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Abstract

The Nuclear Energy Agency (NEA) supports international collaboration in nuclear safety,
advancing knowledge, preserving critical capabilities and addressing emerging challenges.
As the sector evolves, a coordinated approach to thermal-hydraulics research is essential.

In response, the NEA is proposing the Advanced Thermal-Hydraulic Experiment for
Nuclear Analysis and Safety (NEA/ATHENA) Framework, to sustain key research
capabilities, strengthen experimental infrastructure and support the next generation of
safety experts.

This strategic plan outlines the purpose, scope and objectives of the ATHENA Framework,
and sets the foundation for a sustained international effort to advance thermal-hydraulic
knowledge for decades to come.

The document is designed to address the needs of both technical experts and decision
makers. The detailed planning of the ATHENA Framework will be developed at a later
stage by participating organisations and is not covered in this document.
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Executive summary

Several projections indicate that nuclear capacity will expand significantly in the coming
years, as an increasing number of countries pursue programmes to scale up nuclear energy
supply and diversify its applications, including for industrial heat, hydrogen production,
desalination, powering data centres and district heating. At COP28 in 2023, several OECD
countries further reinforced this outlook by calling for a tripling of global nuclear
generation by 2050. Achieving this would require not only the continued safe operation of
existing plants, but also the near-term deployment of advanced fuels and claddings (e.g.
accident-tolerant fuels), economically optimised operating regimes (power uprates, load-
following management for integration with renewables) and the rollout of new reactor
designs. These include both water-cooled reactors (WCRs) and non-WCR technologies,
and as well small modular reactors (SMRs).

These developments introduce complex and emerging safety challenges that must be
addressed through strong international collaboration in nuclear safety research.
Governments, regulators, industry, research organisations, and academia should all share a
vested interest in ensuring nuclear technologies are deployed safely and effectively.

In this context, the Nuclear Energy Agency (NEA) has developed a Strategic Roadmap for
Nuclear Reactor Safety Research to guide future collaborative research efforts. One of the
roadmap’s central recommendations is to strengthen thermal-hydraulics research (a
foundational area of nuclear power plant performance and reactor safety) across both
current- and next-generation technologies and new applications of nuclear energy.

The roadmap highlights the urgent need to respond to the recent closure of key research
infrastructures, such as Framatome’s PKL facility in Germany, which has led to a loss of
both experimental capacity and critical expertise. Without co-ordinated international
action, the resulting capability gap will continue to widen.

The NEA is proposing the creation of the Advanced Thermal-Hydraulic Experiment for
Nuclear Analysis and Safety (NEA/ATHENA) Framework, an innovative international
framework designed to sustain and integrate thermal-hydraulic research on a global scale.
In contrast to the current array of independent thermal-hydraulic projects, ATHENA will
foster collaboration by connecting experimental facilities, pooling resources and aligning
co-funded initiatives with broadly shared stakeholder priorities. This co-operative approach
will ensure the efficiency, long-term continuity and advancement of capabilities that
individual projects cannot achieve, especially in a rapidly evolving field. ATHENA is a
direct response to key recommendations from the Committee of the Safety of Nuclear
Installations (CSNI) and the Strategic Roadmap for Nuclear Reactor Safety Research,
addressing critical gaps and challenges in nuclear safety research.

While ATHENA, like all NEA joint projects, operates independently from the CSNI
programme of work, it will remain tightly aligned with CSNI-led initiatives to ensure that
its experimental outcomes support safety analysis and code validation efforts. To this end,
ATHENA will actively pursue opportunities for establishing centralised data repositories,
organising international standard problems (ISPs) and conducting benchmarking exercises.
These initiatives will be carried out in close collaboration with the CSNI Working Group
on the Analysis and Management of Accidents (WGAMA), ensuring a seamless integration
of research activities and the maximisation of their impact on nuclear safety advancements.

SUMMARY REPORT ON THE WORKSHOP ON FUTURE RESEARCH FOR ACCIDENT MANAGEMENT ENHANCEMENT
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ATHENA will serve as a strategic platform to:

o cfficiently co-ordinate international experimental programmes in thermal-
hydraulics;

e cengage a broad community of stakeholders;

e ensure sustained funding and cost-efficiency;

e guide the long-term development of research capabilities;

e facilitate counterpart testing and investigation of scaling effects;
e support safety code development, validation and benchmarking;
e preserve and disseminate critical experimental data;

e train the next generation of nuclear safety experts, wherein young researchers can
gain the benefit from working hand-to-hand with well-acknowledged
experimentalists.

This strategic plan outlines the ATHENA Framework’s vision and overall operational
objectives.

It begins with a discussion of the initiative’s scope and strategic research objectives,
including the:

e main research directions;

e required experimental capabilities;

e technical considerations specific to thermal-hydraulic testing.

Discussed operational goals focus on:

e sustaining and expanding thermal-hydraulic test capabilities;

e defining the appropriate scale and composition of experimental programmes
including scaled facilities from reactors, and other scaled facilities for model
validation;

e structuring the ATHENA Framework to maximise impact, efficiency and co-
ordination;

o fostering community building across all stakeholder groups.

Details of the operational and funding arrangements will be defined in collaboration with
the framework members, with a focus on ensuring both efficiency and flexibility.

The document also addresses cross-cutting activities essential to long-term success:

e data preservation and dissemination;
e assessment and accessibility of experimental databases;
e knowledge transfer and education;

e integration of emerging applications of nuclear energy.

ATHENA adopts a phenomena-based approach, focussing on the physical processes that
govern reactor system thermal-hydraulic behaviour that are safety-relevant. This ensures
the flexibility to address a wide range of reactor types and evolving regulatory or
technological requirements.

While ATHENA is designed to support all reactor technologies, including non-WCR
systems using alternative coolants like helium, liquid metals, or molten salts, initial efforts
will prioritise water-cooled technologies.

SUMMARY REPORT ON THE WORKSHOP ON FUTURE RESEARCH FOR ACCIDENT MANAGEMENT ENHANCEMENT
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These represent the most immediate needs, especially in relation to:

e long-term operation of existing plants with novel operating modes (including power
uprates);

e Joad-following management, in response to the increasing penetration of variable
renewable energy (VRE) and the resulting flexibility needs in future electricity
systems;

e deployment of advanced and accident tolerant fuels;

e high burnup fuel strategies and optimised core loading;
e larger use of passive safety systems;

e integration of SMRs in novel applications.

ATHENA will also investigate novel reactor configurations, with a focus on natural
circulation and condensation phenomena, complex flow geometries, compact system
layouts and non-traditional containment designs. In many of these advanced systems, the
boundaries between the core, reactor coolant system (RCS) and containment are less
distinct, requiring an integrated understanding of system behaviour.

ATHENA will define and prioritise experimental needs in several key areas:
e core thermal-hydraulic phenomena;

e RCS behaviour and performance;
e coupled RCS-containment interactions;
e innovative components and configurations;

e cross-cutting issues relevant to both WCRs and non-WCRs.

All identified needs will be systematically matched to existing infrastructure across NEA
member countries, and beyond. Where gaps exist, ATHENA will promote facility upgrades
or modifications, co-ordinate use of complementary setups, or encourage new investment
to meet emerging demands.

Looking ahead, the ATHENA Framework will remain responsive to the evolving landscape
of nuclear applications, including integration with renewables with load-following
management, power sourcing of data centres, and non-electric uses that may introduce new
thermal-hydraulic challenges. As these applications mature, particularly in hydrogen
production, industrial process heat or cogeneration, ATHENA will adapt its research
priorities to address the associated safety questions and experimental needs.

In parallel, ATHENA will also respond to the growing use of innovative tools and
methodologies aimed at optimising research resources and accelerating the development of
safe nuclear technologies across a variety of reactor types. This includes the increasing
application of advanced simulation techniques and artificial intelligence (Al), particularly
machine learning. As these technologies begin to influence reactor design, analysis, and
operations, it is essential that their safety implications are thoroughly understood. The
ATHENA Framework can play a pivotal role by supporting focussed thermal-hydraulic
safety research in this area and promoting the development of high-quality, well-structured,
and secure datasets necessary for training and validating Al models. These topics should
be actively discussed and addressed within the framework to ensure that innovation is
underpinned by robust safety assurance.

In summary, NEA/ATHENA provides a forward-looking and robust foundation for
international thermal-hydraulic research. By co-ordinating expertise, infrastructure and
strategic priorities, it will ensure that the global nuclear community remains equipped to
support the safe, efficient and innovative expansion of nuclear energy in the decades ahead.

SUMMARY REPORT ON THE WORKSHOP ON FUTURE RESEARCH FOR ACCIDENT MANAGEMENT ENHANCEMENT
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1. Introduction

1.1. Background

Several projections indicate that nuclear capacity will expand significantly in the coming
years, as an increasing number of countries pursue programmes to scale up nuclear energy
supply and diversify its applications, including in industrial heat, hydrogen production,
desalination, powering data centres and district heating. At the United Nations Climate
Change Conference, COP 28, in 2023, several OECD countries further reinforced this
outlook by calling for a tripling of global nuclear generation by 2050 [1]. Achieving such
ambitious targets would require not only the safe and efficient operation of existing nuclear
power plants but also the successful deployment of new reactor designs, including
advanced WCRs, small modular reactors (SMRs) and non-WCR technologies using
alternative coolants.

