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Foreword

On 1-3 April 2025, the Nuclear Energy Agency (NEA) and Sellafield Ltd. held an
international workshop on innovative technologies for the nuclear back-end, focusing on
the opportunities, benefits and challenges in increasing safety and efficiency. The
workshop, which took place in Workington, United Kingdom, was informed by
contributions from the NEA’s Working Party on Technical, Environmental and Safety
Aspects of Decommissioning and Legacy Management (WPTES) and the Expert Group on
the Application of Robotics and Remote Systems in the Nuclear Back-end (EGRRS).
Together, their insights shaped the workshop’s programme, presentations and discussions
to address key challenges while fostering innovation amidst a complex policy and
regulatory landscape.

The workshop also provided information on applications of existing technologies to new
problems. It covered best practices and strategies for overcoming implementation
challenges, potential risks, practical solutions, and the evolving role of technology in
shaping the future of nuclear operations. The workshop brought together participants from
various fields of expertise involved in the decommissioning of complex and legacy sites,
including implementers, government and regulatory agencies, academia and researchers.
Notably, regulators from different countries were actively engaged as part of both the
audience and panel sessions for this workshop, and several presentations addressed
regulatory concerns and perspectives.

The workshop contributions and main discussion topics are summarised in these
proceedings. They provide a clearer understanding of:

6))] advanced technologies including characterisation and sampling
techniques, robotics and remote systems and artificial intelligence (Al) in the
nuclear back-end;

(i1) key benefits and challenges associated with their implementation; and

(ii1) good practices and methods for applying these innovative technologies to
increase efficiency and safety for workers and the public, while optimising waste
minimisation and management.

The working proceedings were reviewed and approved by the NEA Committee on
Decommissioning of Nuclear Installations (CDLM) and the NEA Radioactive Waste
Management Committee (RWMC) members under the written procedure on 15 October
2025.
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Executive summary

Robotics, artificial intelligence (Al) and other emerging digital technologies are becoming
increasingly common in nuclear decommissioning. With an increased demand for nuclear
energy capacity, countries are turning to more cost-effective, scalable and automated
solutions without compromising safety and security. In this context, it is critical to explore
the role that innovative technologies can — and already do — play in ageing facilities,
waste management and decommissioning of complex and legacy sites. The nuclear back-
end offers significant opportunities to benefit the entire nuclear supply chain, providing
effective solutions for sustainable waste management and decommissioning across past,
present and future nuclear power plants as well as fusion technologies.

The increasing use of robotics and digital technologies on nuclear energy sites presents
both opportunities and challenges in the nuclear back-end. Key considerations include the
intrinsic speed of new technologies, and how quickly they should be embraced, while
taking into consideration the sector’s cautious regulatory landscape and the long-term
nature of back-end projects. Also worth considering is how tangible efficiency gains and
improved safety with the use of innovative technologies should be weighed against the
need to mitigate Al and cybersecurity risks to ensure safe and efficient back-end activities.

The NEA-Sellafield Ltd workshop, entitled The Role of Innovation in the Nuclear Back-
End, explored how the nuclear industry can embrace robotics and advanced technologies
to improve safety and boost efficiency.

The key considerations are highlighted below.
— Leveraging robotics and Al yields tangible safety and efficiency gains

Innovative technologies ranging from remotely controlled to fully autonomous
robotics can enhance waste handling, speed up decommissioning and remediation, and
reduce human exposure to hazardous conditions — especially in high-radiation
environments where human intervention is not possible. Technologies such as wearable
robotics and remotely operated equipment demonstrate how humans and gradually
more autonomous robots can work together to improve both safety and efficiency.
Robots perform precise and repetitive tasks without fatigue: dismantling structures,
sorting radioactive waste, and safely transporting hazardous materials. Remotely
operated equipment, which can be optimised by Al, protects workers from high dose
levels, while wearable robotics reduce risk of long-term injury, alleviate workers from
performing repetitive tasks, and increase task speed and reproducibility. The increased
presence of robotics in nuclear operations necessitates a mindset shift regarding how
humans and robots interact. Integration also requires a collaborative approach to
demonstrate the benefits of doing so, particularly in safety. In many cases, early hands-
on experience with robotics often shifts perceptions from “toys to valuable tools”
(RAICo0 2025). Although robotic technology can be a costly initial investment, it brings
long-term savings, including reduced maintenance costs over time and savings on
workforce cost and protective equipment. Combining multiple technologies, like
unmanned arial vehicles (UAVs) equipped with simultaneous localisation and mapping
(SLAM) and light detection and ranging (LiDAR), leads to new applications in the
nuclear back-end that improve versatility and drive down costs by using “off the shelf”
solutions instead of commissioning new robotics.
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— The growing presence of remote and increasingly autonomous robotics
reinforces the need for unified data governance

Increasing levels of autonomy in robotics and other technologies pose challenges
related to predictability, explainability and accountability. In addition, a unified
approach is needed to treat the data collected, processed and stored, especially for
mobile robotics which might be lost, stolen or compromised. Innovative, autonomous
technologies increase the need for data encryption and strict oversight of robotics to
collect controlled data, defined by its operators. It is also critical to ensure the physical
security of robots on site with safe storage parameters and clearly defined or restricted
site access. Technologies such as Al, whether used for knowledge management or
partial-robotic operation, rely on access to industry datasets that are sensitive or
proprietary, and most importantly, must be accurate. The reliance on large language
models (LLMs), which are primarily openly sourced, further complicates data
confidentiality and security. Data source identification, legitimacy and accountability
are foundational to the use of innovative technologies in nuclear energy, particularly in
the case of Al Strengthened data governance frameworks between countries can help
mitigate these challenges and support consistent, responsible use of innovative
technologies in the nuclear sector.

— The prevalence of innovative technologies heightens cybersecurity risks,
deepening the need for improved cyber literacy

While on-site deployment of innovative technologies is more efficient and precise, it
also yields more cybersecurity concerns. Autonomous mobile robots (AMRs), with
features like remote operation, expose nuclear facilities to a combination of physical
and cyber threats. At the intersection of Al and nuclear cybersecurity, it is critical to
balance the deployment of cutting-edge technologies with robust security protocols. As
cyberattacks become more frequent and sophisticated, sensitive data on nuclear sites
are increasingly at risk. This requires strengthened data protection and governance.
Comprehensive monitoring is needed to detect malicious activity, which can come from
both inside and outside networks. As new challenges arise in wireless communication
and both cyber- and physical security, increased autonomy in robotics leads to less
predictable behaviours. Cyberattacks, some of which have not been seen before, must
be anticipated. Mobile robots have access significant amounts of confidential data,
including information about the site, physical security measures and systems used. Ease
of use is often prioritised on site, which can result in gaps in security protocols. This
deepens the need for all stakeholders — including managers and operators — to be
properly trained in cyber risk awareness and response. Al-enhanced robotics and Al-
based knowledge management systems also necessitate deeper verification of complex
software and algorithms before on-site deployment. It is especially important to address
“black box” issues (e.g. lack of transparency, rationale for conclusions reached,
unexplained decisions) and the potential for Al hallucinations within learning-based
models before applying Al in knowledge management or on-site applications. Even
traditional teleoperated robots incorporate layers of algorithmic decision making (e.g.
deterministic laws calculate robotic movement) unbeknownst to operators. The synergy
of human-robot collaboration can yield substantial benefits: humans provide semantic
understanding and contextual knowledge, while robots ensure accurate execution.

— Regulation needs to evolve to enable safe adoption of innovative technologies

While regulation is often perceived as a barrier to innovation, it can also serve as a
powerful enabler. For nuclear decommissioning and back-end activities, regulatory
authorities need to keep pace with emerging technologies — especially Al. By adopting
an innovative and collaborative approach, regulators can facilitate the safe and timely
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deployment of new tools. This includes looking to other industries for transferable
practices and engaging with stakeholders from the outset to overcome deployment
challenges together. Understanding Al and its integration in the nuclear energy
landscape upstream prevents bottlenecking at the end of approval processes. Early
engagement and open channels for dialogue with industry and other regulators can
ensure a co-ordinated approach to expedite the deployment of new technologies in the
nuclear sector. It ensures that regulators are well-informed to adequately prepare for
final, formal decision-making processes. Experimenting in controlled environments —
or “sandboxing” — is an efficient method to test new technologies that lack regulatory
precedent. It provides a safe environment to test use cases and helps to address potential
gaps so new technologies can enter the nuclear decommissioning landscape.

— Reinforcing international co-operation and multi-stakeholder collaboration is
essential to uphold the “safety first” principles

The advent of Al requires a unified approach in reassessing existing tools and safety
guidelines — determining whether they are sufficient, need to be adapted, or necessitate
the creation of a new set of standards. These considerations span the entire nuclear
back-end — from spent fuel management and radioactive waste management to
decommissioning activities including for use in small modular reactors (SMRs).
Neutral platforms such as Reglabs can facilitate sharing and learning among
stakeholders and countries. With respect to safety, a unified and streamlined approach
can improve cross-country collaboration, identifying industry gaps and needs. The
creation of clear roadmaps for multi-stakeholder benefit provides a path forward
towards safe, iterative deployments of innovative technologies on nuclear sites.
Roadmaps can provide clarity, direction, organisation, prioritisation and resource
allocation to a complex nuclear landscape. They can also incorporate risk management
and stakeholder engagement to ensure a 360-degree approach to deploying innovative
technologies. EU-funded projects like SHARE, which support the safe operation of
nuclear systems, promote a unified approach to safety and professional training across
the EU.

These five areas apply across the nuclear back-end management, from characterisation and
sampling to decontamination and dismantling, outlining a clear path forward. The
discussions at the NEA Innovation Workshop underscored the operational benefits of
automation, robotics, digitalisation and Al in tackling challenges related to ageing facilities,
waste management, and the decommissioning of complex and legacy sites. These
technologies may also help bolster public confidence and attract new generations of
professionals to the sector — aspects that are key to the future of nuclear energy but still
need to be leveraged further.

Two critical areas require further consideration.
— Technology as a driver for careers in nuclear energy

Cutting-edge technologies like Al and robotics are part of the changing landscape of
the nuclear industry and enhance its attractivity by positioning it as a forward-looking,
innovative sector. Demonstrating career opportunities through fellowships, mentoring
and training programmes can reduce barriers to entry, attracting more diverse
professionals to the sector. The emerging knowledge gap between the nuclear industry,
Al and cybersecurity presents an opportunity to bring in fresh talent with diverse
skillsets and experience. It can also have local economic impacts and lead to increased,
positive public perception of nuclear decommissioning. Private companies can improve
local economic attractivity, incentivising growth in less-populated regions. Increased
collaboration and strategic partnerships can reshape the industry’s stakeholder
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landscape and improve nuclear energy advancements. EU-funded projects such as the
EUROTOM research and training programme and fellowships such as those offered by
Sellafield Ltd serve as successful examples.

— Accelerating a sustainable approach to nuclear decommissioning

There is an opportunity — and a growing need — for a paradigm shift towards more
sustainable nuclear decommissioning. At present, the nuclear back-end lacks a cohesive
“circular economy” model, focused on sustainability and environmental footprint
reduction. Positioning nuclear energy as a sustainable sector can also serve as a driving
force to attract specialised talent in this field. A sustainability-focused approach would
not only enhance public perception but could also help address the rising costs
associated with decommissioning and waste management. It would involve better
utilisation of valuable materials within the nuclear supply chain and explore pathways
for reuse, especially under conditions of resource scarcity or geopolitical constraints.
Country-specific regulatory frameworks and inconsistent incentive structures currently
limit the adoption of cost-effective or sustainable decommissioning and waste
management strategies.

