integrated energy system. This framework enables the tran-
sient response of NHES to be analysed under both normal and accidental
conditions, capturing the role of cogeneration in terms of initiating events
and abrupt power variations. The work presented in this chapter represents
a first step towards safety studies of NHES, as the cogeneration system
has been represented solely through boundary conditions at the BOP. To
support a more comprehensive safety assessment, additional NHES com-
ponents should be integrated into the simulation framework so that the
propagation of anomalies from specific NHES subsystems to the nuclear
island can be evaluated. For instance, disturbances in an HTSE-based hy-
drogen production plant may affect both the exchanged thermal and electri-
cal power; therefore, in the context of safety assessments, it is essential to
verify that the BOP control scheme can accommodate such combined vari-
ations while maintaining the nuclear island within the allowed operating
limits, accounting also for the characteristics of the thermal interconnec-
tion.

E6.1. Load rejection transient

To illustrate the capabilities of the proposed co-simulation framework,
this section summarises an application to a normal operation transient,
namely a load rejection scenario. A comprehensive description of the
case study and the coupling technique is presented in the dedicated
report [121], whereas the aim of this example is to provide a brief
overview of the methodological approach. In the context of TAN-
DEM, it was assumed that the power allocated to cogeneration pur-
poses was limited to 10% of the core thermal power, meaning that the
SMR is predominantly used for electricity generation. Under this as-
sumption, a severe transient on the electrical side is expected to have
a stronger impact on reactor behaviour than a disturbance triggered
from the heat extraction system, resulting in load rejection as a par-
ticularly relevant scenario to investigate. In this example, the NSSS is
modelled with the CATHARE thermal-hydraulic system code, while
the dynamic model of BOP in Modelica is based on the same archi-
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tecture introduced in Chapter 5, with a control scheme adapted to this
specific case study [121]. The two models are coupled using Python
as the master environment, in which both the CATHARE and BOP
models are imported as FMUs in co-simulation mode. In the follow-
ing sections, the sequence of events characterising the load rejection
transient is first outlined, followed by a discussion of the results ob-
tained for both fully electric and cogeneration operating modes.

Case study description
A load rejection transient can be triggered by disturbances on the elec-
trical grid that compromise the possibility of exporting power from
the NPP. Since the auxiliary systems of the plant rely on external
power, a load rejection procedure is initiated in response to such dis-
turbances to ensure continued safe operation. In this scenario, the
NPP is isolated from the grid, leading to an abrupt loss of external
electrical load. From that moment, the power produced by the NPP is
used exclusively to supply the auxiliary systems, including the reac-
tor coolant pumps. The disconnection from the external grid implies
that the pumps are now directly driven by the turbo-generator shaft,
which accelerates given the sudden loss of resistive torque. The BOP
control system, in particular the turbine frequency control scheme,
reacts to this acceleration by closing the turbine admission valves to
reduce the power output. As a consequence, steam accumulates in the
secondary side of the steam generators, increasing the secondary pres-
sure. When the pressure excursion exceeds the allowed threshold, the
turbine bypass system is actuated and diverts excess steam directly to
the condenser, thereby stabilising the secondary pressure level.
The closure of the turbine admission valves reduces the heat removal
from the primary side, causing an accumulation of energy in the re-
actor coolant system and a corresponding increase in primary tem-
perature and pressure. Reactivity feedback effects contribute to re-
ducing the core power as the primary temperature rises, following the
load reduction on the secondary side. In addition, the average core
coolant temperature control program further decreases the power level
through control rod insertions in response to the increase in average
core temperature. In this scenario, two outcomes are possible:

• In a successful load rejection, the reactor stabilises at a reduced
power level of about 30% of the nominal value. The generated
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power is then partly used to feed the auxiliary systems, while
the remaining fraction is rejected to the environment through the
condenser, and the reactor can later be ramped back to full power
once grid conditions are restored.

• In an unsuccessful load rejection, operational limits are violated
(e.g., through primary system overpressure) during the transient,
triggering the shutdown of the reactor. If external power is not
available, a loss of offsite power scenario occurs [121].

Two initial operating conditions are compared: a fully electric config-
uration, in which all steam is directed to the turbine, and a cogener-
ation configuration, in which a fraction of the steam is extracted for
heat supply. In the latter case, high-temperature steam is extracted at
the steam generator outlet and supplies a thermal power of 25 MWth to
a sensible heat transfer fluid through an intermediate heat exchanger.

Simulation results
The main results of the coupled simulations are reported in Figures
6.2 and 6.3. Figure 6.2 compares the time evolution of core power in
the fully electric and cogeneration cases. In both scenarios, the reactor
starts from its rated power. Once the load rejection transient is initi-
ated, the core power exhibits a rise above nominal conditions, driven
by the increase in primary coolant flow induced by the acceleration
of the reactor coolant pumps, whose speed is shown in the top-left
panel of Figure 6.3, and the associated temperature feedback effect.
Subsequently, the increase in primary coolant temperature, displayed
in the bottom-left panel of Figure 6.3, combined with external reac-
tivity control actions, leads to a gradual reduction of the core power
towards a new steady state of about 150 MWth, corresponding to ap-
proximately 30% of nominal power.
A comparison between the fully electric and cogeneration cases,
where the latter is represented by the red curve, shows that the power
peak is lower in the cogeneration scenario. Similarly, the excursions
in other key NSSS variables, such as primary coolant temperature and
pressure, are less pronounced in cogeneration mode. In addition, the
amount of steam bypassed to the condenser is smaller in the cogen-
eration case, indicating that a portion of the excess thermal power is
redirected to the heat extraction line rather than being entirely rejected
to the environment.
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Figure 6.2: Comparison of core power behaviour.

As outlined by Olita et al. [121], this behaviour can be attributed to
two main factors: (i) the presence of an additional steam line at the
steam generator outlet, which provides an additional path for remov-
ing excess steam together with the turbine bypass to the condenser;
and (ii) the lower initial electrical output in the cogeneration mode
(approximately 164 MWel, and 177 MWel in the fully electric case),
due to the steam already allocated to heat production. Consequently,
the effective loss of electrical load experienced by the plant at the be-
ginning of the transient is smaller, resulting in a reduced acceleration
of the turbine shaft and milder transients in the primary system.
In conclusion, for this specific load rejection scenario, the availabil-
ity of a steam extraction line for cogeneration proved to be beneficial,
as it mitigated the severity of the transient on the nuclear island by
providing an additional heat sink. However, this result cannot be gen-
eralised to all initiating events [121], for instance, when cogeneration
systems are also electrically coupled to the NPP and are themselves
affected by load rejection or grid disturbances. For a comprehensive
safety demonstration, the proposed co-simulation framework should
therefore be applied to a broader range of operating regimes, plant
configurations, and accidental scenarios in order to characterise how
different non-electric applications and interface configurations can af-
fect nuclear safety margins.
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Figure 6.3: Comparison of main NSSS and BOP variables.

6.3 Concluding remarks

In the context of SMRs and NHES, the main deployment challenges are
not only technical and economic but also from a safety standpoint. Ex-
isting policies and licensing frameworks were largely developed for con-
ventional, electricity-only large reactors and therefore need to be updated
to address the specific features of SMR-driven cogeneration and NHES.
A central requirement in this evolution is to demonstrate that integrating
SMRs with non-electric applications and broader NHES architectures does
not jeopardise the safety of the NPP with respect to conventional nuclear
uses. Consequently, safety assessments become a key enabling factor, and
thus a policy priority, for the deployment of NHES. Only once a clear and
integrated regulatory framework is defined, within which nuclear and in-
dustrial safety standards can coexist and interact consistently, it is possible
to plan NHES deployment in a credible way, for instance, as part of national
decarbonisation strategies.

In this regard, this chapter has highlighted several challenges that need
to be addressed in policymaking on safety requirements for NHES. First,
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the increased complexity associated with tight thermal and electrical inter-
connections, additional initiating events, and potential hazard propagations
must be acknowledged when formulating safety requirements for coupled
systems. Second, an integrated regulatory framework is needed to har-
monise the different requirements applicable to nuclear and industrial in-
stallations, addressing inconsistencies in safety criteria and the alignment
of risk assessment methods. Within such a framework, particular attention
must be devoted to the components that characterise the (thermal) inter-
connection between subsystems, since these elements are located at the
interface between regulatory regimes. At the same time, a clear allocation
of responsibilities for both regulatory bodies and plant operators is essen-
tial so that no gaps arise in the oversight or management of safety-relevant
functions at the integrated system.

In this work, a co-simulation framework that couples nuclear thermal-
hydraulic system codes, used to model the nuclear island, with dynamic
simulation tools for the BOP and other NHES components is discussed.
This framework has been applied in the Euratom TANDEM project to in-
vestigate safety-relevant scenarios such as thermal and electrical load rejec-
tions and loss of offsite power. The primary objective of these modelling
activities is to provide a transparent tool that can support regulators and
policymakers in the evaluation of nuclear cogeneration applications, for
example, those proposed by SMR vendors. By simulating a wide range
of accidental and safety-relevant scenarios, including initiating events orig-
inating in the cogeneration system, the co-simulation framework can be
used to verify that safety margins remain respected. Moreover, these anal-
yses can support the design of physical and operational barriers that protect
both the nuclear and non-nuclear parts of the system and can be used to
test the effectiveness of potential NHES-specific regulatory limits, such as
constraints on flexible operation, minimum separation distances between
coupled facilities, or constraints on the heat extracted for cogeneration. In
this perspective, the proposed framework aims to provide a technical basis
for developing safety guidelines and for addressing regulatory, licensing
and policy gaps that could otherwise hinder the deployment of NHES or
SMRs operated in cogeneration mode.
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CHAPTER7

Techno-economic optimisation

This chapter develops a system-level techno-economic optimisation framework to assess the cost-
effectiveness and operation of NHES architectures. Mixed-Integer Linear Programming (MILP)-
based layout and dispatch optimisation are combined with detailed dynamic simulators so that op-
erational strategies are checked against physics-based technical and flexibility constraints. Two
coupling methods between the tools are explored, soft-linked and hard-linked, showing that explicit
feedback between economic and physical models is essential to avoid unrealistic dispatch strategies
and to provide a more reliable description for policy and planning decisions on NHES deployment.

Further details on the tools and case studies presented in this chapter can be found in the following
publications:

• Masotti, G. C., Haubensack, D., Ikonen, J.-P., Lindroos, T. J., Lorenzi, S., Pavel, G. L., & Ricotti, M. E.
(2024). Dynamic modelling and optimisation of a Small Modular Reactor for electricity production and
district heating in the Helsinki region. In Proceedings of the 2024 International Congress on Advances
in Nuclear Power Plants (ICAPP), Las Vegas, NV, United States. https://doi.org/10.13182/T130-44218

• Masotti, G. C., Crevon, S., Lorenzi, S., & Ricotti, M. E. (2025). Optimising a nuclear hybrid energy
system’s dispatch strategy: Coupling dynamic and techno-economic optimisation tools. In Proceedings
of the 2025 International Congress on Advances in Nuclear Power Plants (ICAPP), Antibes, France.

• Masotti, G. C., Lorenzi, S., Crevon, S., Ikonen, J.-P., & Lindroos, T. (2025). TANDEM D3.4 - Assess-
ment of the control and flexibility constraints on system components by the hybrid system simulator
coupled with an optimizer (Project deliverable).

• Martos Nogales, C., Crevon, S., & Masotti, G. C. (2025). TANDEM D3.5 - Cross-comparison of simu-
lation results between PERSEE, the Modelica simulator and ECOSIMPRO for the energy hub configu-
ration (Project deliverable).
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Chapter 7. Techno-economic optimisation

This chapter addresses the techno-economic optimisation of NHES ar-
chitectures from an architecture-level perspective. In this regard, two di-
mensions need to be considered:

• Layout optimisation, which determines the optimal installed capaci-
ties within the NHES architecture, such as VRE deployment, storage
sizes, hydrogen production capacity, etc.

• Dispatch optimisation, which governs the allocation of power and heat
flows within the integrated system over time to satisfy commodity de-
mands while respecting technical and operational constraints.

The objective of these optimisations is to minimise total system costs, or
maximise revenues, to define the economic competitiveness of NHES ar-
chitectures compared to other alternatives.

The dispatch problem is particularly challenging in NHES, especially
when strong thermal interconnections are present, as the operating condi-
tions of each subsystem are tightly interdependent with the others. Fur-
thermore, the optimisation outcomes are highly sensitive to the assumed
boundary conditions and input data, including technology cost parameters,
fuel prices, emission constraints and commodity demand profiles. A com-
prehensive context analysis is therefore essential to define realistic scenar-
ios.

The techno-economic optimisation can be performed with dedicated
tools, e.g., based on the Mixed-Integer Linear Programming (MILP) tech-
nique. This chapter explores how these tools can be integrated into the
methodological framework of this work to provide a more physically rep-
resentative estimation of the system’s economic performance.

7.1 Modelling approach

The techno-economic optimisation of NHES configurations in this work is
carried out with the aforementioned MILP-based optimisation tools. More-
over, the analysis addresses both economic and environmental aspects: typ-
ically, the objective function minimises the costs, while environmental con-
siderations are incorporated through constraints on total emissions, for in-
stance. In this way, the optimisation problem delivers cost-optimal designs
and operating strategies that are consistent with decarbonisation policies.

A central point of the chapter is how to connect techno-economic op-
timisation tools with more detailed, physics-based representations of the
NHES architecture. Standard MILP optimisation tools cannot fully cap-
ture the non-linear behaviour and strong interdependencies that characterise

88



7.1. Modelling approach

NHES architectures, such as fluid travel times, inertial effects, variations of
the operational points in off-design conditions, etc. For this reason, differ-
ent coupling strategies between optimisation tools and dynamic simulators
are explored. The primary goal is to obtain dispatch strategies that are also
consistent with the behaviour predicted by more detailed physical models,
thus providing a more reliable assessment of the economic performance
and technical feasibility of the operation of the considered NHES configu-
rations.

In this work, layout optimisation is first used to determine the system’s
installed capacities, which then serve as inputs for parameters of the dy-
namic simulators. As for the dispatch strategy, two main coupling ap-
proaches are investigated [124]:

• In the soft-linked approach, the parameters of the optimisation model
are adjusted according to the feedback of the dynamic simulator, and
the resulting optimal dispatch is then tested a posteriori by running the
corresponding setpoints with the dynamic model. This allows assess-
ing whether the optimal dispatch strategy can be implemented without
violating any technical or operational limits of the NHES components.

• In the hard-linked approach, the dynamics of the system are integrated
into the optimisation process: the optimiser receives feedback from
the dynamic simulators and updates the dispatch decisions during the
optimisation itself at a user-defined frequency. In this way, the optimal
solution incorporates the non-linear response of the NHES simulator.

The studies proposed in this work are based on different optimisation
tools. Backbone, developed by VTT and implemented in GAMS, focuses
on the optimisation of energy flows with particular emphasis on district
heating networks, treating electricity mainly as a secondary product [125].
Moreover, PERSEE1, developed by CEA, is a software based on a modular
C++ MILP core that can be used to optimise the flow of multiple energy
vectors (e.g., electricity, heat, hydrogen, etc.) on different scales with the
aim of supporting the decarbonisation of local energy needs [126]. Lastly,
the PEGASE platform, also from CEA, is used as a co-simulation environ-
ment in which PERSEE can be coupled with the detailed dynamic simulator
of the system, developed through the methodological approach outlined in
Chapter 5, through the FMI standard. In this configuration, PEGASE is
used to implement a Model Predictive Control (MPC) scheme, enabled by

1As part of its open-source release, PERSEE (oPtimizER for System Energy management) has been renamed
to Cairn and is now available at https://github.com/CEA-Liten/CairnOpen.

89

https://github.com/CEA-Liten/CairnOpen


Chapter 7. Techno-economic optimisation

the hard-linking between the techno-economic optimisation models and the
simulators in the Modelica language.

Optimisation studies based on the techno-economic models in Backbone
and PERSEE, documented in TANDEM Deliverable D3.2 [127], identi-
fied the most cost-effective configurations considering decarbonisation tar-
gets in different European contexts. These include, for example, replacing
fossil-fuelled district heating plants with the E-SMR or shifting from Com-
bined Cycle Gas Turbines (CCGT) and hydrogen production via Steam
Methane Gas Reforming (SMGR) towards nuclear-driven electricity and
hydrogen for industrial hubs. The study is complemented by Deliverable
3.3 [128], which provides sensitivity analyses on key techno-economic pa-
rameters and assumptions.

7.1.1 Soft-linked optimisation

In the soft-linked optimisation approach, the MILP-based model governing
parameters are refined using operating conditions and constraints derived
from the more detailed Modelica simulator of the system. This is im-
plemented through an iterative procedure that aims to ensure consistency
between the optimised profiles produced by the optimisation tool and the
transient behaviour predicted by the dynamic simulator. At each iteration,
the optimal profiles obtained from the optimiser are imposed as setpoints in
the Modelica model; the dynamic simulation then indicates whether these
trajectories can be followed without violating operational limits or induc-
ing unrealistic system responses. Any significant discrepancies identified
in this step are used to update the optimisation model, for example, by
tightening ramp-rate constraints or adjusting other operational limits.

The soft-linked optimisation approach has been implemented through
the following steps, summarised in the schematic in Figure 7.1:

1. First, consistency between the tools is ensured in terms of operational
modes of the various components (e.g., imposing constant reactor core
power in the load-following by cogeneration mode).

2. Moreover, the dynamic simulator is used to construct representative
operational profiles and to extract key parameters such as power loss
factors or flexibility limits, as those presented in the case studies in
Chapter 5, which are then embedded in the techno-economic opti-
miser.

3. Lastly, iterations between the techno-economic optimisation and the
dynamic simulation are carried out by re-running the optimisation
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with updated constraints, testing the new optimal profiles in the dy-
namic simulator, and further modifying the optimiser whenever rele-
vant mismatches appear.

MILP 
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Input dataseries
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conditions 

Setpoints
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Dynamics
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Figure 7.1: Workflow for the soft-linked optimisation.

An illustrative application of this soft-linked approach is presented in
Example E7.1, while Example E7.2 showcases a comparison with the hard-
linked optimisation approach. Overall, the soft-linked methodology repre-
sents a compromise between model representativeness and computational
effort, enabling the optimisation framework to better reflect real system dy-
namics without incorporating the full complexity of the dynamic models di-
rectly into the techno-economic optimisation process as in the hard-linked
approach.

E7.1. Dispatch optimisation of Helsinki’s district heating network

This case study focuses on the contribution of an E-SMR for decar-
bonising heat supply in the Helsinki metropolitan district heating sys-
tem, which is still largely reliant on fossil fuels [129]. In this analy-
sis, the E-SMR is deployed in a two-module configuration, with each
module treated as an independent unit equipped with its own BOP.
Moreover, this example focuses exclusively on the heating part of co-
generation, with the reactor’s electrical power output considered as a
secondary commodity. In particular, the E-SMR is assumed to operate
in a load-following by cogeneration mode, extracting low-temperature
steam to feed the district heating network, which requires rather low-
temperature heat (<150◦C) also in winter. The thermal output from
the reactor is coordinated with other heat sources, such as large heat
pumps and fossil-fuelled units, to satisfy the season-dependent district
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heating demand across the interconnected urban areas of Espoo, Van-
taa, Helsinki East and Helsinki West. Two main modelling tools are
used. First, a dynamic simulator, shown in Figure 7.2, is employed
to represent a simplified physical model of the system, including one-
dimensional models for heat exchangers and transmission pipelines
as well as the control system to regulate heat flows within the district
heating network [95]. On the NPP side, the model also includes a
cogeneration valve that modulates steam extraction in response to the
required heat output.