To meet these challenges, robust international collaboration in nuclear safety research is
essential. This need is becoming increasingly urgent due to the recent closure of several
critical nuclear safety research infrastructures, such as experimental reactors and integral
test facilities, alongside the loss of associated expertise. As a result, a growing gap has
emerged between the available research capabilities and the requirements needed to support
both long-term operation of current reactors and the licensing and safe deployment of new
reactor designs.

Over the past 65 years, nearly 60 joint nuclear safety research projects have been completed
under the auspices of the Nuclear Energy Agency (NEA), contributing significantly to
nuclear safety and innovation [2]. As of 2026, joint research projects represent
approximately 400 years of cumulated experimental safety research, with several new ones
being initiated. In 2023, the NEA brought together nuclear countries and organisations to
reflect on the structure, value and future direction of these joint efforts [3]. While
participants reaffirmed the effectiveness and flexibility of the NEA’s existing research
framework, they also recommended the development of new mechanisms to improve the
attractiveness, co-ordination and impact of joint research projects —particularly in light of
the major transformations expected in the worldwide nuclear sector.

In response, the NEA has proposed to initiate the development of more integrated nuclear
safety research frameworks in key technical domains, including:

e thermal-hydraulics;
e severe accident phenomena;

e research to characterise in-service aged components and materials to support long-
term operation.

These integrative frameworks aim to bring together a broad spectrum of stakeholders —
reactor designers, utilities, fuel cycle and decommissioning operators, regulators, technical
support organisations (TSOs), research laboratories and academic institutions — to
collectively decide on priority safety research needs and the experimental capabilities
required to address them. Co-funding mechanisms would support the development of new
research infrastructures and projects aligned with shared safety goals. These frameworks
are also expected to enhance safety assessment methods and tools, facilitate training and
knowledge transfer, ensure long-term data preservation and provide stability for essential
research facilities, while ensuring cost-efficiency.

SUMMARY REPORT ON THE WORKSHOP ON FUTURE RESEARCH FOR ACCIDENT MANAGEMENT ENHANCEMENT
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NEA/ATHENA: A new framework for thermal-hydraulic research

Two strategic options were considered for the future organisation of thermal-hydraulics
research. The first is to maintain the current model of separate joint projects, which has
served the community well, but is increasingly challenged by facility closures, fragmented
planning and rising costs. The second option, proposed in response to the members’
requests, is to establish a new framework, which provides a co-ordinated structure to align
priorities, pool resources and sustain essential experimental capabilities. In the field of
thermal-hydraulics, the NEA has proposed a new initiative: the NEA/ATHENA
Framework (Advanced Thermal-Hydraulic Experiment for Nuclear Analysis and
Safety). This framework will support the definition and implementation of experimental
projects across a network of key thermal-hydraulic facilities. It will address systems
relevant to both active and passive safety functions, for both the reactor and containment
coolant systems. Importantly, NEA/ATHENA will consider the specific challenges posed
by novel reactor designs, particularly those in which the traditional boundaries between the
reactor core, coolant systems and containment are less clearly defined than in current-
generation reactors. These configurations require an integrated understanding of system-
wide thermal-hydraulic behaviour to ensure accurate safety assessments and effective
system design.

The NEA/ATHENA Framework would encompass:
e cxperimental campaigns targeting high-priority safety knowledge gaps in thermal-
hydraulics for both WCR and non-WCR systems, including SMRs;

e support for the development and validation of advanced thermal-hydraulic analysis
tools, such as system codes and Computational Fluid Dynamics (CFD) codes,
through benchmark exercises and ISPs;

e initiatives for data collection, sharing and preservation;
e educational programmes, including training courses and technical schools;

e counterpart and complementary tests to address scaling effects and broaden the
code validation database.

Recent developments and outlook for the future

The need for such a framework has been highlighted through a series of recent expert
events, including:

e The 2022 NEA Specialists Meeting on Transient Thermal-Hydraulics in Water-
Cooled Reactors [S][6];

e The 2023 NEA Joint Projects Week [3];
o The ATLAS-3/ETHARINUS Joint Analytical Workshop [7];

e The FRAME Workshop on Future Research for Accident Management
Enhancement [8].

These discussions have led to the proposal of several new thermal-hydraulic research
initiatives for the 2025-2030 period, initially focussed on WCRs. These proposals
emphasise passive safety system performance, complex accident scenarios, scaling issues
and CFD applications. Throughout these meetings, participants strongly emphasised the
need for a more structured and integrative framework to prioritise and co-ordinate thermal-
hydraulic research efforts globally. At its 76" meeting in December 2024, the CSNI
decided that the NEA should establish frameworks to discuss the scope and
complementarities of joint project proposals in key technical areas of nuclear safety
research, including thermal-hydraulics.

SUMMARY REPORT ON THE WORKSHOP ON FUTURE RESEARCH FOR ACCIDENT MANAGEMENT ENHANCEMENT
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NEA Strategic Roadmap for Nuclear Reactor Safety Research and ATHENA
Implementation

In 2025, the NEA, in close co-operation with CSNI, developed a Strategic Roadmap for
Nuclear Reactor Safety Research [9]. This roadmap outlines key strategic
recommendations to shape future thermal-hydraulic research priorities, as illustrated in
Figure 1. It underscores the need to reinforce thermal-hydraulics research, recognising it as
a cornerstone of reactor safety, vital not only for current reactor technologies, but also for
next-generation designs and emerging applications of nuclear energy. It emphasises that
large collaborative platforms are essential to the success of thermal-hydraulic research.

The roadmap also highlights the importance of ensuring that nuclear safety research
remains responsive to the evolving landscape of emerging nuclear energy applications. This
includes, for instance, non-electric uses (such as hydrogen production, district heating, and
industrial process heat) which may introduce novel thermal-hydraulic challenges that must
be addressed through targeted research.

In parallel, the roadmap underscores the growing adoption of innovative tools and
methodologies, including advanced simulation techniques and Al, particularly machine
learning. As these technologies increasingly shape reactor design, analysis and operational
strategies, it is critical that their safety implications are thoroughly evaluated and well
understood. Integrating these tools into nuclear systems demands robust, research-based
validation to ensure that they support safety objectives.

The NEA/ATHENA Framework is expected to serve as a primary mechanism for
implementing these recommendations by fostering international collaboration, ensuring the
alignment of research efforts with safety needs, and supporting the long-term sustainability
of thermal-hydraulic research infrastructures and expertise.

Figure 1. Summary of recommendations from the NEA Strategic Roadmap for Nuclear
Reactor Safety Research in the thermal-hydraulic area [9].
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1.2. Objective of the NEA/ATHENA Framework

It is hoped that NEA/ATHENA will be seen as the leading international framework that
acts as a co-ordination platform for conducting joint thermal-hydraulic experiments that
support nuclear safety analysis, for both current and future nuclear power plants. Its mission
is to foster the development, organisation and long-term sustainability of collaborative
thermal-hydraulic research capabilities by bringing together a broad, multinational
community of stakeholders. These stakeholders, including regulators, TSOs, research
institutions, utilities, vendors and academic bodies, will share common goals, resources,
and results to design and implement joint experimental projects, as well as cross-cutting
activities such as counterpart testing, code benchmarking, training, knowledge
dissemination and database development.

The current model of stand-alone joint projects is no longer sustainable, as the closure of
major facilities and the loss of expertise are creating gaps no single country can fill.
Experience from FIDES-II shows that a structured framework increases long-term
sustainability and harmonisation. ATHENA offers a co-ordinated framework that spreads
costs, aligns priorities and ensures efficient use of the remaining infrastructures. By pooling
resources and strengthening collaboration, ATHENA can help preserve key experimental
capabilities that would otherwise disappear, securing the long-term foundation of
thermal-hydraulics research.

NEA/ATHENA aims to create the necessary conditions for impactful and sustained
research by:

e identifying and prioritising critical thermal-hydraulic safety research needs;

e supporting access to and development of scalable experimental infrastructures
(both integral and separate-effects facilities) capable of generating high-quality
data for the validation of state-of-the-art safety analysis codes;

e facilitating funding mechanisms for joint projects;
e ensuring broad international participation and co-ordination.

The framework will support thermal-hydraulic code validation and development for a wide
range of reactor technologies, including advanced WCRs, SMRs and non-WCR systems,
such as those using alternative coolants (e.g. gas, liquid metal, molten salt). For advanced
WCR designs, NEA/ATHENA will address systems with both conventional features —
such as those found in large-scale PWRs, BWRs, PHWRs and VVERs — and innovative
elements, including passive safety and reactor operating systems, extended operational
conditions and novel thermal-hydraulic phenomena.

The framework will initially prioritise the study of thermal-hydraulic phenomena in the
RCS, and containment for current and advanced WCRs, including SMRs. In parallel, it will
explore opportunities to identify and close key thermal-hydraulic knowledge gaps for non-
WCR technologies, contributing to the broader safety case for innovative nuclear systems.

In parallel, the framework should remain adaptive to the evolving landscape of emerging
nuclear energy applications, and responsive to the increasing adoption of innovative tools
and methodologies across the nuclear sector.