With the nuclear back-end serving as a driving force for technological progress, innovative
solutions are emerging as a catalyst for improving efficiency, safety and environmental
sustainability. Existing sites and current challenges provide ideal environments for the
rapid development and application of new technologies. The NEA Expert Group on the
Application of Robotics and Remote Systems in the Nuclear Back-end (EGRRS) and the
Working Party on Technical, Environmental and Safety Aspects of Decommissioning and
Legacy Management (WPTES) encourage continued dialogue and co-ordinated
governance. Their work supports harnessing the synergies of human-driven robotics and
Al to improve safety and efficiency in the nuclear back-end.
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1. Opening session

1.1. Welcome remarks

Opening remarks to the workshop were delivered by Gabriele Grassi, Deputy Head of the
Division of Radioactive Waste Management and Decommissioning (RWMD) of the
Nuclear Energy Agency (NEA), outlining the objectives of the workshop.

Appreciation was extended to the Programme Committee and the two Workshop Chairs —
also representing the NEA’s Working Party on Technical, Environmental and Safety
Aspects of Decommissioning and Legacy Management (WPTES) and the Expert Group on
the Application of Robotics and Remote Systems in the Nuclear Back-end (EGRRS) — as
well as to the speakers and co-hosts of the workshop.

The remarks noted that the nuclear back-end is an example of valuable international co-
operation to accelerate progress. The focus of the workshop was to find common solutions
and shared challenges, providing governments and industry with a neutral platform to
discuss common interests and address waste and decommissioning issues in a safe, efficient
and cost-effective manner. Participants were encouraged to explore the possibilities and
challenges related to innovative technologies, considering aspects such as human and
financial resources, regulations, sustainability, scalability, public trust and safety. The main
objectives of the workshop were to:

(1) work together to accelerate innovation with stronger collaboration between
experts, organisations and governments, fostering a community of back-end
practitioners;

(i1) identify barriers to overcome related to innovation in the nuclear back-end;

(iii) ensure that solutions developed today will be sustainable and remain effective for
generations to come.

Further remarks were delivered by Melanie Brownbridge of the UK Nuclear
Decommissioning Authority (NDA), outlining the importance of sustainable and safe
decommissioning of legacy sites. Also noted was the importance that innovative
technologies play in all aspects of business such as procurement, stakeholder engagement,
and industry leadership.

1.2. Innovative technologies

1.2.1. Session overview

This session was chaired by workshop co-chairs Thomas Braunroth, of Gesellschaft fiir
Anlagen- und Reaktorsicherheit (GRS), Germany, and Ladislav Vargovc¢ik, of Technical
University of Kosice (TUK), Slovak Republic. The session gave an overview of the
workshop, highlighted the latest activities from the WPTES and EGRRS.

1.2.2. Presentation

The purpose of the workshop was to foster innovation to meet nuclear back-end challenges
and to encourage use of the information and findings obtained at the workshop. Prior to the
workshop, 53 participants replied to a survey identifying their needs and expectations for
the workshop. The results are presented in Figures 1.1-1.5, below.
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Figure 1.1. Stakeholders represented at joint innovation workshop
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Figure 1.2. Are you a member of international/European working
group(s)/project(s) dealing with aspects related to innovative technologies?
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Figure 1.3. Years of experience in the nuclear sector
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Figure 1.4. Awareness of technology databases
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1.2.3. Conclusion

The use of innovative technologies in the nuclear back-end presents unique opportunities,
benefits and challenges for R&D experts, suppliers, policymakers, regulators and operators
alike. To proceed, the nuclear energy community must collectively review the
technological needs and constraints of back-end sites, identify implementation challenges,
and share success stories and lessons learnt to improve future deployments. It is also
essential to anticipate the impacts and implications of emerging technologies — including
disruptive technologies such as Al, advanced reactors, small modular reactors (SMRs), as
well as critical cross-cutting concerns like cybersecurity and human factors.

The participant survey indicated the following top four back-end challenges, in order of
importance:

—  Characterisation

o  Mixed wastes

o  Contaminated concrete

o  Detection of difficult to measure (DTM) waste
— Decontamination

o Reduction of secondary wastes

o Decontamination of contaminated concrete

o Technology database

Materials and waste management
o Reduction of secondary wastes
o Increase amounts of materials for reuse/recycling
o International collaboration to facilitate cross-border treatment facilities
— Segmentation and cutting
o Reduction of secondary wastes
o Proper planning of cuts

o Proper methodology for selection

1.3. Clean and safe environments for future generations

1.3.1. Session overview

This session was chaired Robin Ibbotson, Chief Technology Officer, Sellafield Ltd (United
Kingdom). It focused on the need for a safe, clean future for nuclear decommissioning and
Sellafield Ltd’s involvement in local economic development through a technology
innovation lens. Sellafield Ltd introduced their approach to the challenges presented as a
large, complex, nuclear organisation. It highlighted the role that Sellafield Ltd plays in the
greater Cumbria region, investing in career growth in nuclear energy, supporting the United
Kingdom’s nuclear infrastructure and shaping best-practice standards.
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1.3.2. Presentation

Sellafield Ltd celebrates a long history of innovation that began when it opened as a
munitions factory in 1947, evolving from atomic defence to electricity production, to
reprocessing and now to waste management and environmental remediation. It is one of
the largest employers in West Cumbria, with responsibility to the local community,
facilitating technology early adoption in schools and promoting a safety-first approach in
nuclear. For Sellafield Ltd, local apprenticeships have been successful in attracting local
talent, with over 1 000 people in its early careers pipeline. Employing upwards of 12 000
people directly and supporting an additional 43 000 jobs across its supply chain, Sellafield
spoke to the importance of harnessing the workforce and their responsibility to keep them
away from harm with the adoption of robotics.

On the business operations side, Sellafield Ltd identified the importance of understanding
market needs — exploring the landscape of robotics, beyond nuclear energy — and cited
their current use of robotics integration across all four of their value streams: retrievals,
remediation, spent fuel management and special nuclear materials. Examples of successful
deployment of robotics in these four areas include transferring Spot (Boston Dynamics)
from R&D to operation to enter high-hazard and difficult-to-decommission areas, using
“crawler robots” to inspect the structural integrity of pipework from up to 250 metres away,
and their state-of-the-art training centre, the “Glove Box Training Facility”, which is used
to upskill nuclear operators from across the sector.

Much emphasis was put on the future — the synergy of robotic integration in nuclear.
Sellafield Ltd championed the use of roadmaps that focus on the integrations of how all
aspects and systems work together. It likened early adoption challenges for these innovative
technologies to those of the first iPhone, highlighting the importance of taking technologies
from the small circles of experts, to achieving community-wide ubiquity, acceptance, and
most importantly, use.

1.3.3. Conclusion

Planning for the future is critical to the uptake of innovative technologies in nuclear energy,
with a focus on the importance of integration. Integrating robotics and Al alongside humans
provides efficiency and safety gains that allow robot capabilities to go beyond human
limitations and keep humans away from dangerous exposure in nuclear sites, as
exemplified by Sellafield Ltd’s use of the quadruped robot Spot (Boston Dynamics),
Crawler Robots and its ‘Glove Box Training Facility’. However, since innovative
technologies are still new and often concentrated in niche circles, they need to be
championed, incentivised and made widely available to various stakeholders. In turn, this
can increase the greater public’s understanding and level of comfort and use of these
innovations. If people are not aware of what the future of robotics integration is going to
look like, or what the opportunities are, they are unlikely to embrace it or use it.

Companies also face challenges in identifying the new technologies available, which
requires staying abreast of market innovations through exercises such as horizon scanning
and road mapping. These tools can define a clear direction for companies, workers and the
local community. They can also help prepare for paradigm shifts that result from innovative
technologies, accounting for implications for business and engineering in the short term as
well as for science in the longer-term.

The key takeaways on the role of nuclear innovation adoption are:

— It is important to engage with experts across all sectors, not just within nuclear
energy, to see where the future of robotics is headed.



NEA/DLM/R(2025)3 | 23

— Thinking about the future is important. Road mapping and “horizon scanning” from
a business, engineering and scientific perspective are good tools to understand the
direction.

— Adoption challenges and levels of comfort with new technologies is a challenge but
can be offset by local community development, such as early education
programmes in schools, apprenticeship programmes and career development
incentives.

1.4. Robotics and artificial intelligence collaboration

1.4.1. Session overview

This session was chaired by Kirsty Hewitson of Robotics and Artificial Intelligence
Collaboration (RAICo), focusing on the cohort’s innovations for remotely operated
solutions for nuclear decommissioning. RAICo is an end-user led robotics and artificial
intelligence (Al) collaboration bringing together fission decommissioning and fusion
engineering. RAICo is a collaboration between the UK Atomic Energy Authority, the
National Decommissioning Authority Group, Sellafield Ltd and the University of
Manchester.

1.4.2. Presentation

RAICo’s presentation detailed its contributions to “new generation” robotics and Al use in
the nuclear sector outlining the remotely operated solutions it has developed for
decommissioning activities. It addressed supply chain impact as well as its socio-economic
impacts for the local community in Cumbria.

New RAICo technologies such as robot-enhanced gloveboxes (RoBox1), virtual reality
(VR) supported digital infrastructure such as Single Point Operator Control Kit (SPOCK)
and Remote Handling Operations Virtual Reality (RHOVR) and Lirob (rad-hardened
manipulator) have proven useful for performing repetitive tasks. Regarding safety and
efficiency, these technologies reduce dose exposure, enhance operational autonomy, and
utilise VR and remote handling. Al-powered data platforms such as Nuclear Building
Information Modelling (N-BIM) create 3D mock-ups to analyse, forecast scenarios, and
alert about potential risks.

Working with ten top universities in the United Kingdom, RAICo has employed upwards
of 30 academics and fellows. RAICo described the benefits of employing University of
Manchester academics and students from other prominent UK universities as permanent
staff. They focus on key research areas such as remote inspection, remote handling, and
human-robot interaction. RAICo’s social impact is furthered by fellowships and short-term
“robotics sprints” aimed at high-school age students, as well as programmes that
demonstrate robotics in challenging environments and promote soft skills alongside the use
of technology. For example, RAICo fellows, funded by grants, have given way to bespoke
training programmes. This includes hands-on demonstrations, mentoring, coaching and
business support, bringing people on-site, where they spend money locally and boost the
local economy.

1.4.3. Conclusion

Collaborations such as RAICo have positive impacts on innovative technology
advancements in the nuclear industry. They stimulate local communities for social impact
with an emphasis on the role of people. With people at the centre, RAICo is able to develop
cutting-edge technologies, work with reputable universities and local communities, and
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demonstrate the benefits of integrating robotics and Al alongside humans to attract young
talent into the nuclear field. As a result, safety and efficiency gains are made on and off
site. This is achieved through a combination of Al-powered data platforms, robotics and
human collaboration. They make use of technologies like VR to enhance operational
autonomy, remote handling and remove operators from harmful exposure.

A mindset shift to integrate robotics for nuclear decommissioning is needed but is not an
insurmountable challenge. For operators, first-hand experience, training and
demonstrations of robotics performing tasks on site, such as quadrupeds, help demystify
innate human bias around robots. It exemplifies these new technologies as valuable tools
that can help with efficiency and safety gains, demonstrating to operators how robotics can
be seriously deployed. Rewarding people for taking on new innovations that deliver
benefits and impact is an avenue to further explore.

The inclusion of academic research, fellowship and training programmes has a significant
local impact. Community outreach to students starting in high school, through university
to post-doctoral programmes, yields tangible advances in the development and use of
innovative technologies. It provides students hands-on experience working alongside
robots and inspires interest in the field, creating identifiable career tracks for their future.
It demonstrates the agility and use of robotics in challenging environments and promotes
soft skills alongside the integration of technology. It is an impetus for people to become
more comfortable with Al and robotics.

Key takeaways on the role of nuclear innovation adoption:

— A mindset shift is needed; first-hand experience for operators demonstrates real life
impact, yields efficiency gains and reduces human hesitancy.

— Incentivisation is key to increase adoption by operators and needs further
exploration.