NPP

IHX

Setpoints Illustrative outputs

Helsinki 

West

Helsinki 

East

TES

NPP-Helsinki West

transmission

Helsinki West-East

transmission

District heating network

Figure 7.2: Dynamic simulator of the district heating architecture [95].

Secondly, the techno-economic optimisation model developed with
Backbone is used to optimise the operational strategy of the system.
Time series for heat demand and feed and return temperature setpoints
in the different municipal areas are provided as input data, and the
optimisation problem identifies the combination of units, capacities
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and operating strategies that maximises the Net Present Value (NPV)
of the district heating system over a one-year horizon. In this case
study, the two tools are coupled with each other through a soft-linked
approach. Illustrative simulation results, intended to showcase the ap-
plication of the methodology, are provided in the following section.
For a more detailed description of the case study and of the mod-
elling approach, the reader can refer to the dedicated deliverable of
the TANDEM project [124].

Simulation results
The previously described soft-linked optimisation procedure is ap-
plied iteratively to define a more physically representative dispatch
strategy. In a first step, Backbone is run with the E-SMR operating in
load-following by cogeneration mode. The resulting optimal setpoints
(in terms of thermal power extracted from the NPP and heat supplied
by other sources) are then applied to the Modelica-based dynamic
simulator, which computes the transient response of both the reactor
and the district heating system. In this initial comparison, reported in
Figure 7.3, significant discrepancies between the optimised profiles
and the dynamic simulation outcomes were observed, particularly in
the electrical power output of the E-SMR and in the heat exchanged
between the interconnected subnetworks. These mismatches translate
into deviations of the district heating return temperatures from their
target values, as shown in the bottom-left panel.
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Figure 7.3: Comparison between dynamic and linear optimisation tools - First
iteration.
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Based on these findings, a second iteration is performed in which the
representation of the E-SMR and the interconnection in Backbone are
refined. In particular, the operational map linking the extracted ther-
mal power to the electrical output (i.e., through the power loss factor)
and maximal allowed heat extraction rate are derived from the dy-
namic simulation and implemented into the optimisation mode. In
addition, constraints on the maximum rate of change of heat trans-
fer and on the transmission capacity between the urban subnetworks
are reduced to reflect the physical limits observed in the modelled ar-
chitecture. With these updated parameters, and despite the intrinsic
delays associated with fluid travel times in the transmission pipelines,
the optimised heat exchange profiles between the different municipal
areas show a better agreement with the simulator results. Moreover,
the TES state of charge profile shows only marginal variations with
respect to the first iteration, with its trend remaining consistent with
the profile predicted by the Backbone optimisation.
Overall, this application shows that soft-linked optimisation provides
a practical way to calibrate a linear techno-economic model so that
it remains consistent with a more detailed, physically representative
dynamic simulator. At the same time, the dynamic model enables the
monitoring of critical variables for assessing the feasibility of the pro-
posed dispatch strategy, such as the impact of steam extraction on the
primary loop, which are not accounted for in stand-alone optimisation
methods.
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Figure 7.4: Comparison between dynamic and linear optimisation tools - Last iter-
ation.
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7.1.2 Hard-linked optimisation

Also in the hard-linked optimisation approach, the first step is to ensure
full consistency between the operational assumptions adopted in the dy-
namic simulator and those used in the optimisation tool, both in terms
of operational philosophies and key governing parameters. This optimi-
sation approach focuses on the dispatch strategy, following the schematic
shown in Figure 7.5, and uses the PEGASE co-simulation platform to link
PERSEE and the Modelica simulators within a single environment. In this
configuration, an explicit coupling scheme is adopted: given the relatively
long optimisation horizons of interest (days to weeks) and the correspond-
ing time resolution (minutes to hours), it is not considered necessary to
introduce the additional complexity and computational cost of an implicit
coupling scheme. As in the stand-alone optimisation cases [127], PERSEE
defines the system optimal setpoints using external time series, e.g., for
VRE availability, as well as electricity and hydrogen demands. For a given
optimisation horizon, PERSEE first computes the optimal dispatch profiles
and sends the corresponding setpoints to the dynamic Modelica model, en-
capsulated in a FMU in the co-simulation environment. The FMU is then
simulated over the same time interval, and the resulting system state (rep-
resented, for instance, by the State Of Charge (SOC) of energy storage
devices) at the end of the period is used as the starting point for the next op-
timisation cycle. In other words, each new optimisation phase in PERSEE
starts not from the state computed by the linear optimiser itself, but from the
state calculated by the dynamic simulator, thus accounting for non-linear
effects and dynamics that the MILP model cannot fully capture.

MILP 

optimisation Setpoint (cycle i)

Dynamic

simulator

(FMU)

Timeshift

Input dataseries

Dynamics (cycle i)

Initial conditions (cycle i+1)

Boundary conditions 

Co-simulation environment

Figure 7.5: Workflow for the hard-linked optimisation.

A key element in this coupling scheme is the so-called timeshift param-
eter, implemented in PEGASE through the Timeshift module. This module
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Figure 7.6: Role of timeshift in the hard-linked optimisation [124].

controls how often the variables between the codes are exchanged, as illus-
trated in Figure 7.6. Over time, significant discrepancies can arise between
the PERSEE state variables and those computed by Modelica. Reducing
the timeshift value increases the degree of coupling between the tools,
leading to a closer alignment between the profiles used by PERSEE and
the behaviour simulated in Modelica, and thereby improving the physical
representativeness of the resulting optimal dispatch strategy. In summary,
the hard-linked optimisation framework allows dynamic system behaviour
to be encompassed directly in the optimisation process, yielding dispatch
strategies that are both cost-optimal and consistent with the operational be-
haviour captured by the physical NHES simulator.

E7.2. Dispatch optimisation of an energy hub architecture

This case study is based on the NHES configuration shown in Fig-
ure 7.7, which will also be referred to as energy hub architecture.
The reference location is aligned with the industrial district of Fos-
sur-Mer, in France, whose characteristics inspire the demand profiles
and other boundary conditions considered in the analysis [127]. The
system comprises an E-SMR-driven plant (encompassing two reac-
tor modules), CCGT units, VREs, HTSE for hydrogen production, a
two-tank sensible TES unit and a hydrogen storage system. The E-
SMR is the only unit operated in cogeneration mode, specifically in
load-following by cogeneration with high-temperature steam extrac-
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tion. The integrated system powers an industrial district, assumed to
be characterised by constant electricity and hydrogen demands which
cannot be satisfied exclusively by the NPP. In this configuration, the
TES is used to decouple steam extraction, primarily adjusted to mod-
ulate electrical power output, from the heat requirements of the HTSE
plant, which are satisfied by discharging the TES. In addition, the hy-
drogen storage provides a buffer between the variable hydrogen pro-
duction target and the stable end-user demand.

NSSS BOP

HTSE

Thermal power

Electricity

Hydrogen

Compressor
Hydrogen 

load

CCGT PV Wind

Local grid

Hydrogen

storage

Electrical

load

Hot tankCold tank

TES

Figure 7.7: Simplified schematic of the considered NHES architecture (adapted
from [95]).

Also in this case, a dynamic simulator provides a detailed represen-
tation of all thermally interconnected components, including the E-
SMR primary and secondary loops, TES, and HTSE, while purely
electrical components such as CCGT and VRE are treated in a simpli-
fied way or as boundary conditions [95]. Moreover, a PERSEE model,
shown in Figure 7.8 simulates the same architecture in a MILP frame-
work for techno-economic optimisation.

Simulation results
The optimal installed capacities of all technologies, obtained by
PERSEE using operational maps derived from the dynamic model,
are summarised in Table 7.1. During the coupled simulations, the
optimiser provides the dynamic simulator with time series for the
hydrogen production target, the hydrogen demand and the electric-
ity generation setpoint, while Modelica returns the SOC of the TES
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and hydrogen storage as a feedback to update the system state for the
subsequent optimisation cycle.

Figure 7.8: Optimisation model in PERSEE.

Component Capacity Unit

CCGT 89 MWel

Wind 28.5 MWel

Solar PV 200 MWel

E-SMR cogeneration power (per module)* 50 MWth

TES* 264 MWhth

HTSE 368 MWel

H2 Storage 15088 kgH2

Table 7.1: Optimal sizes resulting from the PERSEE optimisation. Marked values
(*) are predefined [124].

Firstly, the optimisation is performed adopting the soft-linked ap-
proach. PERSEE is run over a full year with an hourly time step,
and the resulting optimal setpoints for an illustrative week are then
imposed in the Modelica model. According to the results, the optimal
dispatch strategy involves a continuos modulation of hydrogen and
electricity production, with the setpoint for the latter carrier met by
operating the reactor in a load-following by cogeneration mode. Hy-
drogen production exhibits significant variability, resulting in an an-
nual load factor of 0.87 [124]. It should be noted that such continuous
fluctuations could accelerate degradation of plant components, po-
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tentially increasing maintenance costs and reducing component life-
times, and should therefore be explicitly considered in a more detailed
techno-economic assessment of the system. As shown in the top row
of Figure 7.9, the control strategy implemented in the dynamic simu-
lator is capable of meeting the hydrogen production and SMR electric-
ity generation targets, defined by the PERSEE optimisation. However,
a different behaviour can be observed in the case of SOC evolutions:
while the hydrogen storage, whose model is based on a simplified and
static representation, remains consistent between the two tools, the
TES SOC computed by Modelica progressively diverges from the tra-
jectory assumed in the optimisation. Non-linearities, transport delays
and other dynamic effects in the BOP, TES and HTSE models, which
are not fully captured in the MILP optimisation, cause the TES SOC
to decrease faster, ultimately driving the hot tank to the minimum
level before the end of the one-week optimisation horizon and caus-
ing the simulation to fail. Alternative soft-linked configurations, in
which the dynamic model control system directly regulates exchanged
thermal power flows rather than hydrogen and electricity production,
improve the agreement in TES SOC, but notable discrepancies still re-
main [130]. Generally speaking, the soft-linked results highlight that,
for tightly thermally integrated architectures such as this NHES, an a
posteriori iteration between the tools is not sufficient, and a stronger
interaction between the optimiser and dynamic simulator is needed to
ensure the definition of physically viable dispatch strategies.
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Figure 7.9: Energy hub architecture - Soft linked optimisation.
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To address this limitation, the same scenario is simulated using the
hard-linked approach within the PEGASE co-simulation platform. In
this setup, PERSEE and the Modelica simulator are coupled through
the FMI standard, and the optimisation cycle is carried out over
shorter rolling horizons (e.g., 24 hours) rather than assuming perfect
foresight over the entire year. A key parameter in this framework is
the timeshift, which defines how often the optimisation is restarted
using the current state of the system provided by Modelica. Two con-
figurations are examined: a timeshift of 12 hours and a more frequent
update every 3 hours. For the 12-hour case, shown in Figure 7.10,
PERSEE produces optimal profiles for electrical power and hydrogen
production in day-long cycles. Modelica then simulates the corre-
sponding dynamics, and after each 12-hour interval the TES and hy-
drogen SOCs computed by Modelica are used as feedback to PERSEE
to update the initial conditions for the next optimisation cycle. This
periodic re-initialisation prevents the drift in TES SOC observed in
the soft-linked setup and keeps the discrepancy between the two tools
limited.
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Figure 7.10: Energy hub architecture - Hard linked optimisation, 12-hour timeshift
[124].

Reducing the timeshift to 3 hours increases the frequency of com-
munication between PERSEE and Modelica and thus tightens the
coupling. In this case, the dispatch strategy differs noticeably from
both the soft-linked case and the 12-hour hard-linked case, driven by
both the update of the SOCs and the different future horizon. With
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a shorter timeshift, the agreement between the TES SOC computed
by PERSEE and by the dynamic simulator is further improved over
the weekly horizon. The choice of the timeshift, however, involves a
trade-off: reducing it increases the physical consistency and robust-
ness of the resulting dispatch strategy but requires more frequent op-
timisation cycles and therefore higher computational effort. As a mat-
ter of fact, the 3-hour timeshift configuration required 2.4 hour CPU
time, significantly higher compared with 1.6 hours for the 12-hour
timeshift case and 2.89 seconds for the PERSEE stand-alone optimi-
sation. In practice, the timeshift should be selected according to the
scope of the study: short-term analyses of operational strategies over
hours to a few days, with time steps of the order of minutes, should
generally favour short timeshifts, whereas long-term simulations over
months or years should rely on longer timeshifts, potentially up to
several days or weeks, to keep the computational burden manageable.
Notably, despite the boundary conditions are the same, the optimal
dispatch strategy differs visibly across cases.
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Figure 7.11: Energy hub architecture - Hard linked optimisation, 3-hour timeshift
[124].

A quantitative comparison of the different coupling strategies, includ-
ing weekly energy balances and selected techno-economic indicators,
is reported in Table 7.2 [124]. At the weekly scale, the three coupling
strategies lead to a very similar techno-economic performance. The
electrical energies consumed or produced by the HTSE, CCGT and
SMR units differ only marginally between the soft-linked case and
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the two hard-linked cases, and curtailment remains low in all configu-
rations. Likewise, TES charging and discharging energies are almost
identical across the three setups.
The main discrepancies concern the TES SOC corrections in the hard-
linked simulations. The net TES SOC corrections of 290 MWhth for
the 12-hour timeshift and 140 MWhth for the 3-hour timeshift corre-
spond to relative corrections of 1.09 and 0.53, respectively. In other
words, given that the TES thermal capacity is 240 MWhth, a correc-
tion of 290 MWhth is essentially equivalent to adding more than one
full charging cycle’s worth of "free" thermal energy into the optimi-
sation for the 12-hour timeshift case. Since this additional energy
enters the PERSEE optimisation without any associated cost, it ef-
fectively acts as cost-free heat made available to the system. Over a
one-week horizon this has only a negligible impact on the economic
indicators, as reflected by the almost identical OPerational EXpendi-
tures (OPEX). In principle, however, incorporating the additional op-
erational constraints arising from the dynamic model should restrict
the feasible operating space and therefore lead to a solution that is less
cost-effective than the outcome of the stand-alone optimisation. In the
present setup, this effect cannot be properly observed because of the
"free" heat injection. Notably, if similar corrections were to accumu-
late over longer simulation horizons, such as months or years, this
additional energy effect could significantly bias the economic assess-
ment and lead to misleading conclusions regarding cost-effectiveness.

Variable Unit Soft-linked 12-h timeshift 3-h timeshift

HTSE electrical energy GWhel 53.36 53.48 53.45
CCGT electrical energy GWhel 6.63 6.99 6.87
SMR electrical energy GWhel 52.68 52.81 52.74
Curtailed electrical energy GWhel 1.02 1.34 1.19
TES charging energy GWhth 13.95 13.69 13.83
TES discharging energy GWhth 14.05 14.08 14.09
Net TES-SOC correction GWhth N/A 0.29 0.14
Relative TES-SOC correction – N/A 1.09 0.53
Net H2-SOC correction tons N/A -0.03 -0.01
Relative H2-SOC correction – N/A -0.002 -0.0007
Undiscounted Net OPEX MC 1.4 1.39 1.4

Table 7.2: Comparison of techno-economic variables in the weekly optimisation of
the decoupled energy hub [124].
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Concluding remarks
In conclusion, these results indicate that the selected NHES archi-
tecture can be operated to meet the constant hydrogen and electric-
ity demands of an industrial hub. Soft-linked optimisation provides
a useful first step, but for tightly integrated NHES configurations, a
hard-linked framework, for instance encompassing the coupling of
the PERSEE techno-economic optimiser with the Modelica dynamic
models in the PEGASE environment, provides operational strategies
that are more consistent with a physical representation of the system.
At the same time, the resulting economic indicators must be carefully
interpreted, e.g., by accounting for the feedback from the dynamic
simulator in the cost evaluation to avoid biases such as "free" energy
corrections (or, in different scenarios, net removal of stored thermal
energy) accumulating over longer horizons.

7.2 Concluding remarks

From a system perspective, the techno-economic analysis of NHES reveals
that current optimisation approaches present limitations for the analysis of
tightly coupled architectures that include nuclear cogeneration. In particu-
lar, the thermal interconnection between subsystems can lead to dynamic
effects and significant non-linearities that are not captured by standard
MILP optimisers. This creates a methodological gap for the system-level
analysis of NHES: dispatch and sizing decisions for integrated architecture
can appear optimal in the optimisation model but could be incompatible
with the actual dynamics and operating limits of the considered configura-
tion.

The work developed in this chapter addresses this gap by proposing and
showcasing the application of an optimisation framework that links layout
and dispatch optimisation to the feedback of a physics-based dynamic sim-
ulation, namely through a soft- or hard-linked approach. The case studies
confirm that the presence of nuclear cogeneration units, TES and other ther-
mally interconnected components can strongly affect the optimal dispatch
strategy. Moreover, they demonstrate that dispatch strategies obtained from
stand-alone techno-economic optimisation can lead to unrealistic trajecto-
ries and infeasible operation once transport delays, thermal inertia and non-
linearities are accounted for. Hard-linked optimisation mitigates this by
aligning state variables such as storage SOCs between the two tools. How-
ever, the trade-off between physical consistency and computational burden
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must be accounted for, together with a limited representativeness of the
economic outcomes due to the state variables’ corrections according to the
simulator’s feedback.

These findings have direct implications for how system-level optimisa-
tion of NHES should be used to support policy and regulatory decisions.
The results suggest that optimisation studies informing policies on NHES
should not rely solely on conventional MILP-based tools but should be sup-
ported by at least a calibrated soft-linked setup and, where strong ther-
mal couplings are present, by hard-linked or equivalent feedback-based
schemes. In this sense, the methodological approach presented in this chap-
ter can be applied to future studies on different NHES architectures, provid-
ing a technically grounded definition of operational strategies and inform-
ing decision-makers on how such systems can be operated while respecting
key technical constraints.
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CHAPTER8

Long-term energy planning

This chapter investigates how long-term energy system models can be used to quantify the role
of nuclear energy in future low-carbon energy systems, focusing on the possible utilisation of nu-
clear heat. Specifically, using technical parameters derived from the system-level analyses in earlier
chapters, existing planning tools are expanded to treat nuclear power not only as an electricity-only
source but also to consider advanced applications like SMRs operating in cogeneration mode and an
NHES archetype. Within this framework, nuclear units can supply both electricity and non-electric
commodities such as low-temperature heat and hydrogen, and their deployment is assessed under
alternative policy assumptions. The extended models are applied to illustrative decarbonisation
scenarios for the Italian energy system, primarily to demonstrate how different long-term planning
tools can be used to inform policymakers about the potential contribution of nuclear cogeneration
and NHES configurations operating in synergy with VREs. The analyses show that the decarboni-
sation needs of industrial heat and hydrogen demand could become a key driver for nuclear-driven
cogeneration, as fully decarbonising these energy needs exclusively through VRE deployment could
be more challenging and more expensive.
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This chapter examines how long-term energy system models can be used
to evaluate the role of nuclear cogeneration in present and future energy
systems. Long-term planning tools are essential to quantify how nuclear
integrates within decarbonisation strategies, to assess its contribution under
different policy and market conditions, and to identify how it can support
higher penetrations of VREs. In this context, they help clarify evolving sys-
tem requirements such as flexibility and the decarbonisation of non-electric
energy vectors, which are essential aspects to be considered when compar-
ing nuclear power with other low-carbon alternatives.