1.3. Scope of this document

This document provides an overview of the strategic objectives of the NEA/ATHENA
Framework, including a summary of key needs to be addressed through thermal-hydraulic
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experimentation. It also outlines broader objectives related to the establishment and long-
term maintenance of a robust, sustainable experimental framework, one that can support
thermal-hydraulic experiments over an extended period.

While the detailed prioritisation of specific current and future experimental campaigns and
technical goals falls outside the scope of this document, it does identify important near-
term gaps and outlines several high-level, longer-term directions. The responsibility for
defining specific priorities and addressing identified needs will lie with the ATHENA
Framework and the individual joint projects carried out within it.

Given the scale and complexity of conducting thermal-hydraulic experiments, particularly
integral tests, and the diversity of technologies to be addressed, including those with novel
safety features and thermal-hydraulic phenomena, the required research effort is expected
to extend over a period of at least a decade. Some immediate data needs may be met in the
short term, while others will require a phased, long-term approach that could span many
years, or even decades, particularly in the case of non-WCR technologies.

This document focusses on the planning horizon up to approximately 2035, while taking
into account ongoing NEA thermal-hydraulic joint projects and proposals currently under
advanced discussion. These projects are expected to cover the period of 2025-2030, laying
the foundation for a sustained international effort in thermal-hydraulic safety research.

The document is designed to address the needs of both technical experts and decision
makers.

The document is expected to be periodically updated to reflect evolving research priorities
to efficiently support the continued development of the nuclear sector.

Detailed mechanisms (such as governance structures, funding models, prioritisation
processes, and criteria for facility and project selection) will be developed during the
implementation phase and are not addressed in this document (2026-2027).
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2. Scope of the ATHENA Framework

The NEA/ATHENA Framework aims to identify and facilitate experimental investigations
of key thermal-hydraulic phenomena that are essential to the safety of both current and
future nuclear reactor systems. Its scope encompasses operating WCRs, advanced designs
such as Generation III+ reactors and SMRs, as well as non-WCR technologies that use
alternative coolants, including helium, liquid metals and molten salts.

Adopting a phenomena-based approach, ATHENA focusses on fundamental physical
processes that govern system behaviour and impact safety, rather than on specific
technologies. This strategy ensures flexibility and broad applicability across diverse reactor
types and configurations, while also supporting evolving technical and regulatory needs.

Initial efforts will concentrate on thermal-hydraulics in water-cooled technologies due to
their near-term relevance, particularly in the context of long-term operation (LTO), the
deployment of advanced fuels (such as accident-tolerant fuels [ATFs]) and the integration
of passive safety systems. These efforts will also address the need for greater operational
flexibility, including the use of high burnup (HBU) and high-assay low enriched uranium
(HALEU) fuels to enable extended fuel cycles, and the adoption of more economically
optimised core loading strategies.

ATHENA will leverage the experimental capabilities available within NEA member
countries, and beyond, to also support the development of emerging reactor designs. These
systems are often driven by natural circulation, boiling and condensation, complex and
asymmetric multidimensional flow conditions, compact integrated layouts and redefined
containment concepts. In such designs, traditional component classification among the
reactor core, RCS, and containment may be less clearly defined, requiring a more integrated
understanding of system-wide thermal-hydraulic behaviour.

To effectively support both existing and advanced reactor technologies, ATHENA will
systematically define and prioritise experimental investigations across key system-level,
safety-relevant domains:

1. Core thermal-hydraulic phenomena:

e Thermal-hydraulic processes within the reactor core, including critical transient
conditions such as reactivity-initiated accidents (RIA), loss-of-flow accidents,
and loss-of-coolant accidents (LOCA).

2. RCS thermal-hydraulics:
e System-wide thermal-hydraulic phenomena across the RCS.
e Coolant stratification and mixing next to reactor vessel inner wall (PTS).

e Component-specific behaviour, such as performance of steam generators and
pumps.

3. Integrated RCS-containment interactions:

e Dynamic interactions between the RCS and containment systems, and
structures.

e Containment response, containment-specific thermal-hydraulic processes and
related phenomena.
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4. Innovative components and configurations:

e Thermal-hydraulic behaviour of advanced components (e.g. helical coil steam
generators).

e Non-traditional system configurations, including those supporting emerging
non-electric nuclear applications.

5. Cross-cutting topics relevant to WCRs and non-WCRs:

e Multi-physics interactions (e.g. coupling of thermal-hydraulics with neutronics
and structural mechanics), including fluid-structure interactions (FSI) and
flow-induced vibration (FIV).

e QGravity-driven and low-pressure transient flows.

e Boundary condition effects on combustion and explosion risks (e.g. hydrogen
combustion or carbon dust hazards).

e Thermal striping and thermal stratification.

e Effects of phase change dynamics.

e Boundary conditions for fission products transport.

e Thermal-hydraulics in spent fuel pools and large-scale water pools.

e Performance evaluation and interaction between active and passive safety
systems.

e Others, as identified by ongoing technical needs.

All identified experimental needs will be systematically mapped against the capabilities of
existing experimental infrastructure within NEA member countries, and beyond. Where
applicable, ATHENA will promote the adaptation, enhancement or co-ordinated use of
available facilities. In cases where existing infrastructure proves insufficient, the initiative
may support the development, modification or extension of experimental capabilities to
meet emerging safety challenges.

ATHENA activities will be co-ordinated both within the NEA framework and through
broader international collaboration. For example, close alignment with the NEA/CSNI
code validation matrix (CCVM) initiative conducted under WGAMA will help ensure that
experimental data generated through ATHENA directly supports the validation and
refinement of safety analysis tools across a range of reactor types. Strategic co-ordination
and collaboration with other NEA frameworks (such as FIDES-II and the forthcoming
framework on severe accident research) should also be pursued, given ATHENA’s key
interfaces with research on fuel performance, safety and severe accident management. In
parallel, ATHENA will actively contribute to data preservation initiatives, including the
potential development of centralised thermal-hydraulics databases to support code
development for both water-cooled and non-WCR technologies, and the development of
high-quality, well-structured, and secure datasets necessary for training and validating
AI/ML models. It will also promote the use of experimental results in ISPs, to be conducted
under WGAMA, and benchmark exercises to foster broader validation and harmonisation
of safety analysis practices.

Looking ahead, ATHENA remains attuned to the evolving role of nuclear energy in non-
electric applications—including industrial processes, transportation, cogeneration and
energy storage. These applications may introduce novel thermal-hydraulic challenges that
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differ from those encountered in traditional nuclear power generation. As such, they will
be progressively integrated into ATHENA’s scope, ensuring that emerging research needs
are appropriately addressed. ATHENA will also remain responsive to the increasing
adoption of innovative tools and methodologies across the sector, such as AI/ML.
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3. Strategic objectives

The strategic objectives of NEA/ATHENA are organised into two complementary
categories: Research Objectives and Framework Objectives. The Research Objectives
focus on addressing key data needs through targeted experimental testing, supporting safety
analysis and code validation, for both current and advanced reactor designs. The
Framework Objectives, on the other hand, aim to ensure the long-term sustainability,
robustness and effectiveness of the research infrastructure itself, by maintaining the
necessary expertise, technical capabilities and operational capacity required to achieve the
Research Objectives over time.

3.1. Research objectives

3.1.1. Main research directions
Thermal-hydraulics (TH) issues for current and advanced nuclear systems

Thermal-hydraulics (TH) for the existing nuclear fleet, which is primarily composed of
large WCRs, is a well-established technical area, supported by an extensive experimental
database, and mature modelling and simulation capabilities for reactor safety assessment.
Decades of research and development [10], [11] have advanced our understanding of TH
behaviour in primary and secondary circuits, as well as in containment systems.

However, the evolving landscape of nuclear energy, characterised by the emergence of
advanced reactor designs, including SMRs, more integrated system architectures, passive
safety features and broader operational envelopes, raises new safety challenges. These
developments introduce new requirements for TH data and modelling capabilities. There
is also a growing expectation that advanced modelling approaches, particularly CFD, will
be more widely employed in future safety demonstrations [12].

Many recent designs incorporate passive (typically water-based) cooling systems or, in the
case of non-WCRs, employ advanced fuels and materials with unconventional coolants
such as helium, liquid metals or molten salts. While considerable experimental data exist
for legacy WCRs, much of this information lacks the fine spatial resolution required for
emerging approaches that leverage three-dimensional (3D) and multi-field system codes
[13] and high-fidelity CFD simulations [12].

As operating plants move towards higher fuel burnup and expanded power-flow operating
windows, new safety-relevant TH scenarios are emerging that require renewed attention.
For instance, flow instabilities in boiling water reactors (BWRs) become increasingly
significant under extended operating conditions. These involve complex, transient two-
phase flows characterised by high void fractions, which are inherently difficult to model
and predict with confidence. In parallel, the risk of fuel fragmentation, relocation and
dispersal (FFRD) becomes more pronounced with the adoption of fuels with higher burnup
and more aggressive fuel loading patterns, all of which introduce additional uncertainty in
TH response during accident conditions. Further knowledge gaps remain in areas such as
fluid-structure interaction phenomena, reflooding following departure from nucleate
boiling (DNB) and thermal-hydraulic behaviour in large water pools.