— Fellowship and post-doctoral research programmes create identifiable career paths
for prospective careers in nuclear energy.

— Local community outreach and demonstrations of new technologies reduce barriers
to adoption and increase comfort levels of integrating Al and robotics.
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2. Leveraging international experience

The insights and recommendations presented in this chapter explore the use of robotics
applications in the nuclear back-end across by giving a multi-country perspective from
research organisations and robotics developers.

Key discussions include the challenges and successes using innovative technologies for
characterisation and decontamination tools and activities. It explores the use digital twins,
radiation drones and 3D mapping to enhance safety, efficiency and decision making.

2.1. Safely advancing decommissioning through digital visualisation and innovation
at Canadian Nuclear Laboratories

2.1.1. Session overview

This session was delivered by Patrick Aikens, Director of the Decommissioning and
Environmental Remediation Program Integration, and Caley Griener, Director of Facilities
Decommissioning & Environmental Remediation at Canadian Nuclear Laboratories
(CNL), (Canada). CNL is the largest and most complex environmental cleanup programme
in Canada in decommissioning and environmental remediation. It spans three provinces
and sites in closeout states, with the exception of the Chalk River site, which is undergoing
revitalisation. The presentation highlighted characterisation and decontamination
challenges and successes supported by digital visualisation, digital twins and robotics at its
Chalk River site.

2.1.2. Presentation

CNL has a significant amount of decommissioning debris — totalling 20 million
kilogrammes, including 3 million kilogrammes of low-level waste (LLW) and
intermediate-level waste (ILW) and 250 million kilogrammes of asbestos. A combination
of quadrupeds (Ghost, Unitree), digital visualisations (laser scans, 2D CAD, 3D models),
drones (Elios 3), and localisation and mapping platform (LAMP) radiation scans are used
in high hazardous contaminated areas.

Below, the CNL innovations team organigramme (Figure 2.1) illustrates the overview of
innovative technologies used in Decommissioning and Environmental Remediation
(D&ER).
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Figure 2.1. CNL innovations organigramme
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CNL used quadrupeds for heat detection and were successful in measurements, 3D scans
of bays, and radiation heat mapping. They can withstand high exposure but also are fitted
for contamination suits, as they are likely to overheat in the environment. To offset this,
when overheated, the quadruped lays down, limiting the spread to the quadruped, cooling
its battery and prolonging battery power. CNL cited their experience with Ghost robots, as
being easily disassembled and decontaminated. They were successfully cleaned in
supersonic baths and then redeployed. Depending on the choice of quadruped, this can be
a limiting factor, e.g. Spot left in situ, with a “one and done” use.

CNL’s digital visualisation programme was employed to respond to off-site needs during
the COVID-19 pandemic. It performs 3D walkthroughs of facilities, controlled remotely at
a distance using light detection and ranging (LiDAR) products with cloud-based, web-
based viewers. Gaps were identified while implementing these technologies — most
notably, a proper information management system. It has been used to complete 34
buildings, representing 170 billion points of data, and has performed 7 500 scans. It is being
used widely by more than 200 users, on various teams with varying needs, for data
planning, information and training purposes.

The drone programme (Elios 3) for scoping and characterisation has been successfully used
in contaminated areas if contamination has been fixed, or if it has temporarily ventilated
enclosures over it for dust control. Radiation visualisation, done using Elios 3 rad data and
LAMP scans, combines 3D overlays and merges with existing point clouds to create a
visual representation for field staff. It is useful for legacy sites that have not been turned
over to decommissioning and where there is little information to then make maps for
scoping. LAMP scans to visualise heat sources informed decision making to determine the
type of shielding needed for workers to go retain samples. It also showed the hot spots
generated after ultrasonic decontamination in CNL’s National Research Universal (NRU)
reactor.



NEA/DLM/R(2025)3 | 27

Contamination mapping posed a challenge for CNL, which led to the solution of attaching
Rad Eye SX to an off-the-shelf robotic, Limo Pro ROS2, for the characterisation of sludge
and to prepare for the final end-state. It was useful for planning and addressing challenges
in hazardous, confined spaces being able to do the inspections robotically, remotely and
through Wi-Fi. Afterward, a custom script was made to output the readings, establishing a
floor map of the different readings.

2.1.3. Conclusion

Accessing hazardous confined spaces with the use of robotics is cost-effective and prevents
human dose exposure. Decontamination of robotics remains a challenge, but test cases of
quadrupeds have proven that robotics that can withstand exposures up to 270 mGy/h, can
be easily disassembled, decontaminated, and redeployed for future use.

Drones can also be used in contaminated areas and fuel bays, as they are equipped with rad
payload, increasing the areas that can be inspected. They can provide real-time dose
readings during flight and create dose heat maps to support characterisation. The use of
drones for radiation visualisation has led to improved decision making for scoping and
characterisation. Integrating and working off of existing projects, like point cloud, also
improves decision making for scoping and characterisation.

Other decontamination challenges include capturing underground services and core
configuration management over time. Scans are able to produce accurate underground
maps, which limits future line strikes and helps to fully understand underground services.

Digital visualisations, such as remote 3D walkthroughs of facilities, can improve
information management and were useful data planning information purposes and training
purposes. Innovative technologies can also be useful tools in stakeholder communication
and engagements. 3D models were a useful technique and tool to give stakeholders a
visualisation and depiction of what an end-state could like for a facility.

Key takeaways on the role of nuclear innovation adoption:

— It enhances safety for workers by minimising their exposure to hazardous
environments.

— There is increased efficiency and accuracy in tasks like 3D mapping and virtual
tours, improving decision making and reducing unknowns.

— Remote access to the field and digital visualisation supports a flexible, digital
workforce.

— Processes are streamlined, particularly in approval time and data handling, because
robots and digital modems can replace manual intervention in high-risk areas.

As a result, policy considerations include the following:

— IT security issues with cloud storage and hosting data off-site pose risks but can be
resolved by implementing on-premises solutions.

— Data handling by unapproved third-party contractors are potential risks; (e.g. using
an unapproved third-party cloud service to process data which by nature is sensitive
and confidential).

2.1.4. 0&A

Queries from the audience pertained to the choice of quadrupeds in confined hazardous
spaces such as the choice of Ghost v. Spot (Boston Dynamics), the level of radiation that
can be withstood by quadrupeds, and the cost-effectiveness/difficulty of cleaning
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contaminated robots (e.g. single use robots are cheap = easy to leave behind vs. radiation
mapping tools = too expensive to leave behind):

— Ghost: In the case of environmental remediation and outdoor landscapes, due to the
hilly and bush-ridden Canadian terrain, Ghost — which is mainly used for military
applications — was well suited for difficult landscapes and applications. There is
potential to move towards humanoids in the future.

— Unitree: At CNL, the highest area recorded by the Unitree quadruped was
270mrem/h and did not affect scans, light air or remote operations of the vehicles.
While the Unitree quadruped saw high levels of contamination, it was easily
cleaned off or protected by suits.

— CNL has done one successful trial where a tracked robot went into muddy terrain
with sludge. An inexpensive robot was used for that area; the robot was
contaminated, but it was able to be pulled out and cleaned. It is, however, a tedious
task to deal with contamination with off-the-shelf, off-the-market applications.

2.2. Intelligent safety equipment for decommissioning at the China Institute of
Atomic Energy

2.2.1. Session overview

This session was presented by Liu Yang, PhD, of the China Institute of Atomic Energy
(CIAE) (People’s Republic of China), outlining the challenges of development and
implementation, as well as robot use cases in the CIAE back-end. CIAE presented their
solutions in radiation hardening, robots for retrieval in a hot cell, 3D radiation mapping,
decontamination tools and activities, and radioactive source disposal.

2.2.2. Presentation

During testing, CIAE determined electronic components experienced failure or damage due
to total ionising dose (TID) effects. General-purpose robots were usable but carried risks
of TID damage after 100 Gy. Shielding and/or circuit redesign was required for robots after
106 Gy of exposure.

CIAE redesigned radiation hardened modules and key components to withstand higher
exposure. They developed radiation resistant modules for robotics, including driving,
perfection control and circuit feedback. Redesigned key components included: radiation
hardened Digital Protocol Converter Chip, a Reinforced GaN Power Device, and a
radiation-resistant Reinforced Analog Chip Operational Amplifier. Circuit and chip
development, the overall construction of the robot’s circuit system structure and cross-
domain enhancement of radiation resistance were carried out through screening.

CIAE developed a remotely controlled robot that successfully retrieved high radioactive
waste from a pool in a hot cell of a heavy water research reactor (HWRR). Equipped with
rear-mounted power design, the driving device operates outside of the radiation field, with
only the robotic extended into the field, preventing overall damage to the robot from the
radiation field. The robot has an arm extension of 2 690 millimetres, load capacity of 30
kilogrammes and six degrees of freedom. This application greatly reduced radioactive dose
exposure of operators.

A digital twin of the HWRR was created with autonomous 3D radiation field measurement
through path planning. It was enabled by a robo-dog platform integrated with LiDAR,
panoramic cameras and radiation detectors. Scanning 320 000 points per second and
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controlled over WiFi, it used a 3D Gaussian Splatting (3DGS) to render real-time scene
visualisation.

CIAE developed two sets of automatic operating systems for carrying high-pressure
nozzles for use in high-pressure water jetting systems for spent fuel storage pools. The first
was for pools with large space and the second for narrow transportation channels.
Decontamination was conducted automatically by remote control, and the expected
decontamination effect was achieved after one operation. It automatically collected water
with a vacuum and radioactive airborne contamination was effectively collected during
decontamination.

A series of nine robotic systems conducted radioactive source disposal operations,
including task, video surveillance, rescue and emergency response. They successfully
resolved 170 000 Curie stuck-source incidents and were exposed to radiation doses of
1000-2000 Gy/hr for up to 10 hours. CIAE collaborated with regulatory authorities to
conduct the operations.

2.2.3. Conclusion

The challenges of development and implementation of robotics that CIAE encountered
include radiation risks in practical application, decision-making risks around robotic
intelligence, and regulatory reticence towards robotics. CIAE determined the threshold at
which robotics begin malfunctioning under high-radiation conditions and adjusted key
components accordingly.

Concerns regarding the autonomy and control of robotics in the back-end pose challenges.
Decision-making expectations differ between human and “robotic” intelligence. Human
expectations assume robotics have human-like comprehension and processing capabilities;
that they can replace human expertise and are adaptable in extreme environments. In
reality, test cases have proven that robots lack cross-domain application abilities, are
limited to standardised tasks, and struggle with unexpected situations. They still
underperform compared to humans in complex terrains and delicate operations.

The lessons learnt as a result of CIAE’s implementation of robots determined that
simulation test bench validation ensures proficiency in handling procedures. Preparing
comprehensive contingency plans for unexpected events is necessary due to robotic
integration. Similarly, additional protocols are required for scenarios that exceed expected
parameters.

In CIAE’s experience, regulators were wary of the reliability of robots due to their inability
to handle unexpected situations and their unpredictable malfunctions in radiation
environments, which could lead to more severe consequences. Additionally, the lack of
unified certifications standards creates regulatory blind spots.

Key takeaways on the role of nuclear innovation adoption:

— For core components, relocation tasks require a post-validation approval protocol
established through simulation test bench verification.

— The deployment of robotic systems has significantly reduced personnel radiation
exposure while delivering precise and comprehensive on-site situational data.

— Robotic operations demonstrate higher efficiency and superior outcomes in task
execution.

— Collaborative multi-robot systems effectively respond to emergencies and enhance
the feasibility of resolving complex challenges.
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As aresult, policy considerations include the following:
— Promoting the development of a set of standards for robot-use in decommissioning.

— Successfully deploying robots in decommissioning operations has accelerated the
implementation of related scientific research programmes and industrial
development strategies.

— Successfully deploying radiation hardened robots has provided confidence to
regulators.