One major uncertainty in assessing nuclear contributions to decarboni-
sation pathways concerns the future deployment of advanced nuclear tech-
nologies and applications [68], such as SMRs, cogeneration applications,
and NHES. Long-term energy system optimisation frameworks can sup-
port the exploration of these novel systems, enabling the identification of
conditions under which nuclear represents a cost-competitive solution for
the decarbonisation of both the power and non-electric sectors through the
production of commodities beyond electricity (e.g., heat and hydrogen).

In this work, existing long-term energy system models are extended to
include nuclear cogeneration and NHES, characterised by technical param-
eters derived from the system-level analyses presented in the previous chap-
ters. This extension is necessary because most planning tools traditionally
treat nuclear exclusively as an electricity-only technology and therefore
cannot capture its potential role in a multi-purpose configuration for pro-
viding low-carbon heat and hydrogen. In the considered scenarios, SMRs
are allowed to operate in cogeneration mode or as part of NHES architec-
tures, while conventional, large-scale reactors are treated as electricity-only
units. In practice, large-scale reactors could also be operated in cogener-
ation mode; however, this work restricts cogeneration and NHES deploy-
ment to SMRs in line with the aforementioned advantages of coupling them
to non-electric applications.

The chapter is organised as follows. First, the modelling approach
and mathematical formulation used to integrate nuclear cogeneration and
NHES into long-term planning tools are presented. Then, an overview of
modelling tools is provided, together with practical applications focusing
on decarbonisation pathways and policies for the Italian energy system.
Finally, the chapter concludes with a discussion of the relevance and lim-
itations of the proposed framework for informing decision-makers on ad-
vanced nuclear applications, including NHES deployment.
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8.1 Nuclear cogeneration and NHES in energy system models

As discussed above, the objective of this work in the frame of long-term
energy planning modelling is to explicitly represent nuclear cogeneration
and NHES in decarbonisation strategies. To support the discussion of how
these advanced nuclear applications are integrated with other technologies
and energy carriers, a simplified reference energy system schematic is pre-
sented in Figure 8.1. For the electricity generation side, the system includes
fossil-fuelled thermal plants such as CCGTs, both in conventional config-
urations and equipped with CCS. VREs are represented by wind and solar
power, while hydropower is modelled as a dispatchable renewable resource.
Moreover, energy storage is provided by Battery Energy Storage Systems
(BESS) and Pumped Hydro Storage (PHS). In addition to thermal power
plants operating in cogeneration mode, heat requirements can be met by
heat pumps, representing an electrified heating option. Hydrogen produc-
tion technologies considered in the system include SMGR, with and with-
out CCS, as well as electrolysers.

Within this framework, the main purpose of the schematic is to illus-
trate how SMRs, operated as CHP units, as well as an archetype of NHES
configuration, can be integrated into the broader system. In the example
shown, the NHES consists of a light-water cooled SMR coupled to an
HTSE-based hydrogen production plant, consistent with the architecture
analysed in Chapters 5 and 7. These two subsystems are assumed to be
interconnected upstream of the grid connection points, resulting in an in-
ternal heat and electricity network that allocates the reactor power either to
the global electrical grid or to the hydrogen production plant, depending on
the optimal dispatch strategy for the overall energy system.

It should be emphasised that this is a simplified representation built
around a limited set of illustrative technologies. Real, country-level power
systems typically include a wider range of power sources, such as biomass,
geothermal plants, and coal-fired generators, alongside additional coupling
options between energy carriers, for example, hydrogen blending in gas
turbines or direct use of hydrogen or electricity to supply high-temperature
industrial heat. The representation of heat demand in the schematic is also
strongly simplified. As discussed in Chapter 2, industrial and residential
heat demands span over a wide range of temperature levels, which are not
necessarily compatible with any given heat source. In this example, only
low-temperature applications (e.g., below 200◦C) are considered, assumed
to be compatible with heat extracted from light-water cooled reactors and
industrial heat pumps. For higher-temperature requirements, in addition to
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the aforementioned options, cogeneration from advanced reactor concepts
or the direct combustion of fossil fuels (potentially with CCS), among other
solutions, could also be considered.
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Figure 8.1: Reference energy system comprising nuclear cogeneration and NHES archi-
tectures.

Several constraints are introduced to characterise the operation of SMRs
in cogeneration mode, giving rise to the operational map shown in Figure
8.2. Constructing such a map is essential for component modelling in long-
term planning frameworks, as it allows translating the operational limits
and characteristics into the linear representation needed by the model. For
electricity-only generating reactors, operational constraints are required to
bound the electrical power output (e.g., minimum and maximum power out-
put, ramping limits, etc.) within the allowed operational limits. In contrast,
for SMRs operated in cogeneration mode (SMR-CHP and SMR-NHES),
additional constraints are required to represent how steam extraction affects
power conversion performance and to enforce practical limits on the heat
that can be extracted for cogeneration purposes. In particular, the electrical
power generated by the unit is given by

Pel = η Pth − β Pcog

where η is the cycle efficiency in electricity-only operation, Pth the core
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power, β the power loss factor, and Pcog the thermal power allocated for
cogeneration purposes. In this work, both η and β are assumed constant,
even at partial core power conditions, despite the additional losses expected
under off-design operation [87]. This simplifying assumption preserves
linearity in the optimisation problem, since introducing power-dependent
efficiencies would lead to non-linear constraints that are incompatible with
the current modelling framework. Moreover, the maximum heat extraction
is limited by a factor γ, which represents the allowable fraction of rated
reactor power that can be allocated to the cogeneration systems:

Pcog ≤ γ P nom
th

In this work, the heat is assumed to be provided by extraction turbines,
where steam extraction for cogeneration purposes is bled from the turbine
line. The plant is therefore conceived mainly as an electricity-generating
unit that delivers heat as an additional product rather than operating as a
heat-only source, for instance. To reflect this design philosophy, a mini-
mum power-to-heat ratio is specified through the following constraint:

Pel ≥ αPcog

This constraint ensures that steam extraction remains limited relative
to the flow driving power generation, thereby keeping the operating point
within the design range of an extraction turbine. Together, these constraints
define the admissible operating region highlighted in Figure 8.2. The up-
per boundary of the map (shown in blue) corresponds to the load-following
by cogeneration mode, where the reactor operates at rated thermal power
and variations in electrical output are achieved by modulating Pcog. Con-
versely, the purple curve corresponds to operating points where the reactor
thermal power is reduced. Along this trajectory, the electricity generation
and, as a consequence of the minimal power-to-heat ratio constraint, the
heat extraction for cogeneration purposes, are reduced.

8.2 Overview of the tools

A wide range of modelling approaches has been developed for energy plan-
ning and scenario analyses, each with different levels of detail, sectoral
coverage, and mathematical formulation. Several classification schemes
have been proposed in the literature [131, 132], typically organising en-
ergy models according to their main purpose, analytical and mathematical
approach, considered sectors, optimisation horizon, as well as time and ge-
ographical resolutions, among other criteria. A first key distinction is often
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Figure 8.2: Operational map of a SMR operating in cogeneration mode.

given by the analytical approach, which can be divided into top-down and
bottom-up. Top-down models connect the energy system to macro- and
socio-economic dynamics, linking energy use to indicators such as eco-
nomic growth, demographics, etc. In order to capture the broader eco-
nomic system, they generally limit the representation detail of technologies
and components and are therefore less suited to inform detailed, sector-
specific technology or infrastructure policies in the energy sector. In con-
trast, bottom-up models provide a technology-centred description of the en-
ergy system, with explicit characterisation of generation, conversion, stor-
age, and sector-coupling options. These models are particularly useful to
compare alternative decarbonisation pathways, identify cost-optimal tech-
nology shares, and evaluate the impact of different policy or technology
assumptions on the energy mix. However, they provide limited insights
into broader macroeconomic implications.

In this work, the latter perspective is adopted, with a specific focus on
the contribution of nuclear technologies to decarbonisation strategies and
their interaction with other low-carbon options. Bottom-up models can
be further distinguished according to their temporal formulation: Static or
"snapshot" optimisation models are applied to a short horizon (e.g., a single
year) to identify an optimal system configuration under the given boundary
conditions. Dynamic, long-term models, by contrast, account for the tem-
poral evolution of the system over multiple years or decades. They track
investments, retirements, and capacity expansion over time and determine
cost-optimal transition pathways to meet specified targets (e.g., emission
constraints) over the entire planning horizon, rather than only in an isolated
year. Beyond these core distinctions, long-term energy planning models
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can also be classified according to their sectoral coverage (e.g., power-only
versus multi-sector models), geographical structure (single country, multi-
region, or network-resolved formulations), methodological approach (for
example, single-objective versus multi-objective optimisation), and under-
lying programming technique (linear, mixed-integer, etc.) [132].

The following sections describe in more detail the two modelling tools
employed in the framework of this thesis, namely the static optimisation
code FRAMES [133], used to explore optimal system configurations under
specific policy and technology assumptions, and the dynamic framework
Hypatia [134], applied to analyse long-term transition pathways and the
role of nuclear cogeneration and NHES in decarbonisation scenarios.

Static energy system modelling

The static energy system model adopted in this work is FRAMES (FRAme-
work for Modelling Energy Systems), developed by the IAEA as a capac-
ity expansion and dispatch optimisation tool for energy planning studies.
Within the context of this thesis, FRAMES is used to explore how nuclear
technologies, including cogeneration and NHES concepts, can contribute
to decarbonisation strategies by providing indications on the feasibility and
effectiveness of policy targets, such as emission constraints, VRE penetra-
tion levels, and deployment of programmable generators to meet flexibility
requirements.

FRAMES is written in AMPL (A Mathematical Programming Lan-
guage) [135] and formulated as a MILP problem. The objective function
minimises the total system cost over the simulated year, subject to techni-
cal and policy constraints. Cost components include investment and fixed
operational costs, variable generation costs, and detailed operational costs
associated with unit commitment decisions, such as rampings, start-ups
and shut-downs. Additional penalty terms can be included for non-served
energy, non-served operating reserves, and, when activated, demand-side
management options. Moreover, limits on carbon intensity can be imposed,
which enables the assessment of decarbonisation policies and their impact
on the optimal mix of technologies. Consistent with a static energy system
modelling approach, FRAMES performs the optimisation over a full year
with an hourly time step. This temporal resolution allows the computational
effort to remain manageable while still capturing daily and seasonal vari-
ability in demand and renewable generation profiles; however, shorter time
steps could be explored to better represent short-term fluctuations, such as
wind stochasticity. Time series for different commodities, such as elec-
tricity, heat or hydrogen demand, as well as VRE availability profiles, are
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specified exogenously and provide the boundary conditions for the optimi-
sation. The model can be used both in a greenfield or brownfield approach,
with the latter treating part of the existing power generation units as fixed
while optimising additional capacity. Short-term balancing needs are rep-
resented through an explicit modelling of operating reserves. FRAMES
distinguishes between spinning and regulation reserves, which are required
to cope with forecast errors in renewable generation and load, among oth-
ers [73]. Both upward and downward reserve requirements are considered,
ensuring that sufficient programmable capacity is available to increase or
decrease output in response to deviations from expected operating condi-
tions. This is particularly important in scenarios with high VRE shares,
where flexibility constraints can strongly influence the optimal capacity
mix. Thermal generation and storage technologies are modelled through a
clustered unit commitment formulation, following the approach described
by Palmintier [136]. Units with similar technical and economic characteris-
tics are aggregated into clusters, which reduces computational complexity
while retaining the essential features of plant operation, such as ramping
limits, minimum up and down times, etc. From a computational standpoint,
FRAMES is compatible with standard optimisation solvers. In this work,
CPLEX is used to solve the MILP problem, typically with a relaxed integer
formulation to reduce computational efforts. The code is under develop-
ment within a dedicated IAEA Collaborative Project [137], whose initial
scope included beta-testing on different case studies, validation exercises,
and the collection of feedback on model performance, strengths, and lim-
itations. These activities supported the preparation of user documentation
and ultimately led to the release of the first FRAMES version in December
2025.

In this initial release, FRAMES encompasses only high-temperature
process heat for hydrogen production systems, such as thermochemical cy-
cles. In this work, the model has been adapted through several extensions
tailored to the analysis of nuclear cogeneration and NHES:

• First, the adopted version of the model included an exogenous heat
demand at three representative temperature levels. In this version,
the constraints described in the previous section were implemented
to represent the operation of SMRs in cogeneration mode.

• The technologies available in the model have also been expanded to
better address the decarbonisation of the heat sector. For instance,
heat pumps and thermal storage systems are introduced, enabling the
analysis of synergies between electrified heating, nuclear cogeneration
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and VRE deployment. For hydrogen production, HTSE is added as
an alternative technology, with its characteristic specific thermal and
electrical consumption parameters.

• Finally, the spatial resolution of FRAMES has been generalised be-
yond its original two-region configuration. In the official release, the
model can represent up to two interconnected regions. In this work,
the formulation is extended to a multi-node setting with a user-defined
number of zones. A matrix-based description is used for transmission
capacities and efficiencies between zones, which enables the construc-
tion of tailored interconnection schemes corresponding to the case
study of interest. In addition, imports and exports of electricity to
regions outside the model boundary can be modelled, thereby cap-
turing the influence of cross-border exchanges, which are particularly
relevant in the European context.

The extended FRAMES framework is applied to a case study based on
a simplified representation of the Italian energy system, in which alter-
native policy and technology scenarios for decarbonisation are explored.
The main modelling assumptions and key results of this analysis are sum-
marised in Example E8.1. Overall, the extended FRAMES model proved
to be a flexible tool to assess the role of nuclear cogeneration and NHES in
long-term decarbonisation strategies, while explicitly accounting for oper-
ational constraints and different operational modes.

E8.1. Scenarios for the Italian energy system - Static approach

The FRAMES modelling framework, including the models for SMRs
in cogeneration mode and a NHES archetype, is applied to the opti-
misation of a simplified representation of the Italian energy system.
The objective is to demonstrate the methodological approach to eval-
uate the competitiveness of nuclear cogeneration and NHES configu-
rations with respect to other low-carbon alternatives, not only for the
decarbonisation of the power sector but also for the supply of low-
temperature process heat and hydrogen. The simplified reference en-
ergy system considered in the model is the one presented in Figure
8.1, where electricity, process heat and hydrogen demands are satis-
fied by a combination of technologies including VREs, fossil-fuelled
generators with and without CCS, heat pumps, nuclear plants, etc.
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Case study
To balance computational burden and geographical representative-
ness, the Italian system is divided into two regions. These corre-
spond to a Northern macro-zone (R1) and a Southern macro-zone
(R2), whose main characteristics are summarised in Figure 8.3. The
modelling horizon is set to 2050, reflecting a plausible deployment
target for advanced nuclear systems and deep decarbonisation targets.
Consequently, input techno-economic parameters, based on literature
projections and scenario studies, are defined for this target year. Fur-
ther details on these parameters, together with additional sensitivity
analyses, are available in Appendix C. To remain consistent with the
snapshot nature of FRAMES, all cost inputs are annualised using the
technology-specific lifetimes and a constant 5% discount rate.
For electricity, the projected final consumption is taken from the Ital-
ian NECP [138], equal to 478 TWh/y in 2050, significantly higher
than the current value of about 315 TWh/y, mainly due to the ex-
pected electrification of end-uses. With regard to heat, the analysis fo-
cuses on low-temperature (<200◦C) industrial process heat, assumed
to be the most viable market for light-water cooled SMRs and esti-
mated at around 59 TWh/y [17, 138]. High-temperature process heat,
which represents the largest share of industrial heat demand, is not
explicitly modelled in this work. This end-user segment could be
supplied by advanced reactors, direct electrification, hydrogen or fos-
sil combustion, but these options are outside the scope of the current
analysis. Moreover, it is worth noting that the electrification of high-
temperature industrial processes is already reflected in the increased
electricity demand assumed for 2050 [138], so its impact is not ne-
glected at the system level. For hydrogen, the reference demand is
derived from the baseline scenario of the Italian National Hydrogen
Strategy [81], corresponding to 64.4 TWh/y. This represents a sub-
stantial increase with respect to the current value of about 17.4 TWh/y,
driven mainly by additional consumption in industry and transport. In
this study, electricity demand is represented by an hourly annual pro-
file, while the industrial heat and hydrogen demands are modelled as
constant over the year, reflecting the need for a stable and reliable sup-
ply in industrial processes. This represents a simplifying assumption,
as in practice some processes require variable demand profiles; a dedi-
cated effort should therefore be devoted to constructing representative
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profiles, as well as considering thermal energy and hydrogen storage
systems that could help accommodating this variability in planning
decisions. Moreover, given the significant uncertainty in the evolu-
tion of these demands, a set of scenarios is constructed in which heat
and hydrogen requirements are varied around the reference values.
Total demand is allocated between the two regions according to the
industrial load distribution in the territory, with approximately 75%
of the industrial load located in the Northern bidding zones and the
remaining 25% in Southern Italy [139].

Figure 8.3: Overview of the Italian case study.

On the supply side, CCGT and CCGT+CCS plants are assumed to
be capable of operating in cogeneration mode, without defining sep-
arate clusters for CHP units, thereby reducing decision variables and
the associated computational effort. Moreover, maximal hydropower
generation is imposed exogenously, based on historical profiles. This
reflects the fact that this technology, including PHS, is largely satu-
rated and cannot be scaled up significantly to achieve future decar-
bonisation targets. Three nuclear systems are included in the model:

• Conventional, large-scale reactors, operating as electricity-only
units.

• SMRs based on the E-SMR design, operated in cogeneration
mode to supply low-temperature industrial heat. In this case,
steam is extracted at an intermediate stage of the turbine, and a
power loss factor of 0.32 is adopted, in line with the analysis in
Chapter 5.
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• An NHES configuration coupling the E-SMR with a HTSE plant
for hydrogen production, consistent with the architecture dis-
cussed in Example E5.3, and with the SMR operated in load-
following by cogeneration mode, i.e., at rated thermal power.

On this basis, the following sections explore a variety of policy-
relevant scenarios, including decarbonisation considering emission
caps, alternative policies based on VRE targets and fossil-fuel price
measures, together with examples of sensitivity analyses.