SUMMARY REPORT ON THE WORKSHOP ON FUTURE RESEARCH FOR ACCIDENT MANAGEMENT ENHANCEMENT



NEA/WKP(2025)10 | 21

TH issues for passive safety systems

Modern large WCR designs and SMR concepts increasingly rely on passive safety systems
[14]. As such, there is a pressing need for advanced instrumentation and measurement
techniques capable of delivering high-resolution TH data in passive safety systems tests.
These data are essential to validate models that assess the performance of passive heat
sinks, including natural circulation and condensation mechanisms, under plausible accident
conditions.

In existing WCRs, the combined performance of active and passive safety systems (e.g.
isolation condensers, spray systems, hydrogen recombiners and heat exchangers) must be
reassessed for extended operating regimes and new fuel types. These changes will influence
the evolution of boundary conditions in both primary and secondary systems, and
containment, potentially increasing demands on heat removal, depressurisation and
hydrogen mitigation. Similar modelling and evaluation capabilities are required for spent
fuel pools, particularly to assess natural convection cooling performance in loss-of-coolant
or loss-of-cooling scenarios [15], and to inform reactor designs that incorporate large water
pools.

Key thermal-hydraulic phenomena for experimental investigation in existing designs

Targeted separate-effects tests (SETs) and integral-effects tests (IETs) are needed to
generate high-resolution data on the following key TH phenomena:

e 3D and multi-field flow behaviour in reactor core and vessel, including during
LOCAs, SLB transients [16] and events that could lead to PTS;

e rod bundle heat transfer under varying reflood conditions of power, inlet flow, and
temperature [17];

e containment thermal-hydraulics, including two-phase flow repartition at break
points, cold water injection into superheated atmospheres during Main Steam Line
Breaks (MSLBs) and gas combustion phenomena (e.g. hydrogen) [18];

e transient boiling heat transfer and critical heat flux (CHF) during rapid power
excursions such as RIAs [19];

e thermal-hydraulic phenomena specific to design extension conditions (DECs) such
as natural circulation flow, cross flow through core with partial blockage, reversal
and stability, heat and mass transfer at free boiling pool surface, or containment
wall condensation in presence of non-condensable gases [20]; and

e phenomena involving ATFs, including CHF and post-CHF behaviour, altered
surface conditions and new cladding failure modes, particularly for innovative
materials such as FeCrAl and SiC [21].

Key thermal-hydraulics phenomena for experimental investigation in advanced
reactor designs including SMRs

SMRs that rely on water cooling often depend on natural circulation and condensation for
passive heat removal. These systems are sensitive to external factors (e.g. non-condensable
gases) due to the low driving heads inherent in two-phase natural circulation, making them
difficult to simulate and associated with high uncertainty. Their smaller size and mass also
reduce thermal inertia, making reliability under both normal and off-normal conditions a
priority concern [14]. Key SMR-specific TH issues include:

e CHEF under reduced height fuel assembly with reduced coolant flows; and
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e heat transfer and flow resistance in complex geometries, including helical coil
steam generators [22].

For advanced reactor systems, dominant TH phenomena diverge significantly from WCRs.
Coolants such as liquid metal and molten salt typically have high boiling points and operate
in single-phase regimes, but high operating temperatures introduce new challenges such as
thermal stratification and thermal striping. The tight coupling between thermal-fluids,
neutronics, fuel performance, and structural expansion also introduces significant
complexity for both normal and accident scenarios.

Some advanced systems (e.g. sodium fast reactors, MSRs, gas-cooled reactors) raise unique
thermal-hydraulic and safety concerns, including [23], [24], [25]:

e thermal stratification and thermal striping in sodium fast reactors (SFRs);
e thermo-mechanical expansion and its effect on core reactivity;

e transport of neutron precursors;

e solidification and plate-out in molten salt reactors (MSRs); and

e cnergetic risks, such as gas combustion or carbon dust explosions, requiring further
experimental assessment.

TH considerations for non-electric applications

The expansion of nuclear energy into non-electric applications, such as hydrogen
production, chemical and synthetic fuel synthesis, desalination, district heating, data
centres (including those for Al) and energy storage, introduces additional TH challenges.
These include the need to model and validate the coupled behaviour of nuclear systems
with external process loads under both nominal and upset conditions. Such coupling
demands high-confidence modelling and simulation tools, supported by experimental
validation, to evaluate safety margins and potential risks.

Considerations for applications of innovative methods and technologies in TH analysis

The increasing use of advanced simulation tools and Al, particularly machine learning, in
TH analysis must be carefully considered as these technologies may soon influence reactor
design, safety analysis and operational strategies. It is essential to assess and understand
their safety implications through targeted thermal-hydraulic research. Equally important is
the development of high-quality, well-structured and secure datasets, to support the training
and validation of Al models.
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Table 1. Synthesis table — Current key thermal-hydraulic topics and research needs.

Section Key TH phenomena Reactor types / Example needs / Challenges

Systems
1. Core and Vessel | Mixing in the core, including WCRs including High-resolution experimental
Thermal-Hydraulic for unstable and low flows SMRs, ATF- data, validation of 3D and CFD

Phenomena

3D/multi-field flow during
LOCAs, RIAs, loss-of-flow
accidents

Transient boiling, heat
transfers for extended
operating regimes such as
power uprates, load-
following management

Rod bundle heat transfer
during reflood post-DNB

equipped reactors,
passive cooling

codes

Advanced modelling of flows,
transient boiling, heat transfers

Safety margins with novel
fuel/cladding combinations, with
extended operation regimes, with

compact designs

Performance of passive safety
systems

PTS analysis

2. RCS Thermal-

Flows and heat transfers

WCRs including

High-resolution experimental

Hydraulics | during complex asymmetric SMRs, passive data, validation of 3D and CFD
flow conditions systems codes
Natural circulation and low Advanced modelling of flow and
driving head flow heat transfers in complex
scenarios
Condensation
Component-specific behaviour in
Flows and heat transfers with complex scenarios (pumps, steam
compact geometries generators)
Performance of passive cooling
Flow resistance in complex
geometries
3. Integrated RCS- Coupled RCS-containment All reactor types High-resolution experimental
Containment transients with containment data, validation of 3D and CFD
Interactions systems codes
Passive/active system
interaction Integrated simulations of
primary/containment behaviour,
Gas mixing in complex and dynamic modelling of accidgnt
compact geometries, progression
including combustible gases
Performance of combinations of
active/passive systems
Updated safety assessments for
new fuels
4. Innovative | Helical coil steam generator SMRs, Gen-1V, TH modelling of non-traditional
Components & heat transfer | multi-use of nuclear heat exchangers
Configurations systems

SUMMARY REPORT ON THE WORKSHOP ON FUTURE RESEARCH FOR ACCIDENT MANAGEMENT ENHANCEMENT



24 | NEA/WKP(2025)10

Compact and integrated
SMR cooling

Coupling analysis for hybrid
systems

Coupled TH with process
heat applications (e.g. H-
production, desalination)

5. Cross-cutting Multi-physics coupling, WCRs, SFRs, Experimental validation of
Topics (WCRs & including FSI and FIV MSRs, HTGRs, complex phenomena
Non-WCRs) SFPs

High-fidelity codes for multi-field
problems

Gravity-driven & low-
pressure flows

Thermal stratification &
striping

Phase change (e.g. in MSRs)

Conditions for fission
product transport

Large pool cooling, incl.
SFPs

Energetic risks (gas
combustion, carbon dust)

3.1.2. Needed research facilities

3.1.2.1 Experimental facilities

Thermal-hydraulics has always relied heavily on experimental data, and this dependence
remains critical today. Experimental capabilities are central to building the comprehensive
databases required for developing new models and correlations, and for the validation and
assessment of thermal-hydraulic codes. However, the availability of large-scale facilities
to expand existing databases is limited, particularly for non-WCR technologies.

In both water-cooled and non-water-cooled contexts, experimental test facilities play a vital
role in generating the data and insights necessary to advance thermal-hydraulic
understanding. The inherent complexity and scale of nuclear reactors, including their
operating conditions, introduce significant scaling challenges [26]. Full-scale experiments
at nuclear power plants are rarely feasible due to safety, cost and logistical constraints,
making it difficult to simultaneously replicate prototypic geometry, pressure and power.
As a result, experiments are typically conducted using scaled-down conditions, preserving
key geometric and thermal-hydraulic parameters.

As outlined in Section 3.1.1, there is an ongoing need for separate effect tests (SETs) to
provide high-resolution data on fundamental phenomena such as natural circulation,
condensation, flow instabilities and thermal stratification under extended boundary
conditions. These data are crucial for the enhancement of CFD models. Similarly, integral-
effect tests (IETs) conducted in complex, scaled loops are essential for simulating the
behaviour of one or more coupled safety systems—within reactor circuits, containment
structures, or in integrated circuit-containment configurations—supporting the
improvement and validation of both system and CFD codes.
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Experimental capabilities developed through NEA joint safety projects [2] (such as
ATLAS, HYMERES/PANDA, POLCA, PKL/ETHARINUS, RBHT, ROSA, SETH, and
THAU/THEMIS [Table 2]) have significantly contributed to the advancement and
validation of thermal-hydraulic safety codes. These projects have also helped maintain
critical expertise in system thermal-hydraulics for both large-scale and small modular
WCRs (Figure 2). The joint project framework has thus played a vital role in sustaining
and advancing key experimental infrastructures.