2.2.4. 0&A

Queries from the audience pertained to cumulative doses, costs and the policy position on
robotics (e.g. using robots as an alternative to people or robots as the preferred approach):

— It was clarified that the dose figures presented represented cumulative doses and
not absolute dose, as signal noise would be expected in high-radiation
environments.

— For research and testing purposes, the cost of the robotics is kept low by working
primarily from off-the-shelf components, such as chips with circuit configuration
tweaked for specific use (e.g. through drivers, radiation hardened chips such as the
ones used in the aerospace industry) and is cost-prohibitive.

— The design of intelligent equipment starts from the collection of experimental data
and is complemented with calculations.

— There are currently a lot of robotics companies in China, with robotics being
implemented in most industrial applications. Regarding nuclear energys, it is slightly
different as there are not yet many regulations and standards to rule over the use of
robotics.

2.3. Robot applications at the Korea Atomic Energy Research Institute for nuclear
safety and decommissioning

2.3.1. Session overview

This session was presented by Jongwon Park of the Korea Atomic Energy Research
Institute (KAERI) (Korea) outlining the real-world applications of robotics in maintenance
and inspection, emergency response, spent fuel monitoring and decontamination and
decommissioning (D&D) in nuclear safety. As a government-funded research institute,
KAERI has a 40+ year history developing technology for nuclear safety. KAERI invested
heavily in R&D, began using robotics for nuclear power plant maintenance and inspection
from the early 90s, and since 2013 uses robots for nuclear safety and decommissioning.

2.3.2. Presentation

KAERI develops robotics for normal operations, abnormal conditions and
decommissioning states of nuclear power plants. Practical deployment of these robotics in
normal operations includes robots that inspect pipes, reactor pressure vessels (RPVs), spent
fuel pools and steam generators. In abnormal conditions, robotics perform confined space
monitoring, accident response and indoor monitoring. For decommissioning, robotics
include dismantling manipulators and remote cutting technology.



NEA/DLM/R(2025)3 | 31

Below is a list of KAERI robotics that were tested in real life applications such as opening
doors, turning valves, removing debris, cutting through walls, and responding to accidents
in real time. See overview below in Figure 2.2.

Figure 2.2. Application of robeotics in the nuclear field
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KAERI developed an alternative to the current IAEA safeguard, the Improved Cerenkov
Viewing Device (ICVD) camera. It is a spent fuel check vehicle (SCV) that is able to be
used in standard 12-metre-deep pools to verify the presence or absence of spent fuel.

KAERI developed a remote-control system for accident monitoring (RAM), fast-moving
robots (e.g. speed up to 60 kilometres per hour) to quickly approach accidents, and can be
monitored by an aerial drone equipped with radiation drones (RAD) and radiation maps
(RAMAP). To monitor narrow spaces, KAERI developed the snake robot, which can be
used in conjunction with the drone system and to extend site monitoring abilities and speed
of deployment.

For potential use in a nuclear accident, KAERI also developed the ARMstrong robot, a
human-arm inspired manipulator that moves at six kilometres per hour and has two arms
that can handle up to 100 kilogrammes of weight. It can use human tools and some of its
applications include valve control, hazardous material handling, debris removal,
dismantling and logistics.

KAERI has developed robots that are also equipped for prevention of material leakage
using a sealing window, as well as early fire suppression. These technologies are designed
to keep humans out of harm’s way in emergency situations.

For use in decommissioning, KAERI has developed remote cutting technology for use in
heavy duty dismantling hydraulic manipulators which have a circular motion and carry a
payload up to 250 kilogrammes. Aiming to minimise direct operator intervention during
on-site work, it is applicable to various cutting and demolition processes required in the
dismantling environment of nuclear facilities. KAERI has also developed the ARMstrong
Mark 4, a fast-moving dexterous humanoid robot with two arms able to perform tasks like
tightening and screwing impact wrenches, for future use in decommissioning.
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2.3.3. Conclusion

Robotics with improved speed, strength and dexterity allow for the widespread use of
robots in the nuclear back-end. Supported by human decision making and Al, innovative
technologies have demonstrated proven results in nuclear power plants with real life
applications such as opening doors, turning valves, removing debris, cutting through walls,
and responding to accidents in real time.

KAERTI’s robotics, used for collecting and analysing radioactive samples (e.g. cuboid
sampling, surface swipe sampling, surface soil sampling) in contaminated areas, can
alleviate the need for human inspectors in high-radiation areas.

Challenges in the use of robotics in decommissioning nuclear facilities include addressing
discrepancies between process planning and the actual dismantling site. In
decommissioning, for example, key challenges include positional uncertainty when cutting
targets and end effectors and extreme conditions such as radiation, underwater and turbid
environments.

Key takeaways on the role of nuclear innovation adoption:

— Innovative technologies can reduce human risk in emergency situations and on-site
accidents.

— Remote controlled robotics enable operators to stay out of harm’s way on-site and
can also be beneficial in keeping human inspectors away from high-radiation area
sampling.

Improving upon existing innovative technologies can enlarge the scope of robotics’
application.

Combining different technologies to work together (e.g. snake attached to drone)
can increase their usefulness and lead to new applications and uses on nuclear sites.

As a result, policy considerations include the following:

— The use of new technologies can improve safeguards by replacing outdated, slower
procedures, and reducing human exposure in contaminated areas.

2.3.4. 0&A

Queries pertained to the autonomy, decision making, strength and judgement of robots,
supported by Al and SCV positioning over spent fuel pools:

— In the fire operation, the robot is trained with Al for fire detection, but is remote
controlled by humans, and therefore supported by human decision making.

The hydraulic arm feeds back to an operator and is equipped with a sensor on the
wrist to prevent over-torquing and over-tightening, which can break the valve.

— To determine the exact position of the robot when using SCV to detect radiation in
spent fuel pools, the SCV uses computer vision. Luckily, all fuel cells are identical,
which makes it easy to recognise fuel. It uses a single camera, but does not use
markers, and because every spent fuel pool has light, it is therefore bright enough
to see with just one single camera. It is also very cheap.
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2.4. 3D Mapping for characterisation at Fukushima Daiichi

2.4.1. Session overview

This session was presented by Yuki Sato of the Japan Atomic Energy Agency (JAEA)
(Japan) focusing on the role of innovative technologies in understanding the radioactive
contamination distribution and their concentrations at Fukushima Daiichi Nuclear Power
Station (FDNPS). It outlined the use of 3D mapping technologies and demonstrated the
benefits of combining technologies to reduce dose exposure and contribute to
decontamination planning and process management.

2.4.2. Presentation

JAEA’s innovative methods include a visualisation system for radioactive substance
distribution based on 3D gamma-ray imaging, a method for inverse estimation of radiation
sources and dose rate distributions, and a line sensor for radioactive substances using
optical fibre.

JAEA highlighted the different uses of 3D images in this application. JAEA is developing
a 3D mapping technique for more precision than is currently offered by the 2D Compton
imaging to better visualise radioactive substances and hotspots. The integrated Radiation
Imaging System (iRIS) is comprised of a simultaneous localisation and mapping (SLAM)
device, a Compton camera and survey metre. It can scan the environment and generate 3D
maps visualising contaminated areas and air dose rates.

Inverse estimation of radiation sources and dose rate distributions is done by remote
measurement of point clouds and dose rate data. It combines a quadruped (Spot) with a
WiFi Device (Rajant Radio) and Dosimeter (RadEye GF-10) to create a high-precision map
using Pro (3D ADRES Indoor Pro). The mapping of the initial- and re-measurement dose
rate data are then plotted on the map to determine predicted hot spots.

A line sensor for radioactive substances using optical fibre, with a single-end readout
increases measurement flexibility. It can withstand a high dose rate (e.g. >10Sv/h), with no
pulse counting. Fibre sensor could potentially be permanently installed in a reactor building
to monitor temporal changes in dose rate distributions that vary with the progress of the
work. Fibre sensors could also potentially be inserted into radioactively contaminated
piping to determine the radioactive contamination distribution along pipelines, which can
be integrated into a 3D model of the work site.

2.4.3. Conclusion

3D maps are beneficial for visualising radioactive contamination and dose rate distribution,
as evidenced by their use by JAEA at Fukushima Daiichi. 3D mapping techniques can
produce highly precise maps of radiation hot spots, visualising contaminated areas and air
dose rates. Fibre sensors also have potential uses in reactor buildings for dose rate
monitoring and to determine contamination in piping.

JAEA is currently working on gamma-ray imaging, inverse estimation of radiation source
distribution and fibre-optic sensors to determine radiation source disruption is ongoing. In
the future, JAEA will look at decontamination and shielding effects on hot spots and
measurement using fibre-optic sensors at high dose rates or inside narrow pipes.

Key takeaways on the role of nuclear innovation adoption:

— Combining technologies can be useful for addressing challenges in the nuclear
back-end.
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— 3D mapping technologies improve accuracy in hotspot location prediction.

— A 3D CAD/BIM model production tool is needed to produce a more precise 3D
dose rate map.

— Usability should be improved for the operator’s ease of use.



NEA/DLM/R(2025)3 | 35

3. Implementation challenges

The integration of innovative technologies brings an array of implementation challenges
for all stakeholders. This chapter focuses the importance of roadmaps and partnerships in
future planning to overcome deployment challenges of innovative technologies,
highlighting the benefits of multi-stakeholder collaboration. It explores the role of artificial
intelligence (AI) in knowledge management using retrieval automated generation (RAG)
and large language models (LLMs) to address knowledge management gaps within the
nuclear industry.

It features insights from a diverse panel, as well as expert audience interventions, on
identified implementation challenges. It provides international perspectives and experience
from regulators, robotics developers and industry on enablers and blockers such as funding,
regulation and stakeholder engagement.

3.1. Drafting a good implementation roadmap to anticipate and overcome
deployment challenges

3.1.1. Session overview

This session was chaired by Will Newsom, CEO of Createc (United Kingdom) and Richard
Brook, Technology Solutions Lead at Atkins Réalis (United Kingdom). The presentation
explored the importance of roadmaps and partnerships in future planning to overcome
deployment challenges of innovative technologies in the nuclear back-end. It highlighted
the Createc-Atkins Réalis collaboration producing a mobile robotics roadmap for Sellafield
Ltd, as well as a project with the Norwegian Nuclear Decommissioning (NND) to design a
software system supporting nuclear decommissioning and waste management.

3.1.2. Presentation

The Createc-Atkins Réalis mobile robotics adoption framework was designed to support
continuous learning and improvement at Sellafield Ltd. It captures learning at every stage
for an iterative process to enable agility and flexibility in future planning. It is demonstrated
in Figure 3.1, below.

Figure 3.1. Sellafield mobile robotics framework
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Value-centred reviews, at short- and long-term intervals (1-month, 6-month, etc.), allow
for safer, faster, cheaper, greener approaches to identifying opportunities. They assess
generic requirements in design and assist with planning and testing for Sellafield Ltd
standards. The series of maps that are a result of this process offer decision-making
guidance and demonstrate the value and benefits for all stakeholders. These include
benefits and barrier maps, opportunity maps, capabilities maps and enablers’ maps that
support future scaling of applications.

Other collaborations, such as the FLYt project with Norwegian Nuclear Decommissioning
(NND), and belonging to the ICCircle (comprised of Createc, Ingecide and Catena), have
led to the creation of software systems that provide insight and oversight to ensure safety
and efficiency during nuclear decommission and waste management processes.

3.1.3. Conclusion

A mobile robotics roadmap provides an approach to robotics implementation that is logical,
prioritised and measurable. It gives clarity and direction, organised by robotic application
and activity. It allows tracking of costs, resource allocation, technology and plant-specific
requirements. It can also measure added value, such as the net large positive impact to
Sellafield Ltd. A roadmap also helps to identify and map enablers and barriers. It facilitates
engagement with supporters and collaborators, as well as plant and capability teams.