Decarbonisation policies through emission caps
As a first step, the model is used to determine the most cost-effective
energy mix under different caps on the emission intensity of the sys-
tem, defined over the combined electricity, heat and hydrogen de-
mands. Caps ranging from 15 gCO2/kWh to no cap are considered.
Two main scenarios are analysed:

• A no nuclear scenario, in which decarbonisation is achieved pri-
marily via VREs and fossil plants with CCS.

• A nuclear scenario, in which the model can deploy both large-
scale reactors and SMRs operated in cogeneration mode and in-
tegrated into NHES.

The results, illustrated in Figure 8.4, show that for stringent decar-
bonisation targets (e.g., 15 gCO2/kWh), allowing nuclear deployment
reduces total system cost. For deep decarbonisation, the no nuclear
scenario is roughly 10% more expensive than the nuclear one when
comparing total system costs annualised to the target year. Further-
more, in the no nuclear scenario, the intermittency of VRE requires
considerably higher installed capacities and large amounts of energy
storage to maintain adequacy (i.e., capability to meet demand and re-
serve requirements) and satisfy the variable load profile. Specifically,
the storage requirement is more than doubled with respect to the nu-
clear scenario. In the latter case, VRE capacity remains relatively
stable as emission caps are reduced, while fossil-fuelled generation is
progressively displaced by nuclear. Without any emission constraint,
nuclear is not cost-competitive against a mix of gas and renewables, as
both baseload and flexibility needs are met by CCGTs. Once emission
caps are introduced, nuclear enters the mix and its installed capacity
increases from about 11 GWel (mainly SMRs in cogeneration mode)
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at 100 gCO2/kWh to around 25 GWel at 15 gCO2/kWh, distributed
between both large reactors and SMRs.
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Figure 8.4: Installed capacities and total system costs.

Because of greater technology maturity, large reactors are assumed
to have a lower CAPital EXpenditure (CAPEX) than SMRs as base-
line. However, for stringent emission limits, SMRs operated in co-
generation mode become attractive as they address decarbonisation
needs in the heat and hydrogen sectors that conventional reactors can-
not directly serve. This can be observed in the breakdown of energy
supplies for electricity, heat and hydrogen, shown in Figure 8.5. In
the no nuclear scenario, extensive CCS deployment is required, espe-
cially for industrial heat and hydrogen, while electricity is dominated
by VRE. Even in the power sector, however, renewables alone are
unable to cover the entire demand, and gas plants with CCS remain
necessary as programmable power sources. In both nuclear and no
nuclear scenarios, heat pumps play a significant role, even though the
largest fraction of heat demand is covered by dispatchable thermal
power sources (i.e., CCGTs and SMRs). In the nuclear scenario, gas-
fired generation is progressively replaced by nuclear, which reaches
about 18% of total energy supply at 100 gCO2/kWh and 38% at
15 gCO2/kWh, while renewables remain the dominant contributor in
each case. Nuclear heat applications, i.e., process steam from SMRs
and hydrogen from HTSE, become increasingly important under strict
emission caps. In particular, under the cost assumptions summarised
in Appendix C, HTSE-based hydrogen production within NHES starts
to become relevant in the 15 gCO2/kWh cap, where the output grows
to approximately 21 TWh/y, which corresponds to about one-third
of total hydrogen demand, highlighting the growing importance of
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increasing hydrogen production efficiency when emission limits are
stringent.
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Figure 8.6 shows the generation profiles over an illustrative week in
summer. In the no nuclear scenario, Northern Italy exhibits substan-
tial solar excess generation relative to demand, with surplus energy
used to charge storage and drive electrolysers. During periods of low
solar output, demand is met via storage discharge, CCGT generation
and imports from the other region or from abroad. In Southern Italy,
in contrast, wind generation remains high even at night. Consider-
ing nuclear deployment, both regions still deploy large amounts of
renewables, but the dispatch in R1 changes significantly: NPPs, in-
cluding both large reactors and SMRs, provide the baseload power
due to lower marginal costs and more restrictive operational flexibil-
ity compared with CCGTs. As a result, nuclear generation remains
stable throughout the week, with a significant ramp-down only on
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Sunday in response to high solar output and low demand. Aside from
this day, the output of large-scale nuclear units stays essentially con-
stant, whereas the SMR electrical output is continuously regulated to
provide flexibility. This showcases the advantages of operating nu-
clear units in cogeneration mode, as the SMR electrical output can
be adjusted by modulating the heat extraction for cogeneration while
maintaining an essentially constant core power and thus respecting
the most stringent flexibility limits on the primary side.
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Figure 8.6: Illustrative operation in a summer week, 50 g/kWh cap.

Decarbonisation policies through VRE and gas price regulation
In addition to emission intensity caps, alternative decarbonisation
policies are explored by acting directly on the deployment drivers of
low-carbon technologies. Two main types of policy are considered:

• Renewable generation targets, expressed as a minimum share of
energy demand supplied by renewables (wind, solar, hydro).

• Gas price measures, representing penalties or constraints on fos-
sil fuel use to indirectly promote low-carbon technologies.

The former type of policy reflects current EU approaches, such as the
RED III directive requiring a minimum 42.5% share of renewables
in gross final energy consumption by 2030 [2], while the latter aims
at representing policies related to energy security by raising the cost
of gas and thus discouraging its use. As highlighted in the emission-
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cap analysis, fossil fuel dependence remains substantial, particularly
in the no nuclear scenario and especially for heat and hydrogen. This
poses not only climate concerns but also risks to energy security, as
evidenced by the vulnerability of the European energy system fol-
lowing the Russian invasion of Ukraine. Policies that constrain gas
consumption can therefore contribute both to emissions reduction and
to lowering exposure to such risks.
In the modelling, these policies are assumed to guide the system
towards low-carbon configurations, rather than imposing explicit
carbon-intensity limits. Results show that high VRE targets alone
lead to slightly higher system costs and do not guarantee deep decar-
bonisation: even with 90% of energy demand for electricity, heat, and
hydrogen supplied by renewables, the total system emission intensity
remains above 50 gCO2/kWh and at a total system cost that is 10%
higher compared to the 50 gCO2/kWh in the nuclear scenario. The
reason is that, while the power sector is heavily decarbonised, indus-
trial heat and hydrogen remain largely supplied by fossil fuels without
CCS, and nuclear options are not incentivised by this type of policy.
Conversely, scenarios where the average gas price is progressively in-
creased exhibit a rapid decline in gas use across electricity, heat and
hydrogen production, resulting in significantly lower emissions and
lower total system costs than in the high VRE penetration case. Under
these gas price policies, nuclear technologies are deployed primarily
to decarbonise heat and hydrogen, thereby reducing the burden on
renewables to provide all low-carbon energy. This underlines the im-
portance of policy instruments that act on fossil fuel usage and carbon
pricing, rather than relying solely on renewable targets.
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Scenarios on commodity demands
Given the uncertainty surrounding future industrial heat needs and
hydrogen demand, additional scenarios explore the impact of these
drivers on optimal technology deployment under an emission inten-
sity cap of 50 gCO2/kWh. The baseline low-temperature industrial
heat demand is halved and doubled in the Low Heat and High Heat
scenarios, respectively. For hydrogen, the Low H2 scenario assumes
that demand remains close to current levels, whereas the High H2

case follows the "high diffusion" scenario from the national hydro-
gen strategy [81]. Since a fixed emission intensity limit is imposed,
higher energy demands lead to higher absolute emissions. The results,
reported in Figure 8.8, indicate that higher industrial heat demand
substantially changes the deployment of nuclear technologies, with
SMRs in CHP mode gaining a larger share when heat demand is high.
In contrast, variations in hydrogen demand have a more limited influ-
ence on the electricity generation mix: hydrogen production remains
dominated by steam reforming with CCS and LTE, while HTSE is not
cost-competitive in the optimal solution for the 50 gCO2/kWh cap.
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Sensitivity analysis
The quantitative results discussed above are sensitive to assumptions
on technology parameters. Two illustrative and non-exhaustive sen-
sitivity analyses are presented to showcase these dependencies, while
further sensitivity studies are reported in Appendix C.
In the first, shown in Figure 8.9, nuclear CAPEX and average gas
prices are varied under a 50 gCO2/kWh cap. VRE penetration is rela-
tively stable, fluctuating between roughly 40% and 55% of electricity
supply even at extreme cost conditions. By contrast, nuclear cogen-
eration for low-temperature heat is strongly driven by gas prices: for
high gas costs, SMR-based heat supply covers more than 70% of in-
dustrial heat demand and, for very low nuclear CAPEX, can rise to
nearly the entire heat demand. Hydrogen production is sensitive to
both nuclear and gas costs. High gas prices tend to promote electrol-
ysis, while low nuclear costs favour SMR deployment, including in-
tegration in NHES, increasing the HTSE share of hydrogen to around
70% of total demand. For high nuclear costs, lower nuclear capacity
(restricted to SMRs dedicated to decarbonising heat and hydrogen)
results in a larger share for LTE. The analysis also highlights that
nuclear competes primarily with gas-fired plants as dispatchable ca-
pacity and thermal power energy supplier rather than with VRE that
effectively decarbonise the power sector.
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Figure 8.9: Sensitivity analysis on nuclear and gas costs.
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In the second sensitivity analysis, the focus is on SMR techno-
economic parameters. Due to uncertainties surrounding the costs of
the chosen SMR design, the baseline assumes an SMR CAPEX 10%
higher than that of large reactors, corresponding to a cost multiplier
of 1.1. This is varied within a range, together with the maximum al-
lowable heat extraction for SMR-CHP operation, which is set to 20%
of reactor thermal power in the baseline and varied between 0% and
40%. Results show that SMR deployment is highly sensitive to their
relative cost: if SMR CAPEX is equal to or lower than that of large re-
actors (multipliers 1.0 or 0.9), the nuclear fleet consists almost entirely
of SMRs; if SMRs are more expensive (multiplier above 1.1), no units
are deployed. This also affects HTSE deployment, as the deployment
of NHES is driven by SMR costs, leading hydrogen to be supplied
mainly by LTE and SMGR+CCS. This outcome should be interpreted
with the understanding that, in this study, HTSE is assumed to be de-
ployed only within NHES configurations, and that alternative system
integration options could lead to different conclusions. The model
is less sensitive to the maximum heat extraction fraction, although a
lower SMR capacity can be deployed to satisfy the same fraction of
heat demand in the case of higher allowable extraction levels.
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Figure 8.10: Sensitivity analysis on SMR parameters.
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Concluding remarks
In the proposed case study, the optimisation results show that deep
decarbonisation targets are met more cost-effectively when nuclear
power is allowed to complement high VRE deployment, especially
if SMRs in cogeneration and NHES configurations are available to
decarbonise industrial heat and hydrogen demand. Similar outcomes
were obtained also in other studies focusing on the pathway to net-
zero of the Italian energy system, including the NECP [138] and
the scenarios developed by the Italian transmission system opera-
tor Terna [140]. Policies based solely on VRE targets are compara-
tively more expensive and still leave substantial residual emissions for
heat and hydrogen production, whereas measures that penalise fossil
fuel use (e.g., via carbon pricing or measures on gas price) drive a
faster and cheaper phase-out of unabated CCGT. Overall, these pol-
icy approaches should be considered complementary rather than mu-
tually exclusive, as their combined implementation may accelerate
decarbonisation across various end-user sectors. In conclusion, Ital-
ian decarbonisation strategies would benefit from an integrated policy
framework that simultaneously maintains strong support for VRE to
decarbonise the power sector, keeps the nuclear option open to pro-
vide grid stability and significantly reduce the need for energy stor-
age systems, and enables the deployment of nuclear cogeneration and
NHES to support the decarbonisation of industrial process heat and
hydrogen production.
However, it is important to acknowledge that the snapshot optimisa-
tion framework adopted here does not describe how the system could
practically evolve towards the identified optimal configuration. In
particular, the model does not capture path dependencies, temporal
competition for capacity expansion, or the fact that early large-scale
deployment of readily available low-carbon technologies may leave
limited space for nuclear technologies in later stages of the transition.
Assessing these dynamic aspects requires complementary dynamic
long-term planning models, which are able to represent investment
trajectories and deployment constraints based on supply chain capa-
bilities; such frameworks can provide a more complete view of how,
and under which policy conditions, nuclear cogeneration and NHES
could realistically be integrated into decarbonisation pathways.
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Dynamic energy system modelling

As aforementioned, dynamic energy system models represent the temporal
evolution of capacity deployment, allowing the analysis of how the technol-
ogy mix changes over multi-year horizons. In this work, the open-source
optimisation framework Hypatia [134], developed at Politecnico di Milano
in the Python programming language, is used to investigate the potential
role of nuclear cogeneration in cost-optimal long-term energy system plan-
ning. As a matter of fact, Hypatia supports multiple energy carriers, in
particular electricity, heat and hydrogen, enabling the investigation of the
various interactions between these vectors. The model is operated in plan-
ning mode, meaning that it optimises capacity expansion decisions over
multiple years, considering a short-term dispatch over a representative 24-
hour period per year, for instance, to ensure acceptable computational lim-
its. In this framework, the objective function can be formulated either to
minimise total system costs or to minimise emissions; in the former case,
it is also possible to impose exogenous emission targets and derive the cor-
responding cost-optimal energy mix that satisfies the specified decarbon-
isation trajectory. Moreover, the user can specify time-dependent techno-
economic parameters for each technology, including learning-driven invest-
ment cost reductions, deployment timelines and efficiency improvements,
as well as policy constraints such as emission caps or phase-out targets for
fossil-fuelled plants.

In general, dynamic planning models and static energy system mod-
els should be seen as complementary rather than competing tools, as they
address different research questions. Static models with full-year hourly
resolution are well suited to analyse the detailed operation of a given sys-
tem configuration, capturing the variability of demand and supply over the
whole year-long horizon. In contrast, dynamic planning models focus on
the trajectory by which an energy system moves from a starting-year con-
figuration toward a future objective (e.g., defined by emission targets), op-
timising the timing and scale of capacity expansion under evolving techno-
economic conditions and policy constraints, albeit with a simplified short-
term representation for the dispatch strategy.

In this work, consistently with the static modelling approach adopted
earlier, SMR-driven cogeneration and NHES configurations are represented
by implementing the same operational constraints presented in Section 8.1.
An illustrative application of this framework, intended to demonstrate the
type of insights that dynamic long-term planning models can provide with-
out delving into a detailed discussion about the assumptions or performing
an exhaustive analysis, is presented in Example E8.2.
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E8.2. Scenarios for the Italian energy system - Dynamic approach

This case study examines the decarbonisation of the Italian energy
system employing a dynamic capacity expansion strategy. The system
is represented as a single region, with dispatch modelled over a 24-
hour period for each year in the optimisation horizon spanning from
2020 to 2050. The first five years are characterised by the residual
capacities of the current energy system, while subsequent years allow
for endogenous capacity expansion subject to technology-specific de-
ployment caps. As in the previous analyses, the same final demands
for electricity, heat and hydrogen are considered; however, because
Hypatia is a dynamic framework, trajectories must be specified over
time. In this example, electricity demand follows scenario trajecto-
ries derived from decarbonisation studies of the Italian energy sys-
tem [138,140], heat demand is assumed constant over the horizon, and
hydrogen demand increases linearly from its current level to the 2050
target [81]. It is important to stress that the results presented here are
not meant to be directly compared with those obtained from the snap-
shot optimisation, as the two modelling approaches serve different
purposes and rely on different assumptions and sets of technologies.
The dynamic framework explicitly represents time-dependent tech-
nology costs, construction and deployment times and installation caps
to reflect supply chain limitations, whereas the static one assumes a
single representative year, adopting a greenfield approach. The ob-
jective of this example is therefore to highlight the main drivers that
shape optimal solutions in a dynamic setting, rather than to provide a
direct comparison with the previous case.
In this example, decarbonisation pathways are modelled by imposing
exogenous limits on the system’s emission intensity, defined over the
combined electricity, heat and hydrogen consumptions. These caps
decrease linearly from 150 g/kWh in 2025 to 15 g/kWh in 2050. The
resulting production mixes for electricity, heat and hydrogen are re-
ported in Figures 8.11, 8.12 and 8.13, while Figure 8.14 compares the
daily dispatch patterns in the current system and in the 2050 scenario.
A first evident outcome is that nuclear energy plays a leading role
in decarbonising low-temperature heat demand, while its impact on
the electricity sector remains more limited, accounting for about 12%
of total electricity production in 2050, with no deployment of large-
scale reactors or of the NHES archetype. This behaviour is driven
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by the modelling assumptions: due to long construction times and
lower technological maturity of SMRs, these units are only allowed
to enter the system after 2034, with relatively high initial capital costs
that gradually decrease over time as a result of assumed learning-by-
doing effects. Large reactors are considered to be deployable earlier,
but their even longer construction times and similarly high overnight
costs, selected to reflect recent experiences in the European context,
mean that their contribution to the early decarbonisation effort would
not be cost-effective with respect to other clean electricity-generating
options. Moreover, the fact that nuclear plants can be deployed only in
the later years, combined with lifetimes significantly longer than the
planning horizon, leads to the so-called "end-effect", in which invest-
ments delivering a large share of their benefits beyond the planning
horizon are penalised in the optimisation [141].
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Figure 8.11: Electricity production in Hypatia.

As for the other energy carriers, nuclear cogeneration emerges as the
primary source of low-temperature industrial heat, while heat pumps
and cogeneration from CCGT+CCS account for approximately 7%
and 6% of total heat supply in 2050, respectively. For hydrogen, the
results show a predominance of SMGR, progressively replaced by the
same technology equipped with CCS as emission caps tighten, while
electrolysis does not enter the optimal solution under the assumed
techno-economic conditions. The combination of limited nuclear de-
ployment (due to timing and cost assumptions) and the higher costs
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of HTSE with respect to other hydrogen production technologies, par-
ticularly in the near term, implies that NHES configurations do not
emerge as cost-competitive in this scenario. Notably, these results
are strongly dependent on the techno-economic assumptions selected
for this case study, particularly the investment costs and deployment
timelines of nuclear technologies; the impact of these assumptions is
further assessed in additional scenarios presented in Appendix C.

2020 2025 2030 2035 2040 2045 2050

Year

0

10

20

30

40

50

60

H
ea

t 
p
ro

d
u
ct

io
n
 (

T
W

h
)

Heat production by technology

Oil CHP

CCGT CHP

CCGT+CCS CHP

SMR CHP

Heat pumps

Geothermal HP

Biomass CHP

Figure 8.12: Heat production in Hypatia.
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Figure 8.13: Hydrogen production in Hypatia.