However, some essential capabilities have recently been lost. For example, with the closure
of the PKL facility at Framatome GmbH in 2024. This trend had already been flagged in
2021 by the CSNI SESAR group, which highlighted the growing risk of losing core
thermal-hydraulic infrastructure for both current and advanced reactor technologies [27].

Within this context, the ATHENA initiative should aim to integrate and offer sustainable
pathways for developing new experimental capabilities aligned with emerging research
needs (as described in Section 3.1.1). Special consideration should be given to facilities
originally developed for advanced reactor design, including those now becoming available
for collaborative research, such as the MASLWR facility at Oregon State University in the
United States [28]). Facilities offering high-resolution data for light water reactors (e.g. the
METERO facility at CEA in France and the PRIUS facility in Korea [29]), should also be
considered. Additionally, facilities that enable counterpart testing, such as JAEA’s CIGMA
and LSTF [30], or the RBHT and COAL facilities, can provide cross-validation
opportunities. In particular, the LSTF facility may help mitigate the impact of the PKL
closure.

Coupled effect tests that integrate both circuit and containment behaviour, such as those
performed at the ATLAS facility, can yield critical insights into system-wide interactions
under accident conditions. These insights are essential for developing effective and robust
safety strategies. By incorporating containment thermal-hydraulics into its experimental
programmes, the NEA/ATHENA Framework can facilitate a more integrated and
comprehensive approach to code validation and safety evaluation, supporting the safe
operation of both current and future nuclear power plants.
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Table 2. Thermal-hydraulic research infrastructures used in current and planned NEA
projects

Facility Operator/Country Key Applications

ASPIC/MIDI ASNR/France Spent Fuel Pool Behaviour — assembly and pool scale
(POLCA)

ATLAS KAERI/Korea APR-1400 based RCS-containment coupling, passive
systems, SMR scalability (ATLAS-4)

CIGMA JAEA/Japan Containment test for large reactors and SMRs
(counterpart in THEMIS-2/PANDA-2)

LSTF JAEA/Japan PWR large-scale test, counterpart for ATLAS-4 and
SYSTHER

MOTEL LUT/Finland SMR thermal-hydraulics (NuScale-like), included in
SYSTHER

MISTRA CEA/France Passive heat removal and containment pressurisation
(SYSTHER)

PANDA PSI/Switzerland Containment coding, natural circulation, suppression
pools (PANDA-2)

PASI LUT/Finland VVER-based PCCS testing (SYSTHER)

PWR-PACTEL LUT/Finland EPR-based LOCA and circulation studies (SYSTHER)

RBHT Penn State/United States Core reflooding, ECCS performance, CFD-grade data
(RBHT-2)

THAI+ Becker/Germany Hydrogen, aerosols, iodine, passive systems in SMRs
(THEMIS-2)
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Figure 2. Examples of core thermal-hydraulic facilities used in NEA joint nuclear safety
research projects [2].
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Note: top left, ATLAS-CUBE, KAERI, Korea; top right, PWR-PACTEL, Lappeenranta University of
Technology, Finland; bottom left, PANDA, Paul Scherrer Institute, Switzerland; bottom right, THAI+, Becker
Technologies, Germany.
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3.1.2.2 Data for TH Codes
Advances in modelling and simulation capabilities

Modelling and simulation capabilities in nuclear TH continue to progress rapidly, driven
by increasingly powerful computing platforms offering greater memory and faster
execution speeds. These advancements enable more detailed representations of system and
reactor core behaviour, as well as dynamic coupling of multi-physics analysis tools for
complex transient scenarios. However, the rise of high-fidelity modelling techniques
necessitates equally high-fidelity experimental data for code qualification and validation.
The extent of these data needs, and the potential for code-to-code comparison as a
qualification method, remains to be fully determined.

Status of System and CFD Codes for WCRs including WC-SMRs

Conventional WCRs and water-cooled SMRs are typically analysed using well-established
system codes such as TRACE [31], RELAP5 [32], CATHARE [33], ATHLET [34] and
SPACE [35]. These tools simulate multidimensional, two-phase flow and heat transfer
within reactor systems, and incorporate component-specific models for pumps,
accumulators, valves and other safety-relevant systems [13], [36]. While the validation of
these codes is generally robust, extending them to new designs and scenarios requires case-
by-case adaptation.

The increasing availability of high-performance computing and methodological
advancements have also enabled broader application of CFD tools. While CFD is not yet
used for full system analysis, it is widely applied for detailed investigation of localised
phenomena. Two-phase CFD capabilities are evolving rapidly, though most applications
still focus on single-phase flow. As these methods mature, their role in safety analysis is
expected to grow [12]. However, meaningful validation will depend on the availability of
experimental datasets with high spatial and temporal resolution [37].

Simulation challenges for advanced reactors

Advanced reactor designs present new modelling challenges. Many utilise helium or high-
boiling-point coolants to avoid two-phase flow complications and enhance inherent safety
margins. These design choices increase the relevance of CFD tools, especially for scenarios
involving single-phase flow. However, adapting system codes to analyse advanced reactors
requires updating correlations and models to accurately reflect the behaviour of fluids with
low or high Prandtl numbers, which differ significantly from water.

Furthermore, advanced reactors often involve tightly coupled physical processes (thermal,
neutronic and structural) that must be simulated concurrently. New multi-physics codes are
being developed to meet these needs, capable of resolving feedback between thermal-fluid
dynamics, structural deformation, and reactor kinetics. These tools must be rigorously
validated to ensure their reliability and regulatory acceptance, particularly for complex
transients involving reactor cores, pressure vessels and surrounding structures.

Verification, validation, and uncertainty quantification (VVUQ)

VVUQ are crucial to ensuring the credibility of simulation tools. The accuracy of
multiphase flow predictions hinges on the correct modelling of key physical processes
(mass, momentum and heat transfer) within the computational domain. Uncertainty in
simulation outcomes arises from both modelling parameters (e.g. boundary conditions,
physical models) and non-modelling parameters (e.g. numerical methods, mesh resolution,
scaling effects).

The CSAU (code scaling, applicability and uncertainty) methodology introduced the
phenomena identification and ranking table (PIRT) approach, which has become a
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cornerstone of the nuclear community’s strategy for guiding best-estimate plus uncertainty
(BEPU) analyses. Since its inception in the 1980s, numerous statistical and mathematical
frameworks—such as QUESO [38], DAKOTA [39], PAPIRUS [40], CIRCE [41] and
URANIE [42] have been developed to support VVUQ activities. More recently,
CSNI/'WGAMA introduced SAPIUM [43], a structured methodology for quantifying input
uncertainties in thermal-hydraulic codes. Continued enhancement of these capabilities is
essential, especially as the industry increasingly adopts multi-scale, multi-physics and
multidimensional modelling approaches.

Codes for containment TH analyses

In addition to RCS studies, comprehensive experimental research on containment TH
remains vital. Projects such as ATLAS-CUBE, THAI/THEMIS, and HYMERES/PANDA
have provided essential data for validating containment models. These facilities simulate
key phenomena such as pressure and temperature distribution, steam condensation, and
hydrogen behaviour—phenomena that are critical in accident scenarios, including LOCAs,
steam line break (SLB) and severe accidents. Containment experiments also help resolve
scaling effects [26] and improve predictive capabilities of simulation tools.

Containment thermal-hydraulic research has directly contributed to the development and
validation of severe accident simulation codes [44]. Given the inherent complexity of

severe accident phenomena, many current codes—such as AC? [45], ASTEC [46],
CINEMA [47], MAAP [48] MELCOR [49] and SAMPSON [50] —use a combination of
mechanistic and empirical models. As understanding deepens, more phenomena are being
addressed with mechanistic or CFD-based models. Codes such as TONUS, GOTHIC,
GASFLOW, CFX, and FLUENT are widely used to analyse containment thermal-
hydraulics and hydrogen combustion risks [51]. These tools are critical for evaluating
containment performance during accident scenarios and for developing mitigation
strategies.

3.1.2.3. Data preservation

It is essential that the ATHENA Framework establish effective mechanisms and tools to
preserve and fully exploit TH data generated through experimental testing. Ensuring that
quality-assured data are systematically archived, regularly updated, and made accessible is
critical for supporting the long-term understanding and modelling of key thermal-hydraulic
phenomena. In this context, the guidance and recommendations developed by the CSNI
Senior Expert Group on the Preservation of Key Experimental Data Sets (SEGPD) [52], as
well as by the WGAMA/THEMPo, should be taken into account. The broader strategy for
data preservation and dissemination will be further addressed in Section 4.1.

3.1.3 Additional technical considerations for research in thermal-hydraulics

As the nuclear industry continues to mature, and new reactor designs are developed and
deployed, thermal-hydraulic challenges are inevitable. Some important physical
phenomena remain insufficiently understood and must be treated with appropriate
conservatism. Additionally, certain accident scenarios may be difficult to anticipate until
more operational experience and insights are gained for novel reactor designs.

Based on current knowledge and existing phenomena identification and ranking tables
(PIRTs) for advanced WCRs, several gaps and issues have already been identified. For
existing reactors, topics such as power uprates and extended fuel burnup highlight areas
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where further thermal-hydraulic research is needed. For advanced designs, these gaps tend
to be highly design specific [53].