The road mapping approach is helpful to understand how the mobile robotics applications
integrate with other ongoing projects to improve efficiency and avoid redundancy. It is
helpful in areas such as virtual site access, remote reality capture, cybersecurity,
information assurance, and hot cell entry. Coupled with clear goals and defined roles,
communication leads to effective collaboration.

Key takeaways on the role of nuclear innovation adoption:

— Roadmaps provide clarity, define priorities and provide a framework for
measurable results to enable decision making.

— Roadmaps and the subsequent series of “planning maps” are useful communication
tools for stakeholders.

— International consortiums and collaborations are useful in information and data
management systems and can ensure safety and efficiency during nuclear
decommissioning and waste management.

As a result, policy considerations include the following:

— Allowing the supply chain to use its experience to define the how and choose how
to collaborate.

— Providing return on investment measures to inform changes.
— Measuring as-delivered versus intended.

— Putting in place a learning from experience (LFE) capture process.

3.1.4. 0&A

A query was made about Sellafield Ltd’s experience with security and the cost of cloud
hosting data:

— There are challenges around the sovereignty of data and its different levels of
classification, where it is hosted (for Sellafield Ltd, United Kingdom), restrictions,



NEA/DLM/R(2025)3 | 37

e.g. the use of video livestreaming seen as a risk, and cumbersome processes, €.g.
undergoing end-to-end security assessments.

— The use of livestreaming due to the COVID-19 pandemic proved the time and cost
benefits of remote viewing — saving Sellafield Ltd GBP 1 million, reducing
unnecessary personnel on-site (e.g. driving to site to answer questions in person
versus answering remotely) and hosting cloud data remotely.

— Working collaboratively, navigating the situation on the ground with many
different teams and technicians at Sellafield helped to build credibility with
stakeholders at all levels.

— Transparency and openness during the real life use cases were key to stakeholder
buy-in, building trust, and demonstrating the benefits and efficiency gains.

3.2. Al-powered nuclear engineering: Story of a journey from expectations to real
life

3.2.1. Session overview

This session was chaired by Victor Richet (France) of Assystem, focusing on the role of
artificial intelligence (Al) in knowledge management. It addressed the importance of Al-
integration, knowledge management and knowledge transfer without compromising safety
culture. The session explored benefits and challenges of using retrieval automated
generation (RAG) and large language models (LLMs) to improve efficiency in
transforming siloed, confidential and parsed data into usable knowledge. It highlighted the
need for centralised, searchable nuclear-tailored databases. It also identified an opportunity
to enhance the appeal of companies like Assystem to attract prospective engineers to the
nuclear industry and change management solutions.

3.2.2. Presentation

Challenges in the nuclear industry present an opportunity for Al to address an outdated
knowledge transfer landscape and provide scalable solutions, capitalising on industry
predecessors. Assystem spoke to the knowledge transfer landscape in the nuclear sector
that has not evolved significantly in the last decade. It noted that knowledge management
currently revolves around dense written documentation and inefficient or fragmented
knowledge transfer mechanisms. For knowledge transfer purposes, Al can play a
significant role.

Al models can make use of legacy data, provide transparency and efficiency, and address
the gaps in currently knowledge management approaches. Al-based knowledge
management ensures increased and better efficiency. Al has tghe ability to ‘read’, sort and
understand large amounts of data faster than humans, phrase out elements in natural
language, and identify ‘almost’ matches that interpret queries producing accurate answers.

Assystem’s proposed solutions to address these gaps include The Al Digital Library and
Deepfinder. The Al Digital Library was developed to fill a recruitment gap between the
loss of senior engineers and the arrival of junior staff. It used 7 000 engineering documents
(extracted from 20 000 main data source documents) to create an Al-powered search
application for streamlined knowledge transfer, alleviating the burden on senior staff to
onboard new recruits and to focus on high added-value tasks. Deepfinder makes the
elementary knowledge easily available to its targeted users and is aligned with modern UX
that young engineers are accustomed to in tools like ChatGPT, etc. With a Google-style
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search function, it provides answers to queries as well as sources for data, complete with
disclaimers to identify when queries are out of scope.

3.2.3. Conclusion

Al-based RAG and LLM knowledge management solutions offer tangible, scalable,
efficient solutions to knowledge management and knowledge transfer gaps in nuclear
energy; however, the “journey” for these Al tools to go to market is complex. There are
many roadblocks to overcome including regulatory, change management, scalability and
safety roadblocks. The regulatory landscape is evolving, but not all stakeholders are
equipped. Safety authorities and regulators are beginning to recognise the critical role of
Al in knowledge management and knowledge transfer and therefore need to be positioned
to enable and support it. In the regulatory environment, Al does not yet offer a stable
landscape for widespread use in an industry such as nuclear, and this is where legal
frameworks, such as the EU Artificial Intelligence Act, and can have a strong impact.

The industry landscape for companies specialised in Al and nuclear energy is limited. The
use of small, specialised LLM models in nuclear applications (e.g. Assystem’s CurieLM),
satiates critical needs for both the nuclear sector and Al. It refines queries and selects
relevant information to be understood and used by the operator. It provides confidentiality
and privacy for customers and nuclear-specific data rather than relying on less-specific
larger models, targeted to the general public, which are extremely resource-consuming.

Roadblocks which remain include dealing with Al hallucinations, given the probabilistic
nature of Al as a tool, siloed and/or difficult-to-reach data, and accessing confidential
information protected by intellectual property (IP) policies. The challenge is how to work
within these constraints, mitigate their risks and integrate Al without compromising safety.

Key takeaways on the role of Al in knowledge management include:

— Significant ramp-up is needed in the nuclear industry workforce, and management
and capitalisation are needed to ensure a successful ramp-up.

— Current knowledge management approaches are insufficient, but Al-based RAG
and LLM knowledge management solutions can offer solutions to natural language
question answering.

— Large documentary parameters address roadblocks in change management, IP and
confidentiality, information silos and the probabilistic nature of Al (e.g. Assystem’s
UK use case).

As a result, policy considerations include the following:

— The current regulatory and reglementary landscape is not tailored to the needs of
Al use regarding confidentiality, export control, etc.

— From a change management perspective, Al awareness remains a barrier, requiring
efforts to integrate Al culture into the workplace.

— The probabilistic nature of and overall understanding of Al remains a blocker with
safety authorities.
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3.2.4. 0&A

Queries were made about the reliability and explicit reasoning mechanisms of LLMs to
reassure safety authorities, the training compass for the tool, and how the queries and data
are benchmarked for ease of use and accuracy:

— A stronger case to safety authorities can be made if LLMs can demonstrate explicit
reasoning for answers generated, including reasons for which it excludes other
answers.

— In the case of CurieLM, the training set and training compass are different. The
training set is comprised of 7 000 documents, and the training compass is 7 000-
10 000 questions. It needs 100% accuracy and cannot risk being trained using
wrong data.

— The training data set is as representative as possible of nuclear issues, wording,
environment, etc. It is trained to recognise when questions are out of its scope and
to inform the user if their query falls outside of its training data. This safeguard
counters the probabilistic nature of Al to generate approximate answers.

3.3. Panel session: Funding, management, supply chain, regulation and stakeholder
engagement aspects

3.3.1. Session overview

This panel session was moderated by Theo Neuffer, of the German Surveillance Authority
(Germany), and featured EGRRS bureau member Samuel Courteille, of Nuvia (France),
John Mclntosh of the Canadian Nuclear Safety Commission (CNSC) (Canada), Yang Liu
of the China Institute of Atomic Energy (CIAE) (China), and Michael Donnelly of
Sellafield Ltd (United Kingdom). The panel provided multi-stakeholder and international
perspectives on the implementation challenges of innovative technologies and techniques.

3.3.2. Panel discussion

This session opened by polling the audience on implementation challenges, which
identified funding, regulation and stakeholder engagement as the top three challenges. The
results are shown below, in Figure 3.2.
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Figure 3.2. In which area do you see the greatest challenges to implementation of
innovative technologies and/or techniques?
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3.3.3. Panel responses to top 3 results: Funding, regulation and stakeholder
engagement

The moderator asked panellists to respond with their first-hand experience, then took
questions from the audience. Sellafield Ltd responded, followed by Nuvia:

— Sellafield Ltd spoke about funding, stating the need to “sell innovation” as a
concept (e.g. cost-benefit analysis to senior management). The results would
demonstrate the value and make the case for investment towards innovation.
Sellafield Ltd stated, in their experience, the development or implementation of
technologies did not necessarily pose challenges, but identified on-site deployment
as the challenge to overcome.

— Nuvia, a private technology development company, cited the difficulty of
identifying clients whose expectations are that innovations are cheaper. It is quite
a challenge to make new, unknown technologies cheaper, as there is no precedent.

The moderator queried the panellists for insights on regulation. The CNSC responded:

— For Canada, funding can also be a challenge as making the business case for
innovations within a government agency requires funding and justification of
spending tax dollars. CNSC identified AI’s novelty in the regulation space as an
inherent challenge, as there is no overarching Al regulation — in any industry —
that is a good benchmark, apart from some Al policies regarding privacy.

The moderator cited the unique challenge that Germany faces due to phasing out nuclear
power that pre-dates the advent of Al (e.g. decommissioning plans from 5-10 years prior).
The moderator highlighted the importance of their participation at the conference, as a
regulator to keep up with industry insights and innovations. The moderator then queried
Sellafield Ltd about their experience with innovation, stating that conversations with
stakeholders indicated there was growing support from upper management at private
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companies to invest in innovation and foster an innovative culture. Sellafield Ltd responded
that:

— In the United Kingdom, specifically at Sellafield Ltd, fostering an innovative
culture has proven to be an enabler to integrating new technologies. Furthermore,
for safety reasons, the nuclear industry as a whole is traditionally slow to adopt.
This is particularly a struggle on older, larger sites to understand the stakeholders,
the processes. Sellafield Ltd recognised the benefits of the Createc Atkins Réalis
roadmap as a beneficial tool to work efficiently through innovation adoption.

The moderator queried the CIAE research centre about their stakeholder engagement (e.g.
interactions with authorities, operators) on innovation. CIAE responded that:

— By 2030, China will have increased nuclear energy capacity. As a developer, CIAE
creates learning plans, revisited every year, to address special subjects. CIAE has
established their model to be recognised as a pioneer in new technologies for
nuclear energy.

The moderator asked Nuvia about the correlation of a project’s size to the approach taken
(e.g. macro approach or incremental steps). Nuvia responded:

— At Nuvia, the approach is step by step, supported by proven demonstration of
results before moving to the next step. For regulation, demonstrating results is
necessary to move forward.

The moderator asked the Canadian Nuclear Safety Commission (CNSC) to discuss their
experience with stakeholder engagement (e.g. roundtable policy). The CNSC responded
that:

— Stakeholder engagement has been a major focus in recent years. CNSC has formed
an innovation hub and dedicated working groups to engage early on new
technologies. Creating a safe space for industry to engage and brainstorm the
deployment of new technologies early on, has been key. It aids in understanding
the future direction of innovate technologies in a safe space. CNSC initiatives
included a dedicated working group that presents monthly and an annual
conference in Canada dedicated to Disruptive, Innovative, Emerging Technologies
(DIET). Exercises such as regulatory sandboxing, which bring together regulators,
academia and research labs, have been beneficial to look at the deployment of new
technologies in the nuclear industry and brainstorm from a multi-stakeholder
perspective. The CNSC highlighted the importance of early engagement as a key
enabler.

The moderator applauded the CNSC’s dedicated DIET resources (e.g. rarity of regulators
to have an innovative technology-specific division) and asked about the effect on
communication with operators (e.g. encouragement for operators to be more open about
projects). CNSC responded that:

— Logistically, it is important to recognise differences of an operator’s perspective
versus a regulator’s. Operators have day-to-day operational concerns (e.g. inside
reactor buildings, using robotics on-site). Regulators have compliance activities
(e.g. environmental sampling, imaging of components, construction project
planning). The CSNC is looking to use innovative technologies internally, such as
the use of chatbots for administrative activities.