The dispatch results in Figure 8.14 compare the operational character-
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istics of the optimised energy system in 2050 with those in 2025. The
high penetration of solar PV (around 170 GW of installed capacity in
2050) increases the flexibility requirements on dispatchable plants and
storage. In this formulation, a one-hour shut-down of nuclear units
arises from the need to reproduce an average availability of 0.9 within
a single representative 24-hour profile, rather than from a physically
realistic operating pattern. With only one day modelled, it is not pos-
sible to represent constraints such as minimum up- and down-times,
ramping limitations, etc. While this solution is mathematically fea-
sible within the optimisation, it is not operationally realistic: nuclear
units cannot shut down and restart on such short timescales, and oper-
ating the system with no dispatchable units online as reserves would
be unacceptable from a grid-stability standpoint. This outcome shows
that, in the absence of dedicated constraints on ramp rates, reserve
requirements, start-up and shut-down behaviour, and by limiting the
operation horizon to 24 hours, dynamic planning models may select
dispatch strategies that are not technically feasible in practice, high-
lighting the need for more detailed operational models to complement
them. For this reason, they should be interpreted primarily as tools to
capture the long-term evolution of generation patterns and capacity
mixes, rather than as providers of fully realistic dispatch strategies
that can be effectively evaluated with snapshot-type models.
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Figure 8.14: Differences in terms of dispatch strategy in 2025 and 2050.

In conclusion, the results of this Italian case study are not intended to
analyse policy options but rather as a way to showcase the strengths
and limitations of dynamic long-term energy planning models com-
pared with static energy system models. The main strengths include
the ability to capture evolving technology costs and deployment tra-
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jectories, which is particularly relevant for technologies such as VRE
and nuclear power, whose investment costs and deployment times dif-
fer significantly and evolve differently over time, as also illustrated by
the additional scenarios presented in Appendix C. Under the chosen
assumptions, these features lead to a significant role of nuclear energy
in meeting 2050 targets for the decarbonisation of heat demand. At
the same time, the analysis highlighted important limitations: the 24-
hour dispatch horizon does not capture weekly or seasonal patterns of
demand and renewable availability, and the current formulation does
not include a detailed representation of grid requirements, ramping
constraints or realistic cycling limits for nuclear units. These aspects
are particularly critical when assessing the integration of nuclear re-
actors into systems with deep VRE penetration. To provide robust
and policy-relevant insights, these modelling limitations need to be
taken into account, together with a comprehensive sensitivity analy-
sis on key assumptions (e.g., nuclear costs and deployment timelines,
annual deployment caps, demand trajectories and decarbonisation tar-
gets, etc.). These developments have only partially been pursued here,
since a detailed investigation of these aspects would go beyond the
overall scope of this work. Consequently, the present example should
be viewed as an illustration of how dynamic optimisation can shape
decarbonisation pathways and as a starting point for more detailed,
policy-oriented analyses rather than as a representative roadmap for
the Italian case.

8.3 Concluding remarks

Typically, energy system models limit the contribution of nuclear power to
its role as an electricity source. This simplification is increasingly inade-
quate in a context where advanced nuclear technologies, including SMRs
in cogeneration mode and broader NHES architectures, are being consid-
ered as contributors to decarbonisation across multiple sectors. As a result,
the policy gap that drives the modelling activities presented in this chapter
is therefore to be able to move beyond the traditional baseload operational
paradigm in long-term energy planning and to identify the technical and
economic drivers, as well as the barriers, that shape the deployment of nu-
clear heat utilisation in future low-carbon systems.

To address this gap, nuclear cogeneration and NHES archetypes were
explicitly represented in long-term optimisation frameworks, with dedi-
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cated constraints that capture the coupling between nuclear reactors and
non-electric applications. This representation was implemented in two
complementary tools: a static snapshot optimisation model, FRAMES, and
a dynamic planning model, Hypatia. Both codes were adapted to include
SMRs in cogeneration mode and NHES and were applied to the Italian case
study to explore how these technologies might contribute to cost-optimal
decarbonisation pathways under different policy and techno-economic as-
sumptions.

A comparison between the strengths and weaknesses of the two ap-
proaches, observed in the case studies presented in this work, is summarised
in Table 8.1. From a spatial perspective, FRAMES adopts a multi-node
structure that can represent different regions with distinct demand profiles
and renewable resources, which is particularly relevant for assessing where
nuclear cogeneration and NHES could be most valuable. Hypatia, as used
here, is formulated as a single-node model and therefore focuses more on
system-wide trajectories than on regional deployment issues. In terms of
temporal resolution, FRAMES optimises over an entire single year with
hourly detail, while Hypatia optimises over multiple years using a repre-
sentative 24-hour profile that is scaled through time. This means FRAMES
is well suited to capturing intra-year flexibility requirements and the in-
teraction between nuclear units and variable renewables, whereas Hypatia
is better tailored for questions about when investments occur and how the
technology mix evolves under different policy constraints. On the flexibil-
ity side, FRAMES includes a detailed operational description with reserves,
start-up and shut-down costs, ramp-rate limits and cycling constraints. This
is essential to analyse how nuclear cogeneration and NHES can contribute
to system flexibility in high-VRE contexts. Hypatia, conversely, does not
yet provide an explicit representation of these short-term operational con-
straints. It can therefore indicate under which conditions NHES and SMRs
are economically attractive in the long run, but it cannot on its own guar-
antee that the considered dispatch profiles are technically feasible with-
out support from more detailed operational studies. From a policymaking
perspective, the two tools answer different but complementary questions.
FRAMES identifies the cost-optimal configuration of the energy system in
a given future year, under a set of techno-economic assumptions that im-
plicitly assume a certain level of technological and market maturity. It is
therefore well suited to assessing the system value of nuclear cogenera-
tion and NHES once these technologies are available at scale and exploring
the optimal technology mix under different policy assumptions. Hypatia,
instead, explores the transition from current conditions to a decarbonised
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system, including the timing of investments and the impact of policy mea-
sures such as emission caps and VRE incentives. This aspect also translates
into different scopes for the assessment of NHES and nuclear cogeneration
in long-term energy planning strategies: FRAMES is suited to answering
if and how nuclear can be integrated with VREs in a given future system,
accounting for realistic flexibility requirements and operating capabilities.
Hypatia, in contrast, addresses factors like deployment timelines, cost tra-
jectories, and policy measures that act as enablers or barriers for these ad-
vanced nuclear applications.

Feature FRAMES Hypatia

Spatial resolution
Multi-node; accounts for

location-dependent demand and
renewable availability

Single-node representation

Temporal resolution
and horizon

Hourly resolution for the full
target year

Representative 24-hour profile
repeated over multiple years

Investment dynamics
Snapshot view: costs and

capacities defined for a given
target year

Dynamic capacity expansion with
cost trajectories and deployment

timelines

Flexibility modelling
Operating reserves,

start-up/shut-down costs, ramping
and cycling limits, etc.

Not represented

Multi-vector
representation

Electricity, heat and hydrogen with
hourly profile for the target year

Electricity, heat and hydrogen
with evolving demand pathways

Data requirements
and uncertainties

Detailed technology data and
full-year time series

Long-term assumptions on
demand, costs, annual deployment

limits, etc.

Relevance for
policymaking

Identifies cost-optimal system at a
given year, assuming technologies

have reached a certain maturity

Explores transition pathways and
investment timing under different

policy or scenario assumptions

Relevance for NHES
analysis

Focus on operational advantages
and impact on system integration

for flexible nuclear-driven systems

Assesses deployment conditions
under which NHES become part
of the cost-optimal energy mix

Table 8.1: Comparison between the key features of FRAMES and Hypatia observed in the
applications considered in this work.

The Italian case study illustrates how these methodological choices
translate into different insights. The snapshot optimisation showed that
when restrictive emission caps are imposed at a target year, nuclear power
can reduce system costs by acting as a low-carbon dispatchable source,
replacing gas-fired generation rather than renewables, and that SMRs op-
erated in cogeneration mode can effectively support the decarbonisation of
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industrial heat and hydrogen. The dynamic planning analysis, on the other
hand, highlighted that deployment timelines, construction times and ini-
tial cost assumptions can strongly penalise nuclear technologies, especially
large-scale reactors, in the early decades of the transition, favouring ear-
lier deployment of renewables and other low-carbon options; as a result,
by 2050 nuclear plays a limited role in electricity supply, while light-water
cooled SMRs emerge primarily as important contributors to the decarboni-
sation of low-temperature heat demand. From a policy standpoint, the pre-
liminary analysis provided some initial insights about the role of nuclear
cogeneration. First, nuclear deployment is sensitive to carbon policies, nu-
clear and gas cost assumptions, and explicit constraints on emissions. Poli-
cies that penalise fossil fuels and support cost reductions and risk mitigation
for nuclear projects can significantly improve the competitiveness of nu-
clear technologies, especially when decarbonisation targets extend beyond
the power sector to include heat and hydrogen. The results indicate that
industrial heat and hydrogen demands, which are more difficult to electrify
and decarbonise solely with VRE-based solutions, could become important
drivers for the deployment of nuclear cogeneration and NHES. Moreover,
the snapshot optimisation showed that nuclear plants in cogeneration mode,
and in particular SMRs, can provide valuable flexibility by adjusting elec-
trical output through modulation of heat extraction while maintaining sta-
ble core power, thereby complementing variable renewables and reducing
the need for additional storage and gas-fired backup. Finally, the dynamic
optimisation highlighted that if nuclear projects are introduced late in the
planning horizon, combined with long construction times and high initial
capital costs, they may struggle to compete with rapidly deployable low-
carbon alternatives and may therefore contribute only marginally to emis-
sion reductions by 2050 under the assumed trajectories.

As a result, future modelling efforts that aim to provide policy insights
on the role of nuclear cogeneration and NHES should focus on decreasing
the gap between these two approaches. For snapshot models, this includes
moving from purely greenfield formulations towards brownfield settings
where existing capacities in fossil-fuelled plants and renewables are repre-
sented, so that the space available for future nuclear deployment reflects re-
alistic system trajectories. For dynamic planning models, there is a need to
refine the representation of grid requirements and flexible operation, within
the computational limits of long-horizon optimisation, so that the poten-
tial for nuclear units to provide programmable power and grid services in
high-VRE systems can be assessed more realistically.
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CHAPTER9

Policy recommendations

This chapter translates this work’s results into policy recommendations for evaluating nuclear co-
generation and NHES in decarbonisation strategies. It highlights that nuclear should be assessed
as a multi-output, flexible provider of electricity, heat and hydrogen, using integrated safety, techno-
economic and long-term planning analyses rather than representing it as an electricity-only provider.
Recommendations are structured around infrastructure and markets, flexible operation, safety and
licensing, system design, economics, and environmental impact, with emphasis on valuing flexibil-
ity, interfaces between the nuclear facility and the non-electric application, and using system-wide
emission targets.
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The outcomes of this research highlight the importance of integrating
detailed techno-economic and dynamic analyses for energy policymaking
in order to understand if, and under which conditions, NHES can effectively
contribute to decarbonisation pathways. When nuclear cogeneration is rep-
resented consistently with safety, techno-economic and long-term planning
models, it emerges as a multi-purpose, low-carbon source of electricity,
heat and hydrogen that can support system flexibility and resilience, mov-
ing beyond the conventional perspective of nuclear as a baseload power
generator.

Building on the insights from the different modelling approaches and
case studies proposed in the methodological framework of this work, sev-
eral policy-relevant recommendations can be identified, summarised in the
remainder of this chapter.

9.1 Summary of policy recommendations

On the infrastructure and market characteristics

A first set of challenges concerns the characterisation of the context, e.g.,
in terms of infrastructure needs, market dynamics, local policies, etc., into
which NHES would be deployed. In general, it is fundamental to identify
a nuclear technology whose power rating and cogeneration capabilities are
compatible with the size and configuration of the end-users (e.g., district
heating networks and industrial hubs).

Heat and hydrogen are difficult and costly to transport over long dis-
tances, which implies that nuclear plants intended for cogeneration should
be located close to their end-users or connected via dedicated infrastructure
such as large-scale district heating networks, industrial steam pipelines or
hydrogen networks. In this regard, existing infrastructure represents both
an opportunity and a challenge. On the demand side, the potential use
of existing district heating networks, and on the supply side, the possible
retrofitting of current NPPs for cogeneration or NHES integration, must
be carefully assessed from multiple perspectives to verify whether it rep-
resents a viable solution in terms of safety, reliability, and overall cost-
effectiveness. As for market conditions, there is considerable uncertainty
over the future scale of demand for relatively new commodities such as
low-carbon hydrogen, as well as over how future electricity markets will
value flexibility, which is increasingly important under growing VRE pen-
etration.

This work addressed these issues by performing context evaluations
and constructing realistic deployment scenarios that reflect plausible end-
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user sizes, geographical constraints and demand trajectories for electricity,
heat and hydrogen. In particular, the analysis considered different NHES
archetypes encompassing the E-SMR design, such as district heating sys-
tems, industrial hubs with both electricity and hydrogen demands, and a
simplified representation of a national energy system to assess the potential
integration of such systems in a broader context. As a result, the following
policy recommendations emerged in the analyses:

• Policymakers should evaluate the potential deployment of NHES con-
figurations, taking into account national and regional characteristics,
for example, by identifying industrial areas where the co-location of
SMRs operating in cogeneration mode could reduce transport require-
ments for heat and hydrogen and strengthen the coupling between en-
ergy supply and demand.

• Uncertainties in commodities demands, and thus investment risks,
should be addressed by regulators and policymakers by enabling the
conditions for a growing demand in low-carbon hydrogen and indus-
trial heat. This could be achieved by introducing specific sectoral tar-
gets with the aim to reduce the reliance on fossil fuels. Moreover, elec-
tricity market reforms should ensure that support schemes for VREs
are complemented by mechanisms that properly value and remuner-
ate capacity, flexibility and system services (e.g., reserves and inertia)
from dispatchable low-carbon generators, so that these units remain
economically viable and high VRE penetration does not undermine
grid stability.

On the flexible operation of hybridised nuclear plants

Traditional regulatory and market frameworks often implicitly treat nuclear
as a pure baseload electricity source, operating at maximum power with
limited flexibility. In NHES, by contrast, reactors operate in tight interac-
tion with non-electric applications: the BOP and associated control systems
must continuously allocate power between electricity production and heat
supply. This introduces additional complexities in the plant design and con-
trol philosophy but also opens up new possibilities for flexible operation,
particularly via load-following by cogeneration, where the electrical out-
put is modulated by regulating heat extraction while keeping reactor power
essentially constant.

In this thesis, NHES simulators and control strategies were developed
to explore these new operational regimes and to quantify the technical po-
tential and limitations of using nuclear heat to enhance flexibility. The re-
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sults show that, within appropriate design limits, nuclear cogeneration can
substantially increase the flexibility of the electrical output with minimal
perturbations on the nuclear island, thereby allowing nuclear units to ef-
fectively respond to the increasing variability of the residual load and elec-
tricity prices. In this sense, the following policy recommendations can be
formulated concerning this novel operational paradigm:

• Safety authorities and system operators should recognise the increased
potential of flexible operation in integrated energy systems. In this
regard, load-following by cogeneration should be treated as a viable
operational strategy, but each specific reactor and NHES design must
demonstrate to the safety authorities that this operating mode is tech-
nically feasible and can be carried out without compromising nuclear
or industrial safety.

• Policymakers should facilitate the deployment of demonstration
projects for SMRs operating in cogeneration and flexible modes, en-
suring that early operational experience is collected and shared. Such
demonstrators can inform the definition of new safety requirements,
acceptable flexibility limits and control strategies for NHES. At the
same time, it would give investors clearer evidence of the range of
revenue streams available across electricity, heat, hydrogen and ancil-
lary service markets, thereby reducing uncertainty and perceived risk
for these innovative projects.

On the safety of NHES, including regulatory and licensing gaps

NHES raise specific safety and regulatory questions. The tight coupling
between the nuclear power plant and cogeneration facilities introduces new
types of initiating events, including those originating from the industrial
process and propagating to the nuclear island, as well as potential interac-
tions in emergency situations (e.g., loss of offsite power). Existing regu-
latory frameworks for nuclear installations and industrial facilities are not
always aligned; overlaps and gaps may occur, for instance concerning the
classification of shared systems, safety functions at the interface, or emer-
gency preparedness. In this regard, although nuclear cogeneration projects
implemented so far represent only a minor fraction of the total NPPs oper-
ating worldwide, they provide valuable operational and regulatory experi-
ence from which important lessons can be drawn when developing safety
approaches and regulatory frameworks for NHES.

This thesis contributes to addressing these issues by proposing a mod-
elling framework that can be used by safety authorities and regulators to
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assess the behaviour of NHES architectures under normal and accidental
conditions, including the effect of coupling interfaces and new initiating
events. The methodology was applied to illustrative safety-relevant scenar-
ios, but a broader analysis of initiating events and NHES-tailored investi-
gations would be needed for a comprehensive safety assessment. Neverthe-
less, the following preliminary policy recommendations emerged from the
research activities:

• Legal and regulatory frameworks should clearly define the responsi-
bilities of plant operators and regulators at the interface between nu-
clear and non-nuclear subsystems, including for emergency planning,
accident management, and decision-making. This clarity is funda-
mental to avoid gaps in responsibility in the event of accidents that
involve both sides of the system.

• For NHES projects, nuclear safety authorities, industrial safety regu-
lators, environmental agencies and other involved stakeholders should
be involved from the earliest stages of project development. This is es-
sential to avoid inconsistent assessments and conflicting requirements.

• Licensing processes should explicitly address nuclear cogeneration
and NHES, with clear guidance on how to treat shared systems, in-
terfaces and initiating events originating outside the nuclear island.
This may require new regulatory guides or extensions of existing ones,
recognising cogeneration as an intended operational mode rather than
a secondary feature.

On the design and operation of NHES

The design and operation of NHES are technically complex because of the
strong electrical and thermal interconnections between subsystems. These
interconnections shape both short-term dynamics (e.g., thermal delays in
pipelines and storage systems, inertial effects, control interactions) and
long-term configurations (e.g., changes in optimal layouts as components
reach the end of life at different times). Thermal couplings are particularly
challenging, as they introduce delays and non-linear effects that must be
handled both in normal operation and under abnormal conditions.

In this thesis, system-level modelling tools were developed to test dif-
ferent NHES architectures and operational strategies, explicitly accounting
for these non-linearities in the definition of short-term dispatch strategies
and in techno-economic optimisation. In particular, a coupling between
dynamic simulators and optimisation tools was used to ensure that cost-
optimal strategies remain physically feasible, providing policymakers with

139



Chapter 9. Policy recommendations

a tool to understand the limitations of conventional modelling approaches
and to obtain a more realistic representation of how NHES could actually
be operated. These aspects translate into the following policy recommen-
dations:

• Design studies for NHES should require system-level analyses that
represent the dynamics of thermal and electrical interconnections be-
tween subsystems, rather than relying solely on steady-state perfor-
mance. This allows capturing transient phenomena, delays and feed-
back effects that can influence both design choices and operational
strategies.

• Regulatory guidelines should be developed to address the design of
thermal interconnections in NHES, including minimum requirements
for response times, controllability, and storage capacities to manage
transients and failures without affecting nuclear safety.

On the financing and economics of NHES

The business model for conventional, electricity-only nuclear power plants
is not directly applicable to multi-purpose NHES: the economic perfor-
mance of these systems depends on the dynamics of the electricity, heat and
other commodities markets and on the intrinsic interdependence of outputs,
e.g., the loss of electrical power when heat production for cogeneration is
prioritised. Moreover, assessments based purely on levelised costs are no
longer sufficient, as they don’t account for key factors such as environmen-
tal impact, need for flexibility, and security of supply.