Strategic value of thermal-hydraulic research

Thermal-hydraulic research can provide significant benefits to the international nuclear
community. New experimental programmes are essential to generate the data needed for
validation of computational tools and evaluation of system performance. Advances in code
development, supported by such data, will enhance the ability of analysts to optimise
reactor safety and economics through deeper insights into system behaviour.

Key technical priorities for safety-oriented research

To advance thermal-hydraulic knowledge, and support the safety of existing and future
reactor technologies, research efforts should address the following priorities resulting from
the ATHENA core group discussion:

e Continue supporting and conducting code-to-code benchmark exercises, involving
simulations of complex hypothetical accident scenarios. These exercises help
identify deficiencies in both the models and their application.

e Support critical experimental facilities identified by the NEA Senior Expert Group
on Safety Research [27] and subsequent initiatives (e.g. the FRAME workshop [8])
through joint international projects.

e Sponsor and conduct tests in existing integral test facilities, both for code validation
in benchmark exercises and for building next-generation expertise, particularly in
experimental methods, instrumentation development and data analysis. Promote
the use of BEPU methodologies to evaluate key safety metrics.

e Conduct experimental studies on fluid-structure interaction (FSI) to enhance
understanding and prevent potential damage from such interactions.

e Promote the extension of CFD methods to two-phase flow problems and support
the development of high-resolution experimental data for CFD code validation.

e Develop an experimental database for non-WCR technologies, by collecting legacy
data from member countries and providing centralised, accessible data resources.

e Continue efforts in measurement uncertainty quantification, using existing
guidance, and developing new methodologies tailored to thermal-hydraulics and
severe accident analysis [54].

e Establish a complementary experimental database for SMRs, beyond what is used
for design purposes, to assess passive safety system performance under a variety of
transient conditions.

e Pursue experimental and analytical research to address safety concerns associated
with LTO and flexible operational modes of existing nuclear power plants.
Stakeholders’ role

A wide range of stakeholders are involved in nuclear thermal-hydraulic safety, including plant
operators, designers of new reactor concepts, regulatory authorities, and research institutions.
Currently operating water reactors continue to rely on thermal-hydraulic methodologies to
support goals such as power uprates and extended fuel use, all while maintaining safety
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margins. In some cases, additional R&D is necessary to enhance the fidelity and detail of safety
analyses.

Designers of new reactor types, particularly SMRs, depend on experimental data to validate
system codes. In many cases, vendors have constructed scaled integral test facilities to support
design development and regulatory licensing. The MASLWR facility, for example, was a
public platform representative of an SMR design currently undergoing licensing in the United
States.

Challenges and opportunities in advanced reactors research

Advanced reactor designs represent both a significant opportunity and a formidable challenge
for thermal-hydraulic research [55]. While some legacy data are available from historical
facilities and reactors such as EBR-II [56] and the MSRE [57], the data pool is much smaller
compared to what exists for water reactors. As a result, stakeholders face the dual burden of
generating new data to support model validation, all while adhering to tight licensing timelines.

While water-cooled reactors benefit from a robust and mature framework for experimental and
analytical support, new reactor designs, including both SMRs and advanced non-WCRs, require
substantial investments in research infrastructure. Addressing these data gaps is essential to
ensuring the safe and timely deployment of next-generation nuclear technologies.

Broadening the scope: new nuclear energy applications

Finally, the exploration of emerging nuclear energy applications, such as hydrogen production,
industrial heat supply and energy storage, further underscores the need for robust thermal-
hydraulic research. These applications align with NEA/ATHENA’s broader objective of
enhancing safety analysis capabilities while supporting the safe and efficient development of
future nuclear systems.

3.2. Framework objectives

The NEA/ATHENA Framework objectives encompass overarching goals that extend beyond the
scope of individual research objectives. They are designed to ensure the sustainability, robustness
and effectiveness of the ATHENA Framework by maintaining the expertise, capacity and
infrastructure necessary to achieve the research goals. These objectives are grouped into the
following categories and are elaborated in subsequent sections:

e Sustaining and advancing key thermal-hydraulic capabilities: Support the
maintenance and development of state-of-the-art experimental and analytical
capabilities relevant to thermal-hydraulics, ensuring they remain available to
address high-priority safety issues identified by ATHENA.

e Ensuring value through balanced experimental programming: Design the
experimental programme with an appropriate size and mix of test types to deliver
meaningful value to members with diverse technical interests, thereby justifying
and sustaining membership.

e Maintaining and expanding the ATHENA community: Grow and diversify the
ATHENA membership base to secure the budget, expertise and facilities necessary
to support a robust experimental programme. Fostering a strong, collaborative
community increases the impact of the experiments, encourages continued
engagement and attracts new participants.

e Collaborating on topic prioritisation: Develop structured mechanisms for
collaboratively identifying and prioritising thermal-hydraulic research topics of
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broad international relevance, reflecting a global view of safety issues for both
current and future nuclear systems.

e Supporting confirmatory and anticipatory research: Conduct confirmatory
research to validate safety approaches proposed by designers and operators, while
also promoting anticipatory research to address emerging and future challenges.

e Pursuing cross-cutting activities: Maximise the impact of experimental efforts by
supporting complementary activities such as code assessment, training and
education, and data preservation, thus ensuring that the value of joint projects
extends beyond the data itself.

e Expanding the experimental database: Enrich the global thermal-hydraulic
experimental database, which is essential for validating simulation tools used in
safety analysis. Promote the organisation of code validation activities such as
benchmarks and ISPs.

e Securing sustainable funding: Mobilise financial support for a long-term, multi-
project research programme that includes experimental campaigns and cross-
cutting activities. Encourage participation from a broad range of stakeholders,
including the nuclear industry.

e Optimising use of resources Maximise the efficiency and impact of available
funding by fully leveraging the technical complementarities and unique strengths
of participating thermal-hydraulic experimental infrastructures.

3.2.1 Maintaining and developing capabilities
Ensuring sustainable thermal-hydraulic infrastructure for ATHENA

While the primary mission of NEA/ATHENA is not to maintain or develop thermal-
hydraulic (TH) facilities and capabilities, the availability of such infrastructure is a
prerequisite for achieving its Research Objectives. The responsibility for ensuring that
relevant facilities and capabilities exist lies with national and institutional stakeholders.
Nonetheless, the ATHENA Framework must recognise and address the increasing risk
posed by the closure of integral-effect test (IET) facilities and the expanding experimental
needs associated with extended operation of current reactors, deployment of advanced
designs, and new industrial applications of nuclear technology.

Given this context, it is urgent to establish durable funding mechanisms and targeted
support strategies to maintain and develop core TH research capabilities. Advanced
simulation codes continue to enhance safety and efficiency, but their reliability depends on
access to high-quality experimental data, underscoring the importance of sustaining a
robust experimental infrastructure.

Strategic objectives for facility and capability development

To support long-term research and safety demonstration needs, efforts to preserve and
develop experimental capabilities should focus on the following key objectives:

1. Preserve key capabilities: Prevent further loss of critical facilities and associated
know-how by ensuring sustained operation of existing core infrastructure.

2. Enhance and expand existing facilities: Increase capacity and upgrade
capabilities to replace those lost through recent closures, and to enable testing
under extended or more demanding boundary conditions. This includes support
for high-resolution instrumentation needed for CFD validation.
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3. Build redundancy and complementarity: Foster a robust and flexible
experimental ecosystem by developing redundant or complementary capabilities.
Commonality across facilities helps mitigate the risk of unavailability and
facilitates scaling studies, reducing uncertainty in extrapolations to full-scale
reactor behaviour.

Role of operating agents and ATHENA support mechanisms

In the ATHENA Framework, responsibility for operating and maintaining facilities rests
with the operating agents (OAs). However, national and institutional constraints vary, and
the level of external support needed to sustain or enhance facilities may differ significantly
between OAs.

To enable continued access to high-value experimental infrastructure, NEA/ATHENA
should provide support through the following mechanisms:

e Co-funding experiments conducted within the joint ATHENA programme using
OA facilities, leveraging the framework’s diverse stakeholder base.

e Supporting development of new capabilities in existing facilities (e.g. state-of-
the-art instrumentation, test sections for extended conditions) when necessary to
fulfil ATHENA-specific experimental needs.

e Providing clear, long-term research roadmaps to guide OAs in aligning their
facility development plans with consensually defined ATHENA priorities.

e Fostering synergies across ATHENA initiatives, facilitating co-development of
capabilities and efficient use of resources.

e Promoting co-operative development of transferable solutions that can be
adapted for use across multiple facilities or countries, enhancing interoperability
and long-term sustainability.
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Priority actions for infrastructure sustainability

To preserve and modernise experimental TH infrastructure in line with evolving safety
research demands, immediate and co-ordinated actions should include:

e Strategic funding for key infrastructure, supported by international partnerships to
ensure continuity of experimental capabilities.

e Upgrades to existing facilities with advanced instrumentation and digital tools,
enabling collection of high-fidelity data essential for modern code validation.

o Knowledge retention and skill transfer through training, mentorship and
participation in joint projects, ensuring the next generation of experts can design,
conduct and interpret large-scale TH experiments.