The moderator highlighted the work Createc and Atkins Réalis are doing with Sellafield
Ltd and cited the importance of identifying other companies that are specialised in nuclear,
or can be trained to support the nuclear sector. The moderator asked panellists to identify
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the challenges they have faced when working with non-nuclear experienced companies and
how to overcome them. Sellafield Ltd responded that:

— Special challenges arise when working with companies that are non-nuclear
experienced companies. This is one of the biggest challenges Sellafield Ltd has
faced—to have supply chain partners understand the level of rigour, regulatory,
legal requirements and responsibilities of the industry. With concern to supply
chain partners, who are profit-driven, adhering to legal constraints may not always
be the most profitable from a business-perspective. This is also applicable to
software providers (e.g. design or software companies), regarding the level
underpinning or substantiation of the implementation, operation and maintaining
systems.

The moderator mentioned the regulation dichotomy as a both a blocker and an accelerator
for innovation, citing its crucial role to provide guidance and direction (e.g. eventual
acceptance by authorities). The moderator asked CIAE about the maturity of Chinese
regulation in the nuclear industry and if there is still need for development. CIAE responded
that:

— Forresearchers in nuclear, this is a key point, as they use a lot of non-nuclear robust
knowledge. In China, there are an increasingly high level of requirements. The
Chinese push towards incorporating non-nuclear companies poses challenges in a
regulatory context.

The moderator queried Nuvia about steering stakeholder engagement of new projects (e.g.
Nuvia steering stakeholders versus being asked by operators). Nuvia responded that:

— Nuvia looks across industry to push towards innovation, where innovation is often
a byproduct of necessity (e.g. cuts to funding forcing innovation). Nuvia
highlighted that regulations can also be a good accelerator for innovations.

At the conclusion of the panel discussion, the moderator invited the audience to pose
questions to the panellists.

3.3.4. 0&A

An audience member identified the ‘fail fast’ concept as an innovation blocker in the
nuclear industry. They asked when it is safe to move quickly taking this approach. The
panellist from Sellafield Ltd responded, followed by Nuvia, and then the panellists from
CNSC and CIAE provided regulatory perspectives:

— In its Active Demonstrators programme, Sellafield Ltd tries to get deployments as
quickly as possible, without compromising safety-related processes. Other
procedural pragmatic approaches can be taken based on the expected length of the
learning operation to support the fast deployment following a ‘learning plan’ to
understand the benefits and takeaways.

— Nuvia has collaborated with regulators early on, demonstrating recognition and
explanation of the failure when it arises.

— CNSC identified the success of applying the “fail fast” approach to reduce
conventional health and safety risks in the non-nuclear side of business, such as
using Spot, where it can fail fast and have less concern. It has the potential to slowly
phase-in this approach on the nuclear side.

— The panellist from CIAE spoke to the regulatory hesitancy around failure in
relation to safety in facilities, and the importance of the cost-benefit trade-off.
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A second query from the audience asked about the perception of regulation as a blocker,
directing the query to an audience member who voted for regulatory as the primary
implementation challenge. Nicklas Tjernlund, of Vattenfall AB (Sweden), responded,
followed by the Chair (Germany):

— It is not the regulator itself, but the regulations and their interpretations which are
very rigid. Interpretations of safety in the back-end are difficult to implement in
innovative ways. Safety was noted as a priority.

— The Chair noted the particularities of the German context, where decades of reactor
operations had led to harmonisation of practices. The Chair cited the difficulties
faced when Germany transitioned to decommissioning. As a relatively new venture,
simultaneously engaging all stakeholders to work in a decommissioning context
proved challenging and, at times, “felt like trying to reinvent the wheel”.

— Sellafield Ltd confirmed that in their experience, regulation is not a problem, but
the perception of regulation is.

The final question from the audience was directed at the panel regarding management’s
responsiveness in implementing innovative technologies. Panellists responded:

— It comes down to risk assessment (Sellafield Ltd).

— It may seem easier to stick with the status quo. Demonstrating innovations as an
alternative to current technologies involves long, formalised processes that are
often outdated by the time they reach approval. It also may take a long time to get
stakeholders on board. People in the industry are concerned about replacement.
They may want to prove their job’s necessity and/or be resistant to upskilling
(Nuvia).

— Investing in new technology now will make nuclear decommissioning cheaper,
faster and safer for the future (CIAE).
3.3.5. Panel responses to top 4 results: Regulation, funding, and stakeholder

engagement and management

To conclude the session, the audience was polled about the future of nuclear
decommissioning in ten years’ time. The results are shown below, in Figure 3.3.
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Figure 3.3. In which area do you see the greatest challenges to implementation of
innovative technologies and/or techniques in ten years’ time?
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The moderator asked the panellists what they foresee as the greatest challenges to
implementing innovative technologies in ten years’ time. CNSC responded to the results,
followed by Sellafield Ltd, CIAE and Nuvia:

— As an industry regulator, it is important to be aware of the concern around
regulation. (CNSC)

— Sellafield Ltd identified a squeeze on funding, citing the rising cost of materials
and use of external companies. (Sellafield Ltd)

— China will enter decommissioning projects later and will most likely face the same
questions; however, in ten years’ time the abilities will have increased and there
may be better ways to solve these questions. In ten years’ time, innovative
technologies will have to face different challenges. (CIAE)

— Sometimes, innovation is not pursued because of funding, which forces innovation.
It is born out of having no choice. In ten years’ time, with the ageing of the
population, the likely choice will be to supplement with robots. This means being
ready by then — technology-wise — out of necessity. (Nuvia)

As a result, key takeaways on the role of nuclear innovation adoption and policy
considerations include the following:

e AI’s novelty in the regulation space is a compounding challenge to an already slow
adoption approach in the nuclear sector. The absence of regulation for Al can lead
to investments not taken out of financial uncertainty.

e Early collaboration and a multi-stakeholder approach can reduce hesitancy towards
uptake of new technologies, especially to reduce friction with regulators.

e Innovation hubs and openness to a ‘fail fast’ approach can expedite technology
integration. Since innovation is often driven by individuals, an innovative culture
is crucial. Failure as a mode of growth should be acknowledged by management.
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e Non-nuclear specialised partnerships lacking “nuclear-specific industry
knowledge” can be blockers. The grooming of these companies to make them “fit
for nuclear” is an important task for the principal. Otherwise, it can offset
profitability if regulatory requirements or documentation is not met.

e Regulation is viewed as both a blocker and an accelerator. For example, regulation
for Al in the nuclear field is expected to be an accelerator since it would bring
clarity on the requirements to allow the implementation of Al. However, for
technologies that are not yet “industry proven”, regulators tend to demand a lot of
upfront documentation to make a case. Physical mock-ups or virtual reality
environments can play a vital role in reducing theoretical proof and build up trust
in the readiness of a new product or technology for the regulator.
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4. Characterisation and sampling

The use of innovative technologies in characterisation and sampling can bring safety
benefits, efficiency gains, and cost savings achieved through automation. This chapter
presents technology solutions to traditional methods of radioactivity measurement,
mapping and in-situ characterisation. It explores test cases using automated systems to
measure radioactivity in waste drums and for radiological surveillance of uranium mining
sites, as well as innovative technologies for characterisation of concrete.

4.1. Automated measurement system for radioactive waste drums: Implementation
and commissioning experiences

4.1.1. Session overview

This session was presented by Hofkens Wim, Programme Manager of Material and Waste
Facilities at the Doel Nuclear Power Plant at Engie Electrabel (Belgium). It focused on the
safety benefits and efficiency gains of automatising radioactivity measurement (RM) of
waste drums. It presented the use case for the RM of non-conditioned and conditioned
waste drum project at the Kerncentrale Doel (KCD) plant.

4.1.2. Presentation

The gamma spectrometry project was introduced as a solution for measurement of legacy
and decommissioning waste, as well as waste generated during operations. The goals of the
project were to reduce worker exposure and increase efficiency and reproducibility of
measurements required for transportation and disposal of waste.

In the past, when measuring non-conditioned waste in 220-L drums (e.g. compressible
waste that is less than 2mSv/h), radiation protection personnel were in direct contact with
a drum when performing smear samples of the entire surface and rub samples of five
sections of the drum. Throughput for unconditioned drums was about 2 to 4 drums per day.
Reproducibility of the measurements, and the need to convert dose to activity were also an
issue with measurement of non-conditioned waste drums. Conditioned waste drums in 400-
L drums (e.g. all types of waste greater than 2mSv/h and process filters >100Sv/h) have
higher radiation levels, making it necessary for tools to be used to measurements ensure a
safe distance between radiation protection personnel and the waste drums during
measurement. Obsolete high purity germanium detectors also have reached their end of life
and needed to be replaced. Additionally, due to the weight of the drums (e.g. 400-L drums
can weigh up to 1 500 kg and 220 L drums can range between 150-250 kg), a lifting and
transport device is needed to move and measure the drums.

The AMINGA and AMANDE automated systems were employed in 220 L and 400 L
drums, respectively, which made measurements to support transportation and disposal of
waste more efficient, accurate and reproducible.

Below, Table 4.1 demonstrates the increase of daily throughputs with the automatisation
of handling processes of conditioned waste (GA) and non-conditioned waste (NGA).
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Table 4.1. Daily throughputs of GA and NGA waste

Drums per day

Daily throughput rate

Manual Automated
NGA220L drum 2-4 drums 25 drums
AMINGA
GA400L drum 4 drums 8 drums
AMANDE

Source: Engie Electrabel, 2025.

Direct gamma spectrometry is performed with no conversion of dose to activity (i.e.
directly measures activity). The systems programmed for smear testing follow a sequence
of events in the measurement process that are precise and repetitive. Dose rate and surface
contamination information are collected at the same time as gamma spectroscopy
measurements. The systems reduce worker exposure associated with characterisation of
drums. Weight measurements of conditioned drums can also be done with AMANDE. As
result of implementation of these systems, unconditioned waste drums throughput has
increased from 4 to a maximum of 25 drums per day with AMINGA, while conditioned
waste drums throughput has increased to 8 drums per day with AMANDE. Data can also
be easily communicated to national waste authorities (ONDRAF/NIRAS: Belgian Agency
for Radioactive Waste and Enriched Fissile Materials).

4.1.3. Conclusion

Use of automated systems for the measurement of waste drums can improve worker safety,
accuracy, and reducibility of measurements, while increasing efficiency. This includes
reducing dose exposure for decontamination staff and the subsequent cost savings due to
reduced need for protective gear of replaced workers. It provides speedier measurement
readings from the use of robotic manipulators than when done manually, increasing
throughputs rates.

Automatisation also solves challenges that humans are physically and safely incapable of
doing, such as the measurement of unconditioned drums, i.e. unsafe proximity to the
potentially contaminated drums, and lifting extremely heavy drums (e.g. 250-1 500 kg). In
some cases, it is important to measure the contents of the waste before it is conditioned,
and without robotics, it is not possible (e.g. safety concerns like distance from the drum).
With gamma spectrometry, measurements can be done in as little as 30 minutes, compared
to two to four human hours per drum. Robotics can load ten drums onto the system and the
radiation measurement worker has very low dose impact as they are no longer in contact
with the drums.

The use of QR codes on barrels allows for more detailed tracking, database consolidation
and expedited transfer of information. Parameters are adapted to the contents of the barrel
classifying waste, defining its contents and drum load (e.g. 50%, 75%, 100%). The
automated system continues to constantly monitor, even ‘after hours’ to check parameters
and if detectors are still within the required criteria. This activity is out of scope for human
detection.