This work contributed by developing techno-economic models that eval-
uate the competitiveness of NHES under different assumptions about costs,
carbon constraints, energy prices and policy instruments. These analyses
were carried out at NHES architecture-level, capturing the interdependence
between commodities production and identifying cost-optimal configura-
tions under policy-driven limits on carbon intensity. The resulting mod-
elling tools can be used not only to compare alternative NHES designs with
one another but also to assess their economic competitiveness against sup-
ply options that do not rely on nuclear energy. In this context, policy rec-
ommendations include:

• Policymakers and regulators should avoid basing decisions solely on
levelised cost of production comparisons. Instead, evaluations should
consider total system costs and benefits, including emissions reduc-
tions, contribution in meeting flexibility requirements, reduced expo-
sure to fuel price volatility, etc.
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• Financing frameworks and contracts should be adapted to the multi-
output nature of NHES. For example, long-term Power Purchase
Agreements (PPAs) for electricity could be complemented by long-
term heat or hydrogen offtake contracts, with risk-sharing mechanisms
between utilities and industrial end-users that could reduce the expo-
sure associated with the high upfront investment in nuclear.

On the environmental impact of NHES

A central policy question is whether and to what extent NHES can effec-
tively support the energy transition as low-carbon solutions.

In this work, the environmental impact was addressed by incorporating
emission constraints directly into the definition of NHES architectures and
into system-level techno-economic optimisations. The focus was placed
on low-carbon configurations with no, or very limited, reliance on fossil
fuels, and emission caps were applied across electricity, heat and hydrogen
supply. This can be translated into the following policy recommendations:

• Rather than prescribing specific technologies, policymakers should set
carbon intensity targets that apply to all energy carriers (electricity,
heat, hydrogen, etc.). This would facilitate the deployment of all low-
carbon solutions, including nuclear, VREs, and fossil-fuelled sources
equipped with CCS, and allow NHES to compete based on their over-
all contribution to decarbonisation.

• Climate policies should explicitly address industrial heat and hydro-
gen use, which, as of today, are mainly satisfied by fossil-fuelled pro-
cesses. Including these end-users in emission targets and carbon pric-
ing schemes could favour solutions such as nuclear cogeneration that
can provide low-carbon process heat and hydrogen at a large scale
while also meeting the stringent requirements for reliability, conti-
nuity of supply and operational stability that are essential for many
industrial processes. Such measures could also help unlock emis-
sions reductions in sectors whose decarbonisation potential remains
largely underexploited, particularly as the marginal abatement cost of
reducing the remaining emissions in the electricity sector tends to rise
sharply once the most cost-effective solutions have already been im-
plemented.

On the role of NHES in decarbonisation strategies

Finally, the role of NHES in long-term energy planning is strongly influ-
enced by how nuclear technologies are represented in system models. In
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many existing studies, nuclear is treated solely as an electricity source,
and non-electric applications are not considered due to the limited opera-
tional experiences. Model outcomes are also highly dependent on assump-
tions about technology costs, deployment timelines, fuel prices and demand
trajectories: if these assumptions are not transparent and extensively ad-
dressed through sensitivity studies, the resulting insights would provide an
incomplete picture considering the underlying uncertainties.

This thesis tackled these issues by integrating nuclear cogeneration and
NHES archetypes into both static and dynamic long-term optimisation
frameworks, reflecting their complementary strengths. The implementa-
tion of this methodology was tested by applying the models to national
decarbonisation strategies, using a country-scale case study to explore how
nuclear cogeneration and NHES could, in principle, contribute to meeting
long-term climate targets. However, since the primary objective of this
work is not to prescribe specific policy measures for any particular national
context, the policy considerations presented in this chapter are formulated
at a more general level and are intended to be independent from the specific
numerical outcomes of those case studies:

• Long-term planning for policy formulation should evaluate how dif-
ferent technology mixes affect total system costs, reliability, and flex-
ibility, as well as cross-sector decarbonisation (e.g., through low-
carbon heat and hydrogen production), rather than relying solely on
the power sector or levelised cost comparisons.

• National and regional energy plans should include scenarios where
nuclear is allowed to provide also commodities beyond electricity, and
where its flexibility is fully represented. The case studies in this thesis
show that under stringent emission constraints, nuclear cogeneration
can relieve pressure on electrification, reduce reliance on fossil-fuelled
backup capacity, and limit the need for extensive storage deployment,
while still maintaining high levels of VRE penetration.

• Policymakers should rely on a combination of static and dynamic
models. Static, high-resolution models are particularly valuable for
assessing operational feasibility, flexibility, and the system value of
NHES and nuclear cogeneration in specific target years. Dynamic
models, in turn, are better suited to exploring policy-driven deploy-
ment pathways, cost trajectories, and the timing of investments. In
all cases, key assumptions (especially on nuclear costs, deployment
timelines, annual deployment caps, demand growth, etc.) should be
documented and subject to sensitivity analyses.
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• Dynamic frameworks highlight that nuclear technologies with long
construction times and uncertain near-term costs may struggle to be
deployed at scale if other low-carbon options can be introduced faster
in the early years of the transition. This implies that policy decisions
taken today on support for demonstration projects, licensing frame-
works, and financing instruments will strongly influence whether
NHES can play a meaningful role in meeting climate targets in 2050.

9.2 Concluding remarks

The policy considerations discussed in this chapter are the final building
block of the methodological framework developed in this thesis. They
integrate the key insights from the other domains addressed in the work:
dynamic modelling of NHES, system-level techno-economic optimisation,
safety and licensing considerations, and long-term energy planning. Taken
together, these domains show that questions like if, when, and how nuclear
cogeneration and NHES should be deployed cannot be answered solely
with high-level energy scenarios or isolated component studies. They re-
quire an integrated view that simultaneously accounts for technical feasibil-
ity, operational behaviour, safety constraints, economics, and interactions
between multiple energy carriers.

At the same time, it is important to stress that the policy recommenda-
tions formulated here are primarily qualitative. The core objective of this
thesis was to develop and test methodological approaches and tools, not to
deliver a definitive, country- or NHES-specific policy roadmap. The case
studies were deliberately designed as illustrative applications of the frame-
work, showing how different modelling tools can be coupled, how NHES
archetypes can be represented, and how system-level indicators respond
to changes in assumptions and policies. As emphasised throughout the
work, concrete policy recommendations are strongly context-dependent:
they vary with national energy mixes, industrial demands, infrastructure,
regulatory constraints, and also with the specific NHES configurations un-
der consideration (reactor type, coupling scheme, end-user characteristics,
storage design, etc.). Any quantitative use of the proposed tools for policy-
making would therefore require a dedicated, location- and design-specific
assessment. In addition, the proposed policy recommendations should be
complemented by a broader set of enabling factors that were not addressed
in the proposed methodological framework but have a pivotal impact on
real-world feasibility. These include, among others, the adoption of tar-
geted measures to enable the development of robust supply chains for key
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NHES components, the training of a qualified and sufficiently large work-
force for the design and operation of such systems, as well as the achieve-
ment of public acceptance and stakeholder trust. Neglecting these dimen-
sions could significantly constrain or delay deployment, even in scenarios
where techno-economic and policy conditions appear favourable.

Within these limits, the chapter shows how the methodological devel-
opments of the thesis can inform policies from several perspectives. The
dynamic simulators and safety-oriented tools support regulators in under-
standing how new operational modes, such as load-following by cogen-
eration, affect plant behaviour and safety margins. The techno-economic
optimisation models are used to assess under which cost, policy and infras-
tructure conditions NHES and SMRs might become competitive and how
they interact with VRE, gas and other low-carbon options at the system
level. The long-term planning frameworks, in turn, highlight the impor-
tance of deployment timelines, cost trajectories, and policy measures in
determining whether nuclear cogeneration emerges as a meaningful con-
tributor to decarbonisation or remains marginal for specific climate targets.
Together, these methodological elements provide a structured way for pol-
icymakers, regulators and system planners to move beyond the traditional
view of nuclear as a baseload electricity provider and to evaluate innova-
tive, integrated, multi-vector energy systems.
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CHAPTER10

Conclusions

The work presented in this thesis has focused on the investigation of Nu-
clear Hybrid Energy Systems (NHES), a novel application of nuclear tech-
nologies in which a nuclear reactor is tightly coupled with other energy
sources, storage devices and multiple end-user segments. By design, these
architectures go beyond the traditional paradigm of electricity-only nuclear
plants, aiming at a tighter integration between energy supply and consump-
tion to enhance the flexibility, efficiency and reliability of energy sup-
ply. However, the analysis and deployment of NHES involve significant
technical and regulatory challenges. Their complex architectures, charac-
terised by strong thermal and electrical interconnections between subsys-
tems, translate into significant complications for both design and opera-
tion. In addition, nuclear reactors have traditionally been designed and
licensed primarily as electricity generators, operating mostly in baseload
mode under strict safety and regulatory constraints. Integrating them with
non-electric applications such as district heating networks, industrial pro-
cesses or hydrogen production introduces additional requirements on plant
design, control systems and safety assessment. Modelling tools can play a
central role in addressing these challenges. For instance, they can support
the definition of new operational limits, investigate the safety implications
of novel operating modes and inform long-term planning studies on the
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potential role of NHES in future energy systems.
In this context, the primary objective of this work has been to develop

a holistic methodological framework that combines different modelling ap-
proaches and tools to provide a comprehensive description of NHES ar-
chitectures and their possible role in various deployment contexts and to
connect technical, economic, and policy dimensions. The framework is
primarily intended as an instrument for decision-makers, providing techni-
cally grounded support for defining policies and measures that might shape
deployment strategies of NHES. In particular, it can help identify technical,
economic, and regulatory aspects that could represent enabling factors or
barriers for their deployment in decarbonisation strategies.

From a methodological standpoint, the proposed framework for NHES
analysis proved to be capable of providing a comprehensive description of
NHES architectures and nuclear cogeneration across all the aforementioned
domains.

The context analysis provided the boundary conditions for the various
techno-economic studies, which are highly relevant for the design and op-
eration of NHES, as well as for their deployment strategies within broader
energy systems.

A key outcome of the modelling activities is the contribution to the
open-source TANDEM Modelica library, which collects a wide range of
dynamic models. These models can be assembled into different NHES
architectures, as well as associated control schemes, by adopting a plug-
and-play approach. The resulting simulators can be applied to test the dy-
namic response of the system under different scenarios, control and oper-
ational strategies, and to identify operational constraints relevant to flexi-
ble operation. Moreover, the simulators can be coupled with other tools,
such as thermal-hydraulic system codes for safety assessments and techno-
economic optimisation models, by leveraging the FMI standard.

For safety assessments, coupling the dynamic simulator of the overall
NHES architecture with a detailed thermal-hydraulic system code-based
model of the primary loop allows (i) the use of a detailed primary loop
model based on a validated tool accepted by safety authorities, and (ii) the
representation of the dynamics of the steam cycle and the non-electric ap-
plication, as well as potential initiating events arising from their intercon-
nection, among other aspects.

With regard to coupling with techno-economic optimisation codes, two
approaches were investigated: a soft-linked and a hard-linked approach. In
the soft-linked configuration, the optimiser runs independently, and the re-
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sulting setpoints are then tested in the dynamic simulator. In contrast, in the
hard-linked configuration, the optimiser and the dynamic simulator are cou-
pled in a co-simulation environment. The optimisation is performed over
shorter rolling horizons, and the resulting setpoints are updated based on
the feedback from the dynamic simulator, which reflects the actual system
response.

In the methodological domain related to long-term energy planning, the
analysis was extended from the architecture level to the broader energy
system level. Existing modelling frameworks were expanded to include
nuclear cogeneration and an NHES archetype in which an SMR module
is coupled with a hydrogen production plant. Dedicated constraints were
implemented to represent cogeneration behaviour, informed by the thermo-
dynamic and dynamic modelling activities presented in the previous chap-
ters. These additional constraints were implemented in two complementary
long-term planning modelling approaches, namely a static and a dynamic
one.

The developed modelling tools were applied to simulate multiple NHES
configurations, focusing on the coupling of a light-water cooled SMR with
thermal energy storage devices, hydrogen production systems, and district
heating networks, among others. The NHES simulators were used to study
the transient response of the system to changes in commodity demands,
for instance, and to assess whether the system remains within acceptable
operating limits during such transients. Moreover, they were employed to
explore different control philosophies and operational strategies, including
load-following by cogeneration.

The simulators, coupled with thermal-hydraulic system codes, were also
applied to showcase the applicability of the methodology to safety assess-
ments. In this regard, the dynamic BOP model was coupled with two differ-
ent thermal-hydraulic codes, and the integrated tool was applied to inves-
tigate system responses to abrupt changes in electrical and thermal loads.
These studies showed that the coupled tools can capture key physical phe-
nomena and provide insight into the interactions between core behaviour,
secondary-side dynamics, and the cogeneration interface.

Regarding the coupling between dynamic simulators and techno-
economic optimisation tools, the application of these strategies demon-
strated that consistent agreement can be achieved between the linear opti-
miser and the dynamic simulators, particularly when feedback on variables
strongly affected by system dynamics is incorporated. A key outcome is
that the largest discrepancies arise in thermally coupled components with
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strong inertial effects, such as thermal energy storage systems. Further-
more, it was observed that when the dynamic model directly controls the
exchanged thermal power, agreement with the optimiser improves signif-
icantly, although this may, in turn, lead to discrepancies in the resulting
electrical power profiles.

In applications of the extended energy planning frameworks, the static
model highlighted how nuclear cogeneration and NHES can support grid
stability by providing flexibility, taking into account operating reserve
requirements and realistic unit commitment constraints. The dynamic
framework, on the other hand, allowed for investment timing, technology
availability and cost trajectories to be represented, providing insight into
whether and under which conditions these advanced nuclear applications
might become part of a cost-optimal decarbonisation pathway.

Overall, the goal of this methodological domain is to translate the tech-
nical and economic insights obtained throughout the thesis into qualitative
policy recommendations. The motivation was that, while NHES are attract-
ing growing interest, there is still a lack of dedicated modelling frameworks
and real operational experience. This makes it difficult for regulators to de-
fine licensing requirements and for policymakers to evaluate the potential
contribution of NHES within broader energy policies. The thesis synthe-
sised the outcomes of the various case studies into a set of policy con-
siderations covering infrastructure and market characteristics, operational
paradigms for nuclear reactors, safety and regulatory frameworks, design
and operation of NHES, economic and financing aspects, environmental
implications and the role of NHES in long-term planning. These recom-
mendations were intentionally formulated at a qualitative and technology-
agnostic level so that they would not be tied to a specific NHES configura-
tion or deployment context.

For each methodological domain, the following future developments can
be identified:

• Context analysis: Further developments could focus on making sce-
nario generation less dependent on modeller choices. This includes
generalising the formulation of scenarios and explicitly accounting for
the stochastic nature of boundary conditions such as renewable avail-
ability, commodity prices and demand profiles. This would strengthen
the robustness and provide a more reliable basis for evaluating NHES
architectures.
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• NHES modelling: Additional work is required on model verification
and validation, including the establishment of comprehensive regres-
sion tests to ensure robustness. Moreover, extending the library to
additional reactor designs and non-electric applications would further
increase both the applicability and the reliability of the framework
across a broader range of NHES configurations.

• Safety assessment: Starting from these illustrative case studies, fu-
ture developments should aim at extending the coupling to the entire
NHES simulator rather than only the BOP, thereby enabling a more
complete analysis of failure propagation from non-nuclear facilities.
Further work is also needed to identify initiating events relevant to
NHES, to support different types of safety assessments (including
probabilistic safety analysis), and to use simulation outcomes to in-
form design choices and regulatory guidance, for example, in terms of
minimum safety distances or interface design criteria, as well as the
definition limits concerning flexible operation.

• Techno-economic optimisation: The modelling framework should be
refined by updating techno-economic indicators, such as costs and
emissions, based on dynamic trajectories rather than solely on op-
timiser profiles. In addition, quantitative metrics should be defined
to measure discrepancies between optimisation and simulation, along
with acceptable thresholds, so that convergence between optimisation
and physics-based models can be assessed in a systematic way.

• Long-term energy planning: Future research could generalise the for-
mulation to encompass multiple NHES archetypes, thereby enabling
a broader exploration of possible configurations. Moreover, extensive
sensitivity analyses on key assumptions (such as costs, deployment
limits and policy targets) are necessary to quantify uncertainties. Fi-
nally, synergies between static and dynamic approaches should be ad-
dressed, for instance by feeding capacity expansion trajectories from
dynamic models into static models for a more detailed operational as-
sessment.

• Policy recommendations: Building on these methodological approach,
future work should aim to develop more quantitative policy instru-
ments, for example, by deriving operational limits, deployment tar-
gets or support mechanisms that are tailored to specific contexts where
NHES deployment appears promising.
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In conclusion, the methodological framework developed in this thesis
has shown its ability to address several key challenges that need to be
tackled to enable the deployment of NHES. By integrating context anal-
ysis, detailed thermodynamic and dynamic modelling, safety assessment
tools, techno-economic optimisation and long-term planning models, the
framework provides a set of tools to analyse NHES architectures from
component-level behaviour up to their energy system-level role. In par-
ticular, the proposed methodology provides a structured way to link the
different domains. Context analysis is needed to define modelling assump-
tions and boundary conditions; thermodynamic and dynamic models pro-
vide parameters and operational constraints to techno-economic and plan-
ning tools; and the outcomes of system-level studies are instrumental for
safety and policy considerations. In this sense, the framework can serve
as a bridge between techno-economic analyses and decision-making for
NHES deployment.

Starting from this work, several directions for future development can
be identified. First, the modelling tools should be extended to cover differ-
ent nuclear technologies, including advanced reactor concepts and alterna-
tive cogeneration schemes. Moreover, the framework could be applied to
real industrial systems and concrete deployment proposals, for example, by
analysing specific industrial clusters or district heating systems. This would
require closer collaboration with utilities, industrial partners and regula-
tors and would provide a more realistic basis for quantitative policymak-
ing. Lastly, the tools proposed in this methodology could be refined by
integrating indicators to directly test policy instruments and measures (e.g.,
market reforms, incentives for low-carbon heat and hydrogen, regulatory
constraints for cogeneration, etc.) to have a direct quantitative estimation
of the added value that NHES deployment could have in different contexts.

Overall, the thesis has shown that, under appropriate conditions, flexi-
ble NHES may provide a meaningful contribution to decarbonisation across
electricity, heat and hydrogen supply, while also enhancing system flexibil-
ity. More importantly, it has provided a methodological foundation to study
these systems, adopting an interdisciplinary approach, and to inform future
technical, regulatory and policy developments aimed at assessing whether,
and under which conditions, they could play a role in future low-carbon
energy systems.
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APPENDIXA

AMR steam cycle analysis

This appendix provides an additional example of how the methodological
approach adopted for NHES design described in Section 5.1 can be ex-
tended to AMRs. In particular, the example focuses on the lead-cooled
fast reactor technology, coupled to an HTSE-based hydrogen production
plant. In the following sections, the selected case study is described, with
particular emphasis on the steam cycle, which is modelled using the Eb-
silon Professional tool. The model is then used to assess potential design
solutions for the coupled LFR-HTSE system.