In summary, while ATHENA is not the custodian of experimental facilities, it plays a
critical enabling role in ensuring that the international community retains access to the
infrastructure needed for thermal-hydraulics safety research. A proactive approach to co-
ordinating, supporting and optimising facility use and development, is essential for
addressing current and future nuclear safety challenges.

3.2.2Size and composition of experimental programme
Structuring the experimental programme for maximum impact

The ATHENA experimental programme must be strategically structured to ensure it
delivers maximum value to participating stakeholders while addressing a broad range of
TH research priorities. Key principles for designing such a programme include:

e Balancing separate effect tests (SETs) and integral-effect tests (IETs):
Combining focussed investigations of individual phenomena (SETs) with system-
level studies (IETs) allows for a comprehensive understanding of thermal-hydraulic
behaviour.

e Expanding the test matrix: Incorporating experiments that target passive safety
systems and advanced reactor designs (including SMRs), helps address emerging
safety concerns and regulatory challenges.

e Fostering multinational collaboration: Co-ordinated international efforts reduce
duplication, optimise the use of experimental resources, and enhance the
availability and diversity of high-quality data for code validation and safety
analysis.

To remain sustainable and attractive, ATHENA must deliver a programme with sufficient
quantitative and qualitative value to ensure continued engagement of its members and
justify their financial and technical contributions.

ATHENA as a platform for international collaboration

Beyond technical experimentation, ATHENA serves as a collaborative platform that brings
together a wide range of stakeholders, including regulatory bodies, TSOs, utilities,
designers, facility operators, universities and R&D institutes. This diverse community
enables:

e knowledge generation and mutual understanding of key safety issues relevant to
both the operating fleet and innovative designs;
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e shared costs and expertise, reducing the burden on individual members;

e accelerated and harmonised international consensus on emerging thermal-hydraulic
safety challenges.

Defining a sustainable programme size

A review of ongoing NEA thermal-hydraulic joint projects provides a baseline for defining
a sustainable and appropriately sized ATHENA programme. As of 2025, seven joint
projects are active or planned, with a total budget of approximately EUR 27.5 million:

e ATLAS-4(2025-2028)

e SYSTHER (2025-2028)

e PANDA (planned to be completed in 2026) and PANDA-2 (2026-2030)
e POLCA (2024-2028)

e RBHT-2 (2023-2026)

e THEMIS-2 (2025-2029)

e PRIME (planned to start in 2027-2029)

Figure 3. Status and perspectives in 2025 for NEA joint nuclear safety research projects
addressing RCS and containment TH to provide high-fidelity data for the development
and validation of TH codes.
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An additional project is under consideration for launch in 2026, focussed on core mixing
phenomena using the CEA METERO and KAERI PRIUS facilities [29].

These projects cover a wide array of thermal-hydraulic phenomena, including RCS and
containment performance, under complex and plausible accident scenarios. Several
investigations specifically address passive safety systems and configurations relevant to
SMR designs.

Expanding opportunities and strategic growth of the ATHENA experimental
programme

In addition to ongoing and planned projects, new experimental opportunities have been
identified [8], many of which are open, or will soon be opened, to international
collaboration. These could support the safety assessment of advanced reactors. Several
facilities have already contributed to demonstrating specific SMR concepts. Notable
examples include:

e i-SMR (KAERI, Korea): Now in the commissioning phase, this facility is expected
to play a pivotal role in future joint projects related to SMRs, particularly micro-
reactors and offshore floating nuclear power plant designs. Testing plans include
separate effect tests in 2025-2026, followed by integral system tests in 2027. Upon
completion, the facility could be opened to international collaboration. Key
research topics include natural circulation, condensation, helical-type steam
generator behaviour and the long-term cooling capacity of passive safety systems.

e NIST-2 (Oregon State University, United States): This facility previously
supported NuScale’s standard design approval application (SDAA) and was placed
on standby in 2023. It remains a strong candidate for reactivation under a potential
NEA joint project focussed on experimental research for SMRs.

o NSTF (operated by ANL, United States): Originally developed to support US DOE
programmes and US vendors, NSTF has been utilised to evaluate ex-vessel passive
decay heat removal strategies. Its flexible infrastructure, including adaptable
reactor vessel and containment configurations, makes it suitable for experiments
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across a wide range of reactor types, including LWRs, SFRs, gas-cooled fast
reactors (GFRs), MSRs and SMRs.

e PASTIS platform (operated by ASNR, France): This platform leverages the
ALCINA and KOKOMO facilities to conduct testing of passive safety systems.

These, along with other facilities open for international collaboration, could represent
valuable additions for expanding the TH research portfolio under ATHENA, depending on
framework members’ interests.

Currently, NEA thermal-hydraulic projects operate with a combined annual budget of
approximately EUR 6.25 million, based on typical project durations of four years. This
budget could be considered as the initial funding basis for ATHENA. Looking ahead, an
objective could be to increase the funding basis by integrating more stakeholders with the
capacity to support a broader range of joint projects. This would include:

e a wider set of experimental facilities, particularly those developed for
demonstrating advanced reactor designs and SMRs;

e cross-disciplinary activities beyond data generation, such as:
o maintenance and enhancement of test capabilities;
o preservation and structuring of experimental data;
o code benchmarking exercises;
o training and capacity-building initiatives.
It may be beneficial for ATHENA to initiate two to three new projects per year. This would

smooth out annual expenditure, allow for a more continuous launch of experimental
initiatives and enhance flexibility in responding to evolving research needs.

Participation landscape and stakeholder involvement
As of 2025, 18 countries were involved in NEA thermal-hydraulic joint projects:

Belgium, Canada, China, Czechia, Finland, France, Germany, Hungary, Italy, Japan,
Korea, the Slovak Republic, Spain, Sweden, Switzerland, the United Arab Emirates, the
United Kingdom and the United States.

However, participation levels vary. Some countries are engaged in all six ongoing NEA
joint projects, while others support only one. Importantly, a wide range of stakeholders,
including industry (utilities and reactor vendors), regulators, TSOs and research
institutions, are actively involved in the projects, contributing to their relevance, diversity
and impact.

ATHENA could build on the SMR Industrial Alliance initiative, the SEAKNOT project
led by the European Commission, and the NEXSHARE initiative jointly developed by the
IAEA and the NEA, to expand its membership base and strengthen its research capabilities.

Target composition of the ATHENA experimental programme

To ensure long-term sustainability, impact and inclusivity, the ATHENA experimental
programme should evolve towards the following composition:

e By 2030: Integrate approximately six to eight projects primarily focussing on
WCRs, including SMRs, building on opportunities identified in the FRAME
workshop [8];
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e By 2035: Expand the portfolio to projects covering the research demand for non-
WCRs and new applications of nuclear;

e Ensure a balanced mix of separate effect tests (SETs) and integral-effect Tests
(IETs), with emphasis on IETs due to their system-level relevance and higher
resource needs;

e Cover both RCS and containment thermal-hydraulics, initially focussing on WCR
technologies, including extended operational regimes, advanced designs and
SMRs;

e Progressively expand into non-WCR technologies and thermal-hydraulic issues
linked to new industrial applications of nuclear energy.

3.2.3 Size and composition of NEA/ATHENA Framework

Strengthening the NEA/ATHENA Framework through broad and balanced
membership

The number and diversity of members in NEA/ATHENA directly influence the robustness,
resilience and long-term sustainability of the framework. A larger membership base enables
the sharing of costs and risks associated with complex and resource-intensive experimental
programmes, thus facilitating projects that would otherwise be unaffordable for individual
participants.

Beyond quantity, diversity in stakeholder representation is critical. A well-balanced
membership comprising reactor vendors, regulators, TSOs, national laboratories,
universities and other nuclear sector actors, ensures a rich set of perspectives. These diverse
viewpoints, rooted in different institutional missions, contribute to more relevant
experimental designs, broader acceptance of results and improved interpretation of
complex thermal-hydraulic phenomena.

Experience from past NEA joint projects shows that cross-stakeholder collaboration, from
experiment specification through data analysis, leads to higher-value outcomes that are
more likely to be accepted and applied by the wider nuclear community.

Advantages of expanding membership

While no strict target is set for the number or type of members, expanding the
NEA/ATHENA community presents clear benefits:

e Budget enhancement and cost sharing: A larger membership may increase the
total budget, allowing priority safety issues to be more quickly addressed, and
potentially reducing the financial burden on individual members.

e Increased technical value: New experts bring fresh insights that can enhance
experimental design, execution and interpretation.

e Facility and capability expansion: Additional OAs may provide new
infrastructure, capacity or unique capabilities to the framework.
Membership strategy considerations

To maximise value and maintain strategic alignment, the following principles should guide
future membership development:

e Pursue targeted growth by identifying and engaging underrepresented stakeholder
types or geographic regions with relevant expertise or facilities.
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e Promote inclusiveness by offering membership opportunities to non-NEA
countries and institutions, thereby broadening the global reach and impact of

ATHENA.

e Maintain balance to ensure that all stakeholder categories — regulatory, industrial,
academic and research — are adequately represented and can contribute
meaningfully.

In summary, growing and diversifying the NEA/ATHENA membership base
strengthens the framework’s technical foundation, improves the value of experimental
outcomes, and helps ensure long-term viability through shared investment and
collective engagement.