Key takeaways on the role of nuclear innovation adoption:

e Using automative technologies improves reproducibility.
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e Automated measurement systems make measurements to support transportation
and disposal of waste more efficient, accurate and reproducible.

e Direct gamma spectrometry is performed with no conversion of dose to activity
(i.e. directly measures activity).

e Robotics reduce worker exposure associated with the characterisation of drums.

e Automating as many steps as possible in the RM process is more time- and cost-
effective than manual measurement.

e Technologies such as QR codes can expedite tracking and scanning and simplify
reporting.

o Centralising data into a database can expedite internal and external communication
of information, e.g. to transmit data to waste authorities.

As a result, policy considerations include the following:

e Companies need to have an automation and data-oriented mindset, and implement
databases which facilitate storage, transmission and analysis of data with waste
authorities.

e Including regulatory authorities from early stages reduces bottlenecks at the end of
processes.

4.1.4. 0&A

A question was raised about the cost efficiency of automation (e.g. robotics offsetting
worker costs and improving worker safety):

— As a private company, the goal is to automate as much as possible, with the least
amount of human labour possible. Robots are relatively cheap compared to labour
costs, as one robot is approximately EUR 30 000.

4.2. Unmanned aerial vehicle radiological surveillance data processing and post-
processing

4.2.1. Session overview

This session was presented by Sven Altfelder from the Federal Institute for Geosciences
and Natural Resources (BGR) (Germany), focusing on the use of unmanned aerial vehicles
(UAV) in radiological surveillance data. It showcased geostatistical analyses supporting
radiological mapping. The mapping was jointly sponsored by the IAEA and Germany and
conducted at the Yangiabad site in Uzbekistan, a central deposit for low mineralised ores,
which is currently undergoing remediation, funded by the EU.

4.2.2. Presentation

BGR compared the data obtained by UAV to human backpack survey data collected for
ground truthing of the UAV data. Use of a UAV helps alleviate the challenges of human
surveys associated with the steep terrain and harsh environments. The UAV used had a
ground speed of three metres per second, a flight altitude ten metres above ground and a
flight line spacing of 10 metres, covering an area of approximately 30 square metres per
second. The UAV carried the MEDUSA Spectrometer for mapping the soil and sediments.
The combined total equipment cost is approximately EUR 150 000. The battery life of the
UAYV allows it to fly for 20 minutes (30 minutes total, five for approach, five for return).
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The drone is able to cover a total of 2.4-3.6 hectares, faster than a conventional backpack
survey on foot.

In this remote site, the UAV experienced some global positioning system (GPS) issues, but
this did not impede its ability to map terrain. Drone flight paths are pre-programmed and
able to do their own mapping. Geostatistical methods were used to upscale the backpack
data used for ground truthing/validation and direct comparison to UAV data. Block kriging
to average concentrations over a 39 m x 39 m square area, which roughly corresponds to a
footprint that contributes 65% to the signal of the gamma spectrometer (22 m radius circle),
worked just as well as explicitly accounting for air attenuation and propagation geometry
and circular footprint using non-arithmetic kriging averaging (NAKA). Both block kriging
and NAKA worked better than ignoring the need to upscale to the spatial resolution of the
UAYV data using ordinary kriging of the human survey data for comparison to UAV data.

4.2.3. Conclusion

UAVs can support radiological survey and monitoring of decommissioning of complex and
legacy sites particularly for sites with challenging and harsh terrains. Backpack survey data
can be used to ground truth UAV results using geostatistical methods to facilitate
quantitative comparisons of UAV and human survey data.

Manoeuvring UAV drones requires skilled piloting, which can be done autonomously or
by human control. UAVs can alleviate challenges associated with high-radiation fields, and
dangerous, hard to access environments. While the field of view of human and UAV
surveys are different, geostatistical methods can be used to facilitate quantitative
comparison of the data.

Key takeaways include the following:

e Unmanned aerial vehicles (UAVs) can be used to measure radioactivity or
perform monitoring in difficult terrains or service environments and in hard to
access locations.

e Ground truthing of UAV results using human surveys with backpacks and
upscaling is useful for validating UAV results.

e UAYV and human survey geostatistical models were developed with good fits
to the data. The depositional process of the low mineralised ores creates a
spatial activity concentration distribution that lends itself to geostatistical
modelling given its compatibility with the underlying assumptions in the
modelling.

e The latter two kriging methods (BK and NAKA) worked better than ignoring
the need to upscale to the spatial resolution of the UAV data by using ordinary
kriging of the human survey data for data comparison (ground truthing).

4.2.4. 0&A

A question was posed on the choice of UAVs for ground surveying instead of a ground
robot in Yangiabad:

— In this case, a UAV is more efficient than a ground robot because terrain is very
steep, rocky and loose. A UAV can gain more access than can be assessed by foot
backpacking.
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4.3. Laser sampling in support of radiological, chemical and asbestos
characterisation

4.3.1. Session overview

This session was presented by Professors Kym Jarvis and Susan Parry, from Viridian
Consultants (United Kingdom) demonstrating efficiency, cost and safety gains of laser
sampling as an alternative to conventional sampling of concrete.

4.3.2. Presentation

Sampling with the Viridian Laser, Viridiscope, is an alternative to conventional sampling
that saves both time and financial costs, developed in collaboration with Sellafield Ltd
Innovation. It is manually operated or remotely deployable, taking samples in situ, cleanly
with no dust, in approximately two minutes, for immediate analysis. It can take up to 100
samples per day, able to perform in-situ analysis on 30 samples per day and has an average
cycle time of 20 mins for radiometric characterisation. It has been used on building
materials in highly activated concrete, brick, building blocks, plaster board and metals. The
technology can be used to sample in hard to access locations such as voids, pipework,
service ducts, and cells.

For use in in-situ characterisation, samples are collected on filter substrate. Pod mass is
checked before and after collection and is counted directly on the gamma spectrometer.
The filter can be counted on its support, for gross alpha/beta activity and the sampling head
and tubing are disposable, if necessary. In addition to gamma spectrometer measurements,
heavy metal analysis and asbestos testing can also be performed. The summary of
Viridiscope’s two-minute collection is provided below, in Table 4.2.

Table 4.2. Viridiscope capability summary

Analysis | Total alpha | Total beta Gamma scan Isotopics U, Pu, Am Chemical contaminants
Ba/g Ba/g (69Co,'37Cs, 24'Am)
Ba/g
In-situ 0.1 1 10 %} o4}
Off-site 0.03 0.02 0.5 %} o4}

Source: Viridian Consulting, 2025.

4.3.3. Conclusion

Concrete characterisation can be difficult due to (i) access issues, (ii) laboratory costs, (iii)
turnaround time from collection to result, (iv) production of secondary wastes, (v) spread
of radioactive contamination during sampling, and (vi) dose to radiation personnel.

Laser sampling can be performed cleanly, with no spread of radioactive contamination, in
hard to access locations (voids, pipework, service ducts, cells), rapidly (40+ samples per
day), with less generation of waste, and with no sample preparation and immediate analysis
(i.e. no lengthy laboratory analysis turnaround times).

Conventional concrete sampling by drill or coring is a lengthy, costly process that generates
a considerable amount of contaminated waste which can be alleviated by laser sampling.
Laser sampling removes the need — and subsequent cost — for personal protective
equipment (PPE) and scaffolding (e.g. works at height). Time savings are achieved because
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there is no post-sampling clean-up (e.g. removal of contaminated waste) nor the need to
wait for lengthy laboratory analysis turnaround times.

Laser sampling has a rapid sample collection rate and is cleaner, faster and safer than
conventional methods. Conventional sampling is time-intensive and lab analyses of
samples have months-long waiting times. There is a low barrier to entry for use, as it can
be operated by non-specialists after a few hours of training. It is ideal for in-situ
characterisation of remote and inaccessible facilities.

Key takeaways on the role of nuclear innovation adoption:

e Laser sampling can be performed manually or remotely (e.g. HausBots wall-
climbing robot) with increased worker safety compared to existing coring/drilling
methods.

e Laser sampling is effective in reducing costs in equipment and time.

e Laser sampling is fast and reproducible, requires no sample preparation and
provides rapid results.

o Laser sampling is clean, safe and flexible for rapid characterisation results.
e Rapid, on-site characterisation increases collection and analysis rates.

e Remote deployment (at height) allows access to otherwise out of reach and
activated areas.

4.3.4. 0&A

The session Chair, Cynthia Barr, remarked that Viridiscope was first presented at the 2022
WPTES Innovation workshop in Paris and was characterised as a potential technology for
characterisation of Carbon-14 in Canada Deuterium Uranium (CANDU) reactors. The
Session Chair indicated that the technology may be a good solution to characterising hard-
to-reach locations and helping to validate modelling to support in-situ gamma spectrometry
measurements. The Session Chair requested more information about Viridiscope’s ability
to perform depth-discrete sampling.

Further inquiries were made about the specifications of the laser and its use including its
depth and power, calibration steps for sampling (e.g. different substrates), mass input (e.g.
fixed or not) and contamination transfer risk between samples:

— When the laser moves across a fixed distance, it leaves behind a two-by-two
millimetre trench.

— It is a low-power laser, with a maximum power of 1.5 joules. The process shocks
the particles off the surface; the sample is not heated. The sampling head, on a
premade block of clean sand cement render, acts as a calibration standard. A fixed
period of time is the calibration point for the collection of a particular mass.

— Optimisation can be done if moving into a new area, (e.g. friable walls), by taking
an experimental collection to determine a typical mass. There are fixed parameters,
but some can be changed, such as the frequency of the shots (e.g. power rate and
shot rate). The sample pod is weighed, empty before, then full after, to determine
the exact mass of material collected.

— To avoid contamination between samples, the tubes are cleaned by ablating blocks
of clean sand cement which pulls contamination out through the tube. Carryover is
not significant.



52 | NEA/DLM/R(2025)3

5. Decontamination, dismantling and handling

Innovative technologies yield efficiency gains in decontamination, dismantling and
handling. Technologies are being used for ultrasonic decontamination, underwater laser
cutting, environmental cleanup and advanced handling systems for graphite core
dismantling.

This chapter highlights the safety, and efficiency gains of robotics and remote systems
(RSS) in decontaminating hotspots, dismantling nuclear components, and remote handling
of radioactive materials. It also emphasises the importance of adopting innovative
approaches to improve sustainability, reducing costs towards closing the nuclear power
plant life cycle with a circular economy approach.

5.1. In-situ ultrasonic decontamination technology: Application experiences in
nuclear decommissioning

5.1.1. Session overview

This session was presented by Martin Brandauer and Lane Waddell of the Electric Power
Research Institute (EPRI) (United States) focusing on ultrasonic decontamination of
hotspots. During testing, EPRI aimed to determine the effectiveness, ease and flexibility of
applications while decreasing the use of chemicals and minimising waste volume to target
locations with accumulated hotspots.

5.1.2. Presentation

EPRI explored broader uses of ultrasonic technology in decontamination, beyond typical
applications (e.g. light water reactor (LWR) fuel assemblies, component cleaning) to
address common decommissioning issues such as stagnant systems, out-of-service pumps,
non-functioning cleanup systems, and limited rad-waste processing. They aimed to reduce
costs, dose rates, and the chemical footprint (e.g. secondary waste, mechanical treatment
with water highly invasive, system surface contamination).

Working with two service providers, Dominion Engineering Inc (United States) and Altum
Technologies Oy (Finland), ultrasonics were applied on evaporator piping at the National
Research Universal (NRU) reactor at Canadian Nuclear Laboratories (CNL) and at the
National Bureau of Standards Reactor (NBSR). Ultrasonic technology was tested for in-
situ Source Term (ST) reduction and anti-fouling on piping, flow control valves, boiling
water reactor (BWR) jets, cement rad-waste systems, and demineralizer screens.

A heavy water evaporator system at CNL had an approximate hotspot dose rate of
300 mrem/hr (3 mSv/hr). Dose rates were monitored by Bot survey metres and remote
telemetry with personal alpha dosimeters (PAD) and electronic personal dosimeter (EPD)
over three days. The machine was paused every ten minutes to rotate the transducer for
better coupling and to prevent banding.