A.1 Case study

The reference reactor technology considered in this study is ALFRED (Ad-
vanced Lead-cooled Fast Reactor European Demonstrator), a lead-cooled
fast reactor with a thermal power of 300 MWth [142]. The reactor is as-
sumed to be coupled to the hydrogen production plant through an interme-
diate heat transfer loop adopting thermal oil as sensible medium.

The example focuses on the steam cycle and on the intermediate loop,
which together constitute the interface between the NPP and the HTSE
modules. Consequently, the thermal power delivered by the nuclear reactor
and the process fluid conditions entering the HTSE module steam generator
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are treated as boundary conditions for the BOP model. These boundary
conditions are defined according to the parameters summarized in Table
A.1.

Parameter Value Unit

Nominal thermal power 300 MWth
Steam outlet temperature 450 ◦C
Steam pressure 185 bar
Feedwater inlet temperature 335 ◦C
Process fluid inlet temperature 95 ◦C
Process fluid outlet temperature 150 ◦C

Table A.1: ALFRED steam cycle boundary conditions [142, 143].

A.2 Steam cycle modelling

The steam cycle architecture modelled using Ebsilon Professional is illus-
trated in Figure A.1. The reference configuration is inspired by the architec-
ture developed within the framework of the Euratom-funded ANSELMUS
project [143].

In this work, the operating conditions of the steam cycle are first opti-
mised for electricity-only operation, envisaging the transition to cogener-
ation mode under off-design conditions. The optimisation procedure fo-
cuses on the selection of the pressure levels along the turbine stages and the
feedwater line with the objective of maximising the gross electrical power
output. This optimisation results in a net electrical output exceeding 120
MWel, corresponding to an overall power conversion efficiency of approx-
imately 40%.

When steam extractions are introduced to supply thermal power for co-
generation purposes, the plant operation inherently departs from the nom-
inal design point and enters off-design conditions. In the present analysis,
a set of key variables that are critical for the integrity and proper function-
ing of specific components is maintained at their design values even during
off-design operation. These controlled variables include the steam genera-
tor outlet and inlet conditions, as well as the pressure levels in the reheating
line and in the deaerator. In addition, the thermal power delivered to the
intermediate heat transfer loop is regulated by adjusting the opening of the
cogeneration valve, with the target to maintain the intermediate loop’s hot
leg temperature at its nominal value. All remaining design and operating
parameters are allowed to vary consistently with the off-design behaviour
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of each steam cycle components. This includes, for instance, the turbine
performance, which is modelled using the Stodola cone law for the turbine
stages, as well as the degradation of isentropic efficiencies associated with
off-design operation.

SG

Intermediate

loop

HTSE 

Return points

Extraction points

COND

DEA

HP/HT

IP/LT IP/HT

Figure A.1: Steam cycle architecture with illustrative extraction and return points.

A.3 AMR-driven NHES sizing

Several steam extraction and return points, included in the schematic in
Figure A.1, were considered in the analysis in order to assess their im-
pact on the performance of the integrated nuclear-driven hydrogen produc-
tion system. Steam extraction was first investigated at the steam generator
outlet, where the steam is available at high pressure and high temperature
(HP/HT), namely 183 bar and 450◦C. In addition, two extraction points
along the reheating line at intermediate pressure (IP) were identified, cor-
responding to low- and high-temperature conditions upstream and down-
stream of the reheaters, respectively. These points are characterised by an
extraction pressure of 37 bar, with steam temperatures of 246◦C upstream
of the reheaters and 353◦C at the reheater outlet. Concerning the return
points, two alternatives were analysed, namely the condenser (COND) and
the deaerator (DEA), operating at pressures of 0.09 bar and 18 bar, respec-
tively. In both cases, the return flow was assumed to be subcooled to a
temperature of 200◦C. The main results of the analysis are summarised in
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Figure A.2 and Table A.2.
The system sizing is defined by assuming a hydrogen production mod-

ule capable of absorbing the entire power output of the NPP, both in terms
of electrical and thermal power. In Figure A.2, the operational points of
the HTSE system are represented by the black dashed line, which is con-
structed starting from the values obtained from the dynamic model pro-
viding the specific thermal and electrical power consumptions [97]. How-
ever, the latter was increased to 39 kWhel/kgH2 in order to account for the
power requirements associated with hydrogen compression and other aux-
iliary systems.

The sizing of the hydrogen production plant is determined by the inter-
section between the HTSE operational profile and the operational profiles
of the steam cycle. As for the latter, different combinations of steam ex-
traction and return points result in different power loss factors, which in
turn directly affect the amount of power available to drive the hydrogen
production process.
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Figure A.2: Comparison of sizing options for the integrated system.

As discussed in Section 5.1, steam extraction at the HP/HT conditions
leads to the highest conversion losses, despite the relatively lower extracted
steam flow rate. For the IP extraction points, improved performance is
achieved when steam is extracted at lower temperatures, as this reduces
the reheating requirements along the turbine line, thereby slightly increas-
ing the steam flow rate through the high-pressure turbine. By contrast,
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extracting steam downstream of the reheaters does not reduce the reheat-
ing demand. As for the return points, exploiting the residual enthalpy of
the extracted flow by returning it to the deaerator reduces the low-pressure
feedwater preheating requirements. This configuration therefore results in
better overall performance compared to the solutions in which the return
flow is directed to the condenser.

HP/HT
DEA

IP/LT
DEA

IP/HT
DEA

HP/HT
COND

IP/LT
COND

IP/HT
COND

Power loss factor (-) 0.499 0.349 0.372 0.592 0.448 0.459
Extracted steam flow (kg/s) 10.86 12.95 11.03 10.98 13.07 11.16
HTSE electric demand (MWel) 109.0 112.3 111.8 107.1 110.1 109.9
HTSE heat demand (MWth) 23.58 24.29 24.18 23.16 23.82 23.76
H2 production capacity (t/h) 2.79 2.88 2.87 2.75 2.82 2.81

Table A.2: Potential design points of the LFR-HTSE coupled system for different steam
extraction and return points [84].

A.4 Concluding remarks

The best performance in terms of steam cycle efficiency (i.e., hydrogen pro-
duction capacity) of the integrated system is achieved by the IP/LT-DEA
configuration. While similar steam temperatures could also be obtained
with a light-water reactor, this would require steam extraction further up-
stream in the turbine line, leading to a significantly higher degradation of
the power conversion efficiency compared to the steam cycle of the AMR
considered in this example. Furthermore, although the power loss factor
varies significantly among the different configurations, the absolute impact
on the power conversion efficiency remains limited because of the rela-
tively low thermal energy demand of the HTSE process when compared to
its electrical energy requirements.

155





APPENDIXB

Dynamic models of key NHES components

This appendix provides a description of the structure and underlying as-
sumptions of the dynamic models developed in the Modelica language.
Most of the presented models are available in the open-source TANDEM
Modelica library, whose public repository1 also includes dedicated docu-
mentation for each module, encompassing models and test cases descrip-
tions [144]. Additional details and practical applications of the models are
available in the publications referenced at the beginning of Chapter 5.

B.1 Nuclear Steam Supply System

The NSSS represents the central subsystem of nuclear-driven hybrid en-
ergy systems. In this work, the NSSS associated with the reference reactor
technology, namely the E-SMR, has been modelled.

Within the TANDEM Modelica library, multiple versions of the NSSS
model are available. These variants differ with respect to the level of mod-
elling detail (such as the inclusion of bypass flows) as well as the type of
the interface with the secondary system, which may be implemented ei-
ther through fluid or thermal power exchange with the BOP, and supporting
Modelica libraries. For instance, Figure B.1 shows the detailed configura-

1https://gitlab.pam-retd.fr/tandem/tandem
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tion featuring a fluid-based interface with the steam cycle modelled with
components stemming from the ThermoPower library. To support model
verification, a benchmark comparison with respect to an independently de-
veloped NSSS model of the same reactor design, implemented using com-
ponents from a different Modelica library, is included in the library docu-
mentation [144].

Pressurizer

Upper plenum

Core

Core 
bypass

Lower plenum

Downcomer

Reactor coolant pump

Steam generator 
bypass

Steam generator 
annular plenum

Steam outlet

Steam generator

Feedwater inlet

Riser

Actuator bus Sensor bus

Figure B.1: Dynamic model of the NSSS [87].

The core, pressurizer, and steam generator models have been developed
specifically for the proposed NSSS model. By contrast, the other compo-
nents used to represent the primary coolant circuit, such as the riser, upper
and lower plena, and downcomer, are drawn from the Water package of the
ThermoPower library.

• The reactor core model is composed of three coupled submodels:
the thermal-hydraulic representation of the coolant flow through the
core channels, the neutronics module, and the fuel thermal model.
The thermal-hydraulic submodel is derived from the ThermoPower
Flow1DFV component and has been adapted to provide the coolant
average temperature to the neutronics block. Moreover, heat ex-
change between the fuel rods and the coolant is represented through
a dedicated thermal connector linking the coolant model to the fuel
model. Neutronic behaviour is described using point kinetics equa-
tions, accounting for both externally imposed reactivity insertions,
e.g., through control rods regulation, and reactivity feedback mecha-
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nisms. These feedbacks include xenon poisoning effects, modelled via
the decay chains of iodine-135 and xenon-135, as well as temperature-
dependent reactivity contributions arising from changes in fuel and
moderator temperatures. The neutronics module receives the rele-
vant temperature signals from the thermal-hydraulic and fuel mod-
els and computes the time evolution of the fission power, which is
subsequently supplied to the fuel thermal model as a internal heat
source. The thermal behaviour of the fuel rods is modelled through a
user-defined axial and radial discretization of the fuel pellets, comple-
mented by energy balances for the gap and cladding regions. The fuel
domain is subdivided into control volumes of equal size, and its tran-
sient response is governed by the time-dependent Fourier heat equa-
tion, including the fission heat source term.

• Two alternative modelling approaches have been investigated for the
pressurizer: a non-equilibrium formulation and a simplified equilib-
rium model [145]. The non-equilibrium approach distinguishes be-
tween liquid and vapour phases by discretizing the pressurizer vol-
ume in the axial direction, thereby enabling a more detailed descrip-
tion of the temperature distribution and of the fluid dynamics in the
pressurizer. The equilibrium model, by contrast, assumes a homo-
geneous mixture within the pressurizer volume. While the former of-
fers increased physical detail, it also entails higher computational cost.
In the context of NHES modelling, where overall model complexity
and computational efficiency are critical, the equilibrium pressurizer
model was selected, as it has been shown to adequately reproduce the
relevant pressure dynamics while maintaining acceptable simulation
performance [145].

• The steam generator component is based exclusively on component
stemming from the ThermoPower library. The primary and sec-
ondary sides are represented by the Flow1DFV and Flow1DFV2ph
components, respectively, while the thermal inertia and resistance
of the metal structure are captured through the MetalWallFV
model. Counter-current flow conditions are represented using the
CounterCurrentFV component. The parameters required by
these models are derived from the specific steam generator design
under investigation. For the E-SMR design, a Printed Circuit Heat
Exchanger (PCHE) encompassing rectangular channels, is adopted.
Geometric characteristics such as channel dimensions are therefore
used to calculate the hydraulic diameter, flow area, and other thermal-
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hydraulic parameters required by the aforementioned models.

The NSSS is equipped with a dedicated controller addressing both pres-
sure regulation and core average temperature control. Pressure control is
implemented through the actuation of pressurizer heaters, sprayers, and the
relief valve. Electrical heaters are activated when the system pressure falls
below a predefined threshold, whereas sprayers are activated when the pres-
sure exceeds allowable limits. In addition, a constant average core temper-
ature control program is implemented by means of external reactivity in-
sertions driven by control rods displacement. A PID controller is used to
regulate reactivity to maintain the average core temperature at its prescribed
setpoint, with the option to include a dead zone to prevent excessive control
activity.

B.2 Balance Of Plant

The TANDEM Modelica library includes three alternative BOP models,
which differ in terms of underlying modelling assumptions and supporting
libraries [144]. Out of these options, the BOP configuration proposed in
the frame of this work has been developed to include dynamic and inertial
aspects of key BOP components, such as heat exchangers.

The overall architecture and nominal operating conditions of the BOP
are derived from a thermodynamic analysis performed with the CYCLOP
optimisation tool [146] in the framework of the TANDEM project. Subse-
quently, the steady-state thermodynamic results obtained from this analysis
are used to define the main design parameters of the various submodels of
the BOP simulator, such as the turbines’ Stodola coefficient. Compared
to conventional NPPs, the modelled BOP is based on a simplified layout.
In particular, the reheating stage and the low- and high-pressure feedwater
preheating sections are represented by equivalent heat exchangers rather
than by the typical train of preheaters. This modelling choice allows cap-
turing the thermal behaviour of the cycle while maintaining an acceptable
level of computational complexity.

A key feature of this BOP model, shown in Figure B.2, is the inclusion of
multiple control valves. These valves enable the implementation and test-
ing of different control philosophies, including conventional load-following
as well as load-following by cogeneration. Moreover, to facilitate the cou-
pling with non-electric applications, the BOP model encompasses several
steam extraction and return points. These interfaces allow simulating heat
extractions at different thermodynamic conditions without modifying the
BOP layout in each case study, which proved to be instrumental to build
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different NHES simulators through a plug-and-play approach. When these
interfaces are not required, such as in electricity-only studies, the corre-
sponding connectors can be closed using plug components that enforce zero
mass flow. The available extraction points include high-temperature steam
at the steam generator outlet, intermediate-temperature steam at the high-
pressure turbine outlet, low-temperature steam at the low-pressure turbine,
and liquid water extracted from the feedwater tank. Return points are pro-
vided at the low-pressure turbine inlet (to be used, for instance, in electrical
peaking configurations), the steam generator inlet, the feedwater tank, and
the condenser.

Extraction points Return points

from SG

to SG
Electrical 

power output

Actuator bus Sensor bus

Figure B.2: Dynamic model of the BOP (adapted from [87]).

The BOP subcomponents are implemented using models from the Ther-
moPower library. In particular:

• Control valves for vapour and liquid flows are represented using
ValveVap and ValveLiq components, respectively.

• Turbine stages are modelled using an extended version of the
SteamTurbineStodola component, including additional loss
mechanisms such as wetness losses, accounted for through Baumann’s
rule, as well as flow-related losses [87].

• Both the high- and low-pressure pumps are modelled using the Ther-
moPower Pump component, which employs a quadratic characteristic
curve to describe pump behaviour.

• The condenser (PrescribedPressureCondenser) is repre-
sented as an ideal component, enforcing saturated liquid conditions
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at its outlet, with a prescribed condensation pressure.

• Similarly, the moisture separator is treated as ideal, assuming com-
plete separation of the liquid phase from the two-phase mixture [87].

• The feedwater tank is modelled through dynamic mass and energy
balance equations and supports a user-defined number of inlets and
outlets, allowing it to accommodate multiple extraction and return
streams in a flexible manner.

• Electrical power generation is represented using the ThermoPower
Generator component, which converts mechanical shaft power into
electrical power while accounting for the rotational inertia of the
turbo-generator.

• The reheater and the high- and low-pressure feedwater preheaters are
modelled as dynamic, one-dimensional shell-and-tube heat exchang-
ers. These components are sized on the basis of the nominal operating
conditions obtained from the CYCLOP analysis. Both the shell and
tube sides are discretized using a finite volume approach, relying on
the Flow1DFV2ph and Flow1DFV components for two-phase and
single-phase flows, respectively, adopting the same model structure
described for the NSSS steam generator.

As far as the control system is concerned, the BOP model is designed to
be compatible with a wide range of control strategies. This is enabled by the
implementation of dedicated actuator and sensor buses, which allow users
to implement customized control schemes without modifying the model
structure. In its current version, the model includes a predefined set of
process and control variables, summarized in Table B.1.

Process variables Control variables

Steam generator inlet temperature Steam generator admission valve
Steam generator outlet temperature HP-turbine admission valve

Steam generator pressure HP-turbine outlet control valve
HP-turbine outlet extraction pressure Reheater hot side flow control valve

LP-turbine inlet temperature LP-turbine extraction valve
LP-turbine outlet extraction pressure HP-pump rotational speed

Feedwater tank pressure LP-pump rotational speed
BOP power output HP-preheater control valve

Table B.1: Predefined actuator and sensor variables in the BOP model [144].
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B.3 Thermal Energy Storage System

The TES technology selected in the frame of the TANDEM project is based
on a two-tank sensible heat storage concept. In this configuration, thermal
energy is stored and released by a heat transfer fluid (e.g., thermal oil) flow-
ing between a cold tank and a hot tank. During the charging phase, thermal
power is transferred from an external heat source, in this case the steam
extracted from the BOP, to the sensible loop through a dedicated charging
heat exchanger. As a result, the heat transfer fluid is pumped from the cold
tank to the hot tank, where it accumulates at an higher temperature. The
charging power level directly influences the mass flow rate circulating be-
tween the tanks, with higher charging power translating into to higher flow
rates. In the discharging process, the thermal energy is delivered to the end-
user by pumping the hot fluid through a discharging heat exchanger before
it returns to the cold tank.

The sensible loop architecture, illustrated in Figure B.3, is composed
of two Tank components representing the hot and cold storage devices,
two pump models derived from the ThermoPower Pump component, and
control valves used to regulate the flow between the tanks according to the
charging and discharging requirements.

Actuator bus Sensor bus

Hot tank

Cold tank

Charging Discharging

Figure B.3: Dynamic model of the TES.

Charging and discharging power levels are determined by the heat trans-
fer occurring within the respective heat exchangers. Within the TANDEM
library, multiple versions of the sensible loop model are available. These
differ in the level of detail used to represent the heat exchangers: the user
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may select between simplified, quasi-static heat exchangers and fully dy-
namic models implemented using ThermoPower components, similarly to
those described in the previous sections. The Tank component is specif-
ically designed to represent the accumulation of sensible heat. Its formu-
lation is based on dynamic mass and energy balance equations. The pres-
sure at the liquid free surface is assumed to be constant and is specified
by the user, as in the presence of a cover gas. Within the liquid volume,
the pressure distribution follows Stevino’s law. The model also allows for
the inclusion of thermal losses to the environment. These are computed
by accounting for convective heat transfer between the tank wall and both
the internal fluid and the surrounding ambient, as well as conductive heat
transfer through the tank wall material. When required, heat losses can be
neglected through a dedicated flag.

From a control standpoint, the flow from one tank to the other is reg-
ulated through dedicated control valves. These can be actuated according
to the evolution of different process variables, such as the sensible fluid
temperatures at the outlet of the heat exchangers [99]. As a result, the heat
transfer medium flow is regulated according to the power transferred in the
heat exchanger, and the temperature levels in the two tanks are maintained
close to their nominal value.