3.2.4 Community building
Fostering a robust and collaborative NEA/ATHENA community

Building and maintaining a strong, engaged community within the NEA/ATHENA
membership is essential for ensuring the framework’s long-term effectiveness and
sustainability. A robust community enhances the value of joint TH experiments by
fostering open and constructive dialogue among diverse stakeholders, including regulators,
reactor vendors, nuclear power plant operators, research organisations and academia.

Such collaboration strengthens the definition of experimental specifications, the
interpretation of results and the credibility of outcomes, reinforcing members’
commitments and making the framework more attractive to prospective participants.

The collaborative spirit within current NEA thermal-hydraulic joint projects is widely
recognised as a key success factor. However, feedback from NEA member countries,
through the CSNI, has highlighted the need for more integrated project development,
improved co-ordination and enhanced complementarity between initiatives — objectives
that ATHENA is well positioned to support.

Current and proven community-building practices

Experience from the existing NEA thermal-hydraulic projects and the FIDES-II framework
[4] has shown the importance of deliberate community-building efforts, which include:

e hosting technical review and management meetings at member institutions,
including guided tours of facilities when feasible;

e organising open “conference-style” events that welcome a broader audience from
member organisations beyond the official project participants, allowing members
to present related research facilitated by NEA/ATHENA (e.g. ATLAS and
ETHARINUS Joint Analytical Workshops);

e integrating social and networking activities to encourage informal exchanges, and
strengthen relationships across disciplines and institutions;

e establishing co-operation agreements with external scientific communities and
international TH research platforms;

e implementing rotating leadership of technical review group(s) and governing board
positions, to ensure shared ownership and inclusive governance.
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Future community-strengthening initiatives

To further enhance engagement and ensure the continued vitality of the framework,
ATHENA could expand its community-building efforts through:

e cducational and training programmes aimed at developing the next generation of
nuclear thermal-hydraulic experts;

e promoting transparency and continuous stakeholder communication to build
mutual trust and reinforce collaborative decision-making;

e leveraging digital tools such as webinars, collaborative workspaces and structured
digital archives, to support knowledge sharing and remote participation.

By cultivating a strong and diverse community, NEA/ATHENA not only ensures the
success of its experimental programme but also contributes to building international
consensus on safety issues and reinforcing global nuclear expertise.
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4. Cross-cutting issues

In addition to the specific research objectives outlined in previous sections, it is imperative
to address a range of broader, cross-cutting issues that significantly affect the efficiency,
sustainability and long-term impact of TH safety research. These issues transcend
individual projects and require co-ordinated action.

4.1. Data preservation and dissemination

Ensuring the long-term accessibility, quality and utility of experimental data is a
cornerstone for advancing TH safety research. A centralised, internationally compliant data
repository should be established, adhering to recognised quality standards. To oversee
implementation, maintenance, and continuous improvement, a dedicated task force should
be formed to manage data quality assurance (QA) and periodic reviews aligned with user
needs.

Within the NEA/ATHENA Framework, a co-ordinated effort is needed to preserve data
from joint experimental projects and to develop a long-term preservation strategy [52].
These efforts will demand substantial resources, particularly for:

e researchers to collect and verify data completeness and QA;

e development and ongoing maintenance of a robust data management platform (e.g.
a comprehensive database).

A joint initiative to establish a shared database for TH code validation would serve both
current fleet safety assessments and future licensing needs for advanced reactor
technologies, offering long-term cost-efficiency and broader applicability. Critical
elements of a successful data preservation and dissemination strategy include:

e implementing standardised protocols for data storage and archiving, to ensure
interoperability and accessibility;

e promoting data sharing among international stakeholders while maintaining
compliance with intellectual property rights and information security requirements;

o developing automated tools for metadata tagging, retrieval and dataset analysis.

These efforts should leverage existing NEA experience and infrastructure from past data
preservation projects—such as CCVM [58], [59], [60], [61], [62], [63], THIETYS [64],
and data packages distributed by the NEA Data Bank [65].

Notably, the NEA Working Group on the Analysis and Management of Accidents
(WGAMA) is currently advancing the Harmonisation of Methodologies for System
Thermal-Hydraulics Experimental Meta-Data Preservation, Collection and Qualification
(THEMPo) initiative. THEMPo aims to standardise and refine methodologies for
collecting, qualifying and organising experimental metadata, including facility
configurations, test conditions, measured phenomena and instrumentation accuracy.
Building upon earlier efforts like THIETY'S, THEMPo will produce a reference guide for
the development of a relational metadata database, enabling faster and more accurate model
development for code validation.
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Benchmarking exercises and ISPs, using data from joint projects, are critical to ensuring
data usability for modelling and simulation. These activities should be integrated into
project planning and supported with dedicated resources.

Furthermore, long-term data dissemination plans should be discussed within ATHENA,
including the formulation of distribution agreements with the NEA Data Bank.

4.2. Assessment of the experimental database

Maintaining the relevance and reliability of the experimental database is essential to
support ongoing safety analysis. Benchmarking activities and ISPs — particularly those
involving data from multiple projects or facilities investigating similar phenomena at
different scales — should be co-ordinated under ATHENA. Activities assessing
uncertainties related to data use in safety analysis are also encouraged, provided they
complement existing WGAMA initiatives [66]. Guidance from resources such as SAPIUM
[43] should be used to structure these efforts.

Recommended actions include:

e conducting periodic reviews to identify gaps in the experimental database and align
future experiments accordingly;

e establishing structured benchmarking campaigns to validate and verify the data
used in safety code development;

e cnhancing metadata tagging to enable efficient use by analysts, developers and
regulatory bodies.

4.3. Knowledge transfer, training and education

The NEA/ATHENA Framework and its members carry a shared responsibility to ensure
that scientific advancements are effectively disseminated within the broader research
community — within the bounds of ATHENA agreements and relevant intellectual
property frameworks.

Sharing experimental results and technical knowledge serves multiple objectives,
including:

e supporting continued research within the ATHENA network;
e demonstrating value to funding bodies and stakeholders;
e sustaining and expanding technical competencies across generations.

NEA/ATHENA should offer comprehensive training programmes that combine theoretical
instruction with practical, hands-on experience. Partnerships with universities and research
institutions can strengthen these efforts by embedding real-world experimental learning
into academic curricula.

Knowledge-sharing initiatives should be complementary to other WGAMA-led activities,
such as THICKET (disseminating knowledge, competence and experience on thermal-
hydraulics [TH], severe accident [SA], CFD and related reactor safety analyses gained
through the activities of the CSNI), and should include the dissemination of expertise in
experimentation, instrumentation, benchmarking and data analysis.
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4.4. Exploring new applications of nuclear energy

As global decarbonisation goals drive demand for low-carbon energy systems, the role of
nuclear energy is expanding beyond traditional electricity generation. The NEA/ATHENA
Framework is well positioned to contribute to the safe and efficient integration of nuclear
energy into new application domains, including hydrogen production, energy production
for data centres (related to expansion of Al applications), district heating and energy
storage. Each presents unique TH challenges.

Specific areas where ATHENA can support these developments include:
e Hydrogen production: Providing experimental data on high-temperature heat
transfer, system transients, and structural integrity under varying operating
conditions to support safe deployment of nuclear-assisted hydrogen technologies.

e Energy for data centres and district heating: Validating thermal-hydraulic
behaviour and passive safety systems in SMRs adapted for these applications
through detailed experimental investigations.

e Energy storage: Supporting the integration of nuclear power with thermal energy
storage systems (e.g. molten salt, pressurised water) by generating data to develop
validated TH models and ensure safe, efficient system performance.

By incorporating these emerging applications into its research scope, NEA/ATHENA can
enhance safety margins, inform regulatory development, and strengthen nuclear energy’s
contribution to a sustainable energy future.
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Concluding remarks

Future project proposals in the thermal-hydraulics (TH) area are expected to align with and
reference the strategic objectives outlined in this document. A central aim of
NEA/ATHENA activities is to address existing and emerging gaps in experimental and
theoretical knowledge related to the TH of reactor coolant systems and containments, both
for operating reactors and advanced designs.

Quantifying and prioritising these knowledge gaps can be a complex and subjective
process. To support more informed decision making, core groups proposing new activities,
and technical working groups such as WGAMA, may consider employing structured
evaluation tools, such as importance-ranking indices derived from PIRTs. Such
methodologies can help assess the relative importance of specific data needs in a
transparent and consistent manner.

Looking ahead, NEA/ATHENA research efforts will be guided by four overarching
priorities:

e systematic integration of emerging technologies;

e systematic development of advanced instrumentation and measurement techniques:
e cexpansion of nuclear applications across diverse industrial sectors;

e strengthening of regulatory and safety assessment frameworks.

The strategic implementation plan for the current period to 2035 outlines a phased
approach, including:

e short- and mid-term objectives focussed on gap analysis and targeted data
collection for WCRs technologies, including SMRs;

e long-term goals aimed at identifying and addressing knowledge gaps for non-water-
cooled systems, through dedicated experimental and theoretical investigations;

e ongoing strategies to strengthen research infrastructure, advance modelling and
simulation capabilities, integrate innovative technologies, and ensure the long-term
sustainability of international thermal-hydraulic safety research.

This strategic plan will be regularly reviewed and updated by NEA/ATHENA members to
maintain alignment with evolving technological, industrial and regulatory priorities.
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