B.4 District Heating Network

The key models used to simulate the dynamic behaviour of a district heat-
ing network, available in the TANDEM library and shown in Figure B.4, are
the transmission and distribution networks. The former comprises supply
and return pipelines used to provide heating water from the power plant to
one or more distribution networks. The latter represents the pipeline ram-
ification in urban areas, intended to supply the heat to the final end-users.
Moreover, it allows accounting for the potential contribution of auxiliary
heat sources, such as conventional combined heat and power units or heat
pumps, and for heat exchanges with other distribution networks that are not
included in the simulator’s boundaries.

All classes included in this package are constructed using components
from the ThermoPower library. The distribution network model captures
the inertia associated with the pipelines typically found in urban areas
where heat consumers are located. The structure of this model is illus-
trated on the left-hand side of Figure B.4. A key element is the Inertia
component, shown in the center of the figure, which represents a closed wa-
ter volume exchanging mass with the transmission line through two Ther-
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Distribution network Transmission network

Figure B.4: Dynamic model of the district heating components.

moPower Flange connectors. A third flange provides a connection to a
pressure sink, which enforces the nominal operating pressure within the
distribution network. Thermal interactions within the distribution volume
are represented through three HeatPort connectors from the Modelica
Standard Library. These ports are linked to ideal heat source components
(PrescribedHeatFlow) that convert control system signals into ex-
changed thermal power. Each connector corresponds to a distinct heat flow
contribution, including the heat demand of the connected users and the po-
tential thermal exchange with other distribution networks. An additional
HeatPort connector is used to simulate the thermal power supplied by
external heat sources. The signal bus collects key process variables, such
as supply and return temperatures, which can be exploited in the definition
of different control schemes. In the transmission network model, pump-
ing stations are modelled using the ThermoPower Pump component, with
two pumps placed at the inlets of the hot and cold legs of the transmis-
sion line. The pipelines themselves are described using a one-dimensional
finite-volume formulation, implemented through the Flow1DFV compo-
nent. Thermal coupling between the fluid and the pipe walls is accounted
for using MetalTubeFV components, which allows simulating the ther-
mal resistance and heat capacity of the metallic structure. Heat losses to the
environment are represented by connecting the external wall interface to a
TempSource1DFV component that prescribes the outer temperature.

To facilitate the control of the thermal power delivered to the distribution
network, two control valves are included in the transmission line. These
valves regulate the flow either toward the distribution network or through
a bypass connecting the hot and cold legs. For instance, an increase in
the thermal power supplied to the users can be achieved by opening the
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admission valve to the distribution network while simultaneously closing
the bypass valve. In this regard, a control scheme could be implemented to
regulate the opening of these valves in response to temperature deviations
in the distribution network, which might result from mismatches in heat
supply and demand.

B.5 High-Temperature Steam Electrolysis

Despite the availability of an HTSE model in TANDEM library based on
the ThermoSysPro supporting library, an additional HTSE model has been
developed in this work [97]. The primary motivation for this effort is to
facilitate a more detailed investigation of the dynamic behaviour and oper-
ational limits of the electrolyser under flexible operating conditions. The
resulting dynamic model of the HTSE module is shown in Figure B.5.
The core element of the HTSE system is the Solid Oxide Electrolyser
(SOE), which is represented through a detailed, physics-based model. Each
electrolyser cell is described by the Positive electrode-Electrolyte-Negative
electrode (PEN) structure, connected to the anode and cathode gas chan-
nels and the interconnect. The latter provides mechanical support to the
cell and, in the model, it is thermally connected to the other electrolyser
components. Between the gas channels and the cell’s solid structure, mass
transfer also needs to be considered, as it arises from the water-splitting
reaction. In particular, steam flowing through the cathode channel is re-
duced to hydrogen within the PEN, with the produced hydrogen joining the
cathode gas stream and the oxygen ions migrating through the electrolyte
toward the anode.

The SOE model adopts a one-dimensional spatial discretisation. The
PEN, interconnect, and both anode and cathode channels are subdivided
into a user-defined number of control volumes, within which mass and en-
ergy balance equations are implemented. This approach enables the rep-
resentation of axial gradients in temperature, composition, and reaction
rates along the cell. The PEN model incorporates an electrochemical de-
scription of the steam electrolysis process, linking hydrogen production,
electrical power consumption, and operating temperature [97]. The in-
terconnect is modelled as a solid plate separating the anode and cathode
channels from adjacent cells. Its thermal behaviour is governed by con-
vective heat transfer with the gas streams flowing in the channels and by
radiative heat exchange with the PEN. The anode and cathode gas channels
are implemented by adapting the ThermoPower Gas.Flow1DFV compo-
nent. Each channel model solves one-dimensional mass, energy, and mo-

166



B.5. High-Temperature Steam Electrolysis

Water flow

Gas flow

Electrical power

Thermal power

Sensor signal

Actuator signal

Steam 

Generator
Mixer

CAT-HX
CAT-eHTR

AN-eHTR

AN-HX

Figure B.5: Dynamic model of the HTSE module.

mentum balance equations using a finite-volume formulation. The model
in the ThermoPower library has been modified to include additional mass
exchange terms representing the interaction with the electrochemical cell.
For the cathode channel, the mass balance accounts for the consumption
of steam and the generation of hydrogen associated with the electroly-
sis reaction, whereas the anode channel model incorporates the influx of
oxygen produced within the PEN. A set of recuperative heat exchangers
is deployed to raise the flow temperatures close to the required cell’s in-
let conditions. These components follow the same modelling approach
adopted for other heat exchangers in the TANDEM library and are built
using ThermoPower elements. The reference design considered for these
recuperators is based on the PCHE configuration. Additional components
are included to complete the representation of the HTSE plant layout. A
shell-and-tube heat exchanger is employed, adopting the same model de-
scribed in the previous sections. Electrical heaters are represented using
a simplified approach: the outlet temperature of the heated gas stream is
imposed through the PrescribedTemperature component from the
Modelica Standard Library, while the gas distribution is handled using the
ThermoPower Gas.Header model. As a result, the thermal power re-
quired to achieve the prescribed temperature is supplied implicitly by the
model. Other auxiliary elements, such as flow sources, sinks, and fluid
mixers from the ThermoPower library, are used to complement the HTSE
simulator.

The modelling approach adopted for the control system is analogous to
the TANDEM library models, with a set of actuator and sensor signals that
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aim to facilitate the implementation of different control strategies. These
signals provide access to key thermal, electrical, and mass flow variables
and are summarized in Table B.2.

Process variables Control variables

Steam utilisation factor Process water flow
Anode outlet oxygen concentration Air flow

Electrolyser inlet temperatures Electrical heaters power
Steam generator outlet temperature Oil flow

Hydrogen production rate Current density

Table B.2: Predefined actuator and sensor variables in the HTSE model [97].
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APPENDIXC

Italian decarbonisation scenarios -
Additional results

C.1 Static energy system model

C.1.1 Main techno-economic parameters

Key techno-economic parameters, together with the corresponding refer-
ences, are summarised in Tables C.1 and C.2. In this regard, it is worth
highlighting that hydropower and pumped hydro storage are not included
in these tables, as their installed capacities are assumed to remain fixed at
current levels and hydropower’s energy production is constrained consis-
tently with historical trends. Sensitivity analyses were carried out on key
techno-economic parameters, with particular emphasis on those governing
the decarbonisation of heat demand, since in the baseline solution this sec-
tor is the main driver for SMR deployment. For instance, the impact of nat-
ural gas price (42 $/MWh in the baseline, consistent with the 2023 average
in Italy [147]), selected SMR governing parameters, heat pump investment
costs, etc. on the solution was explored. Overall, in the FRAMES model,
all cost data reported in the techno-economic tables are annualised, taking
into account the assumed technology lifetimes and a discount rate of 5%.
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Technology Item Value Unit Ref.
Variable renewables

PV CAPEX 683 $/kW
Fixed OPEX 12.8 $/kW/yr [148]
Lifetime 25 yr

Onshore wind CAPEX 1115 $/kW
Fixed OPEX 25.2 $/kW/yr [148]
Lifetime 25 yr

Offshore wind CAPEX 3132 $/kW
Fixed OPEX 70 $/kW/yr [148]
Lifetime 25 yr

Nuclear technologies
Nuclear (large) CAPEX 8000 $/kW

Fixed OPEX 106 $/kW/yr [149, 150]
Variable OPEX 9.331 $/MWh
Lifetime 60 yr

Nuclear (small) CAPEX 88002 $/kW
Fixed OPEX 106 $/kW/yr [149, 150]
Variable OPEX 9.33 $/MWh
Lifetime 60 yr

Fossil-fuelled plants
CCGT CAPEX 1000 $/kW

Fixed OPEX 25 $/kW/yr
Variable OPEX 2 $/MWh [151, 152]
Efficiency 63 %
Lifetime 30 yr
Power loss factor 0.21 –

CCGT + CCS CAPEX 2400 $/kW
Fixed OPEX 60 $/kW/yr
Variable OPEX 4 $/MWh
Efficiency 55 % [151, 152]
CO2 capture efficiency 88.5 %
Lifetime 30 yr
Power loss factor 0.21 –

Table C.1: Techno-economic parameters for the power generation technologies (projec-
tions to 2050).
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Storage technologies
Battery (4 hours)3 CAPEX 1036 $/kW

Fixed OPEX 22.5 $/kW/yr
Power/energy ratio 0.25 – [148, 153]
Efficiency 0.86 %
Lifetime 15 yr

Battery (2 hours) CAPEX 709 $/kW
Fixed OPEX 14.62 $/kW/yr
Power/energy ratio 0.5 – [148, 153]
Efficiency 0.86 %
Lifetime 15 yr

Hydrogen production
SMGR CAPEX 711 $/kWH2

Fixed OPEX 32.7 $/kWH2 /yr [154, 155]
Lifetime 25 yr

SMGR + CCS CAPEX 1230 $/kWH2

Fixed OPEX 43.5 $/kWH2 /yr [154, 155]
Lifetime 25 yr

LTE CAPEX 450 $/kWel

Electrical power input 50 kWel/kgH2 [39, 155]
Lifetime 25 yr

HTSE CAPEX 500 $/kWel

Electrical power input 36 kWel/kgH2 [39, 155]
Thermal power input 10 kWth/kgH2

Lifetime 25 yr

Other parameters
Heat pumps CAPEX 840 $/kW

COP 3 – [156]
Lifetime 20 yr

Transmission Import capacity (R1/R2) 10.9/2.3 GW
Import cost 1004 $/MWh
Efficiency 94 % [140, 157]
R1-R2 capacity 7.6/8.3 GW

Table C.2: Techno-economic parameters of storage technologies, hydrogen production
methods, and other system components (projections to 2050).

1Includes fuel and waste management cost.
2A cost multiplier of 1.1, subject to a sensitivity analysis, was assumed with respect to conventional reactor

technologies.
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C.1.2 Additional sensitivity analyses

As aforementioned, additional sensitivity analyses were conducted to as-
sess how key parameters affect the optimal system configuration. In a first
set of sensitivity analyses, different values of nuclear investment costs were
combined with progressively more stringent carbon intensity caps. The
results, shown in Figure C.1, indicate that nuclear CAPEX has a strong in-
fluence on the optimal solution. In the absence of emission constraints and
for high nuclear costs (≥ 8000 $/kW), nuclear power is not competitive
with other technologies and is therefore not deployed. Conversely, when
nuclear costs are low and stringent emission caps are imposed, nuclear de-
ployment increases substantially, reaching a maximum of about 30 GWel

of installed capacity (including large reactors, SMRs and NHES) in the
most extreme case. Under these conditions, SMRs in cogeneration mode
supply about 80% of the low-temperature heat demand, while NHES con-
figurations provide about 50% of hydrogen demand through HTSE. In con-
trast, the deployment of LTE is less sensitive to these parameters, with its
share varying between 22% and 36%. This behaviour is linked to the fact
that hydrogen demand in Southern Italy is always met by LTE, regardless
of nuclear costs or emission caps, due to the high renewable potential in
that region. As a result, LTE acts as a flexible electrical load that reduces
curtailment. Depending on the combination of nuclear costs and emission
constraints, hydrogen production from fossil fuels is shifted either towards
HTSE (for low nuclear CAPEX, which favours NHES deployment) or to-
wards LTE.

A second set of sensitivity analyses was designed to compare two com-
peting low-carbon options for decarbonising the heat sector, which emerged
as the main driver for SMR deployment in the baseline case. Specifically,
the optimal technology mix was evaluated for different heat pump and SMR
cost assumptions, under a fixed emission intensity cap of 50 g/kWh. The
results, reported in Figure C.2, show that the optimal configuration is al-
most independent from variations in heat pump costs. For low SMR costs,
heat supply is dominated by nuclear cogeneration, with heat pumps con-
tributing to maximal 14% of total heat demand. When SMR costs are high,
no SMRs are built and heat pumps expand significantly; in the extreme case
of low heat pump CAPEX and high SMR costs, heat pumps supply around
50% of the heat demand with approximately 6.6 GWth of installed capac-
ity. Hydrogen production follows a similar behaviour to that observed in the

3The analysis is limited to technologies of this duration as they are commonly considered for grid-scale in
planning studies [158].

4Assumed.
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Figure C.1: Sensitivity analysis on nuclear CAPEX and emission cap.

previous sensitivity analysis: low SMR costs favour HTSE-based hydrogen
and thus the deployment of NHES, whereas high SMR costs shift hydro-
gen production towards LTE. It is worth noting that, with an SMR cost
multiplier of 1.1 with respect to large reactors, NHES configurations are
not cost-competitive with alternative hydrogen production methods, while
SMRs operating in CHP mode remain part of the optimal mix and still pro-
vide a substantial share of heat demand.

C.2 Dynamic energy system model

In this example, long-term planning strategies are explored by comparing
optimal transition pathways under different deployment conditions for con-
ventional large nuclear reactors and SMRs. In addition to the baseline con-
figuration, two further scenarios are defined: an optimistic and a pessimistic
nuclear case, intended to reflect differing levels of policy support and sup-
ply chain readiness for nuclear new-build. The scenarios differ in terms of
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Figure C.2: Sensitivity analysis on SMR cost multiplier and heat pump cost.

the investment costs assumed for nuclear installations and the time required
for their deployment, as summarised in Table C.3. In all cases, the CAPEX
at the year of technology availability is taken to be the same for SMRs and
for conventional large reactors. Beyond the technology availability year,
technology costs follow learning-by-doing trajectories derived from the lit-
erature for both large reactors [159] and SMRs [160], so that SMRs tend to
remain more expensive than large units because their cost reductions begin
later in the optimisation horizon. The effective deployment time is deter-
mined by the assumed construction period and by the technology avail-
ability year: once a technology becomes available, its first contribution to
the system can only appear after the corresponding construction time has
elapsed. These scenarios are therefore intended primarily to illustrate how
assumptions on nuclear costs and deployment schedules influence the op-
timisation outcomes, while a comprehensive assessment would require a
systematic exploration of all other key parameters, including technology-
specific deployment caps, cost trajectories for competing options and de-
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mand pathways.

Parameter Optimistic nuclear Baseline Pessimistic nuclear

Nuclear CAPEX ($/kW) 7600 9500 11400

Time of construction Large-Nuc 7 9 12
SMR 3 4 7

Technology availability Large-Nuc 2025 2025 2025
SMR 2027 2030 2035

Table C.3: Assumptions for the nuclear technology scenarios.

C.2.1 Additional scenarios

The resulting production mix and installed capacities for the three scenar-
ios are shown in Figure C.3 and Table C.4. Overall, nuclear deployment is
driven mainly by the need to decarbonise low-temperature heat demand so
that only SMRs operating in cogeneration mode are included in the opti-
mal solution. Under the assumptions of the baseline and optimistic nuclear
cases, SMR cogeneration is more cost-competitive than alternative low-
carbon options and thus becomes the primary source of industrial heat. In
the pessimistic nuclear scenario, by contrast, SMRs are never deployed;
heat demand is instead decarbonised primarily through electrification with
heat pumps and by cogeneration from CCGTs equipped with CCS. Hy-
drogen production remains dominated by fossil-fuelled technologies in all
cases, except in the pessimistic nuclear scenario where the large expan-
sion of renewable capacity and associated surplus electricity makes low-
temperature electrolysis attractive. Moreover, under the assumed cost tra-
jectories for SMRs and HTSE, the NHES configuration combining these
technologies is not competitive with the other technologies in any of the
scenarios. This suggests that dedicated policy measures may be required to
reduce fossil fuel dependence in hydrogen supply, not only for climate rea-
sons but also from an energy security perspective, since the relatively low
cost of these hydrogen production methods constitutes a significant barrier
to the deployment of NHES architectures and, in general, of electricity-
driven techniques.
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Figure C.3: Impact of nuclear costs and deployment assumptions on optimal decarboni-
sation strategies.

Parameter Unit Optimistic
nuclear

Baseline Pessimistic
nuclear

Nuclear capacity GWel 11.22 9.18 0
Solar capacity GWel 166 172 240
Wind capacity GWel 68 70 75
Storage capacity GWhel 192 203 233
Heat pumps capacity GWth 0 1.08 6.64
Electrolyser capacity GWH2 0 0 12.77
Fossil fuel dependence – Electricity % 0.3 1.3 4.5
Fossil fuel dependence – Heat % 1.7 7.9 31.2
Fossil fuel dependence – Hydrogen % 100 100 52.1

Table C.4: Summary of system configuration and fossil fuel dependence across scenarios.
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Glossary

AMR Advanced Modular Reactor.

AOO Anticipated Operational Occurrence.

BESS Battery Energy Storage System.

BOP Balance Of Plant.

CAPEX CAPital EXpenditure.

CCGT Combined Cycle Gas Turbine.

CCS Carbon Capture and Storage.

CHP Combined Heat and Power.

DBA Design Basis Accident.

E-SMR European SMR.

EU European Union.

FMI Functional Mock-up Interface.

FMU Functional Mock-up Unit.

GIF Generation IV International Forum.

HP High-Pressure.

HTGR High-Temperature Gas-cooled Reactor.

HTSE High-Temperature Steam Electrolysis.

189



Glossary

IAEA International Atomic Energy Agency.

IEA International Energy Agency.

IHX Intermediate Heat Exchanger.

LP Low-Pressure.

LTE Low-Temperature Electrolysis.

MILP Mixed-Integer Linear Programming.

MSR Molten Salt Reactor.

NECP National Energy and Climate Plan.

NHES Nuclear Hybrid Energy Systems.

NPP Nuclear Power Plant.

NSSS Nuclear Steam Supply System.

OPEX OPerational EXpenditure.

PCHE Printed Circuit Heat Exchanger.

PEN Positive electrode-Electrolyte-Negative electrode.

PHS Pumped Hydro Storage.

PID Proportional-Integral-Derivative.

PV Photovoltaic.

R&D Research & Development.

RGA Relative Gain Array.

SMGR Steam Methane Gas Reforming.

SMR Small Modular Reactor.

SOC State Of Charge.

SOE Solid Oxide Electrolyser.

TES Thermal Energy Storage.

VHTR Very High Temperature Reactor.

VRE Variable Renewable Energy.
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