Eight primary target locations were tested in NBSR between three- and twelve-inch pipes
from the primary coolant system with an approximate hotspot dose rates between 200 and
5 000 mrem/hr (2-50 mSv/hr). Dose rate readings were detected by a real-time local gamma
detector.
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5.1.3. Conclusion

Ultrasonic technologies were successful in the decontamination of accumulated hotspots in
heavy water evaporator systems and primary coolant systems; however, it determined that
not all hotspots can be treated. EPRI achieved success on 8 of 13 hotspots that were
decontaminated. Effective treatment is achieved through smaller obstacles. There is limited
effectiveness observed in larger components, piping bends, or existing fittings between the
transducer and the targeted hot spot.

At completion of the CNL test, the hotspot dose rate was reduced to an approximate dose
rate reduction factor (DDRF) of three. However, ultrasonics were marginally effective or
not effective in two second target locations experiencing power reduction on an unexpected
socket weld, and on a tee fitting that was assumed to have dampened wave form. In the
case of NBSR, after three days of eight-hour decontamination work, successful application
of the transducers on three of the eight treated hotspots, reduced dose rates reduced by 67—
98% (Figure 5.1).

Figure 5.1. Dose rate reduction over time
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Source: Electric Power Research Institute, 2025.

Ultrasonics were marginally effective or not effective at treating significant masses of
valves, check valves, pumps, or flanges with elastomeric gaskets between the transducers
and the hotspot. They were also not effective on transducers with more than two feet of
distance to the hotspot, or on hotspots that were not at the presumed location (e.g. outside
of the effective treatment zone).

Key takeaways on the role of nuclear innovation adoption:

e Technologies are limited by factors such as limited physical space, interferences,
pre-dried systems, and lack of pumping and draining systems.

e  When successful, applications of both technologies yielded dose rate reduction
factors ranging from 67% to 98%.

e Systems can be installed in a matter of minutes and operated from remote low-dose-
rate areas, minimising the dose received by personnel.
5.14. 0&A

Queries were made about the depth to which it is possible to decontaminate with
ultrasonics, noting the material may be a factor, and about the safeness of ultrasonic
technology:
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— Some pipes are pressurised; however with a good transducer, it should not be an
issue to overcome centimetres, though it is not possible in reactor pressure vessels.

5.2. LD-SAFE: Underwater laser cutting demonstration for nuclear dismantling

5.2.1. Session overview

This session was presented by Pierre Daguin, Onet Technologies (France), on the use of
LD-Safe underwater laser cutting technologies for dismantling the most critical
components of nuclear reactors. Laser cutting was proposed as a credible alternative to
conventional cutting techniques such as plasma arc, band saw cutting and abrasive water
jet cutting. Onet explored the safety benefits (e.g. radiation protection), waste management,
time and cost of underwater laser cutting technologies on reactor pressure vessels (RPVs)
and reactor pressure vessel internals (RVI). It is a European Commission-funded joint
venture with Onet Technologies, (France) French Alternative Energies and Atomic Energy
Commission (CEA) (France), Institut de Radioprotection et de Sireté Nucléaire (IRSN)
(which merged with the French safety authority, called now ASNR) (France), Vysus Group
(Sweden), Equans (Belgium) and Westinghouse (Spain).

5.2.2. Presentation

The main technical activities of the LD-Safe project included analysis of reactor
dismantling, testing the potential impact of laser beam residual power, hydrogen gas
generation during underwater cutting, and aerosol escape. Regarding safety compliance,
the project created industry guidelines for the use of laser cutting for environmental and
worker protection as well as a safety assessment risk analysis of implementation and use
of the laser. Its use was validated by cutting tests, conducted in two phases, which tested
the use of laser cutting technologies in an operational environment.

The laser tool has a proven robustness that showed no damage after 115 cutting operations,
has underwater visibility and is watertight (monitored with sensors). The same system can
be used for cutting in air or underwater operation. The thickness, geometry, distance and
angles at which the laser operates were tested underwater and were able to reach 100 mm
of stainless steel underwater. Its associated cutting speed is 12 mm per minute, at 16
kilowatts. For a pressurised water reactor (PWR), it is less than 70 mm.

Laser utilities are located outside of the reactor building in standard Hi-Cube 20-foot
containers, 150 metres away from the dismantling area. It necessitates two operators who
are able to operate the laser at a distance. Operators can use the laser after one week of
training (including four days of robotic arm training). In the French market, underwater
laser cutting technology has already been selected for reactors’ peripheral circuits
dismantling of the Brennilis Heavy Water Gas Cooled Reactor (HWGCR) and for graphite
reactor components in Chinon A2.

5.2.3. Conclusion

As an alternative to mechanical, thermal and hydraulic cutting, underwater laser cutting is
as safe as conventional cutting techniques. The result of 30 years of research and
development, designed to fit end user needs, underwater laser cutting is ready for
industrialisation and enhances safety for operators. The laser system is ready for
industrialisation, in compliance with regulatory standards and generic safety assessment. It
is efficient, robust, safe, cost-effective and now mature and has a confirmed technology
readiness level of seven (TRL7) (e.g. system prototype demonstration in an environment).
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Underwater laser cutting has the equivalent performance of in-air cutting tools. Table 5.1
and Table 5.2 compare the two below.

Table 5.1. In-air cutting (steel and stainless steel)

Thickness (mm) Laser power (kW) vs. Cutting speed limit (mm/min)

4 8 10 14
20 175 350 500 700
40 20 125 150 225
60 40 55 225
100 75 25 50
120 8.5 325
200 25

Source: LD-Safe, 2025.

Table 5.2. Underwater cutting (stainless steel)

Thickness (mm) Laser power range (kW)
Up to 100m 8 kW to 16 kW

Source: LD-Safe, 2025.

With continued technology improvement, lasers will be able to increase cutting speeds and
cut thicker materials. It is a cost-effective solution (e.g. 50% capital expenditure cost
reduction from first decommissioned unit) compared to mechanical cutting tools as one
tool cuts RPV and RVI and requires no spare parts. The major laser component is reusable
(e.g. only laser head and umbilical are in the hot area) and therefore has significant
efficiency gains, reducing time and material costs.

Laser risk evaluations determined that there are no risks for underwater cutting due to water
absorption and showed very low hydrogen concentrations on stainless steel tubing. Laser
cutting technology is versatile and mature enough to face the most complex PWR and BWR
components. However, multilayer cutting is not possible under water. It is still able to cut
all representative RVI configurations, even if the scenario was different than in-air.

Laser risks are mitigable (e.g. laser beam residual power, H, and aerosol generation) and
the laser cutting technologies are safe for use by workers. The generic safety assessment
for laser cutting in reactor environments has been established and will be adjusted by end
users to their specific conditions.

Key takeaways on the role of nuclear innovation adoption:

e Laser cutting is already identified as a tool for future decommissioning activities in
Europe, especially France, and recognised worldwide.

e Laser systems are easy to commission and use, are cost-effective and have no spare
or wear parts.

e Laser cutting technology is versatile and mature enough to face the most complex
PWR and BWR components, but multilayer cutting is not possible underwater.

e There is secondary waste reduction, with a significant diminution of airborne
particles released in-air (water depth influence), up to a 70% diminution in
comparison with in-air cutting.

o Laser risks are mitigable and the technologies are safe for use by workers.
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As aresult, policy considerations include the following:

Laser cutting is as safe as conventional cutting techniques and has equivalent
performance to in-air cutting tools.

Underwater laser technology has a confirmed status of TRL7 and is ready for
industrialisation.

The establishment of guidelines for the use of laser cutting in reactor dismantling
environments is ongoing.

A generic safety assessment supported by an independent review for laser cutting
in reactor environments has been delivered and is meant to be easily adaptable to
specific end-user conditions and licensing efforts.

5.2.4. 0&A

Queries and audience interventions pertained to pollution in the water, contamination
ratios, concerns around additional waste production, simplicity of use, and breakaway
visibility at completion of the cut compared to in-air cutting:

5.3. Wrap up

Underwater cutting environment tests were done in 45 cubic metres of water, using
conventional filtration systems allowing for pollution discovery. As the cutting
continued, underwater visibility was reduced, but in general was not an issue with
a big volume of water in a nuclear reactor.

Assessing airborne particle release determined a 70% reduction of airborne
particles compared to in-air cutting, much higher than in comparison to mechanical
tools (e.g. do not have aerosols).

There is a clear understanding of the morphology, size and quantity of aerosols
generated, and a localised hood is still needed to catch as many airborne particles
as possible.

There has not yet been an assessment of water contamination that is representative
of the real environment, only a water analysis of elements present after a lab test.
In cases of conventional cutting (e.g. saw cutting) versus underwater laser cutting,
housing is still needed for pollutants escaping into the air. The water is still
connected to the operational cleaning system (e.g. operated in the reactor pool or
the spent fuel). There are less air pollutants, but aerosols can exit water.

The system is simple to reuse between sites. It does not have spare and wear parts,
and nothing needs to be changed, even when moved.

The laser tool is robust and did not pose an issue removing complex parts in vertical
configuration, as pieces still merge with the initial part after cutting. As in previous
projects, checking the cut above water is possible, as underwater visibility can be a
challenge unless using good cameras.

The session Chair, Ladislav Vargovcik (Slovak Republic), thanked all presenters, noting
the advancements in Asia cited by participants from China, Japan and Korea. He also
thanked all the other presenters for delving deeper into finding innovative solutions.
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5.4. Robotic technologies for nuclear decommissioning

5.4.1. Session overview

This session was presented by Leonel Lagos, Director of Research, Florida International
University (FIU) (United States). It showcased robotics used in major areas of
environmental cleanup operations such as radioactive waste processing, facility
decontamination and decommissioning, soil and groundwater remediation, knowledge
management and artificial intelligence (Al). FIU provides critical support to the US
Department of Energy’s Office of Environmental Management (DOE-EM) and Office of
Legacy Management Co-operative (DOE-LM) mission of accelerated risk reduction and
cleanup of the environmental legacy of the nation’s nuclear weapons programme. FIU
facilitates nuclear workforce development, serving Hispanic and minority groups for
careers in nuclear energy.

5.4.2. Presentation

FIU uses a wide range of robotics in across five sites. The FIU technology roadmap (Table
5.3) provides an overview of different technologies used for decommissioning activities.

Table 5.3. FIU technology roadmap

Deployment status

Location Type 2020 2021 2022 2023 2024
used
Tank Farm Minirover In-house Site deployment Deployment Technology
deployment transferred
Hanford Lateral gamma Integration Deployment Deployment Site
deployment
Off-riser sampler Design Integration Deployment
Long-term Conceptual design Sensor Evaluation Demonstration Site
surveillance integration deployment
H Canyon Wall crawler Conceptual design Sensor Evaluation In-house deployment Site
integration deployment
SNRL
WIPP Salt closure Evaluation Integration In-house Deployment
inspection deployment
MSIPP
Rifle Cell Aerial lidar Evaluation Deployment
Ground radar Evaluation Integration Deployment
LM
Wearable Exoskeleton Conceptual Integration Integration Site
design deployment
SANDIA

Source: Florida International University, 2025.

The US Hanford Tank site has 56 million gallons of radioactive waste that need to be safely
treated for which FIU showcased the robotics used in decommissioning activities. There
are 177 tanks, 149 of which are single shell tanks and 28 double shell tanks, including high-
level waste (HLW). The applications of innovative technologies to address these needs, are
listed below.

Double shell tanks were inspected by a Miniature Rover Inspection Tool, and single shell
tanks’ pipes were inspected by Lateral Gamma Scanner Automated Inspection. Extensive
in-house testing with 3D mock-ups was done to test the Miniature Rover Inspection Tool
before double shell tank inspections. The miniature rover has an Aluminium 3D-printed
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body, with a flexible chassis and control box game controller for double shell tank
inspections. It was equipped with a camera and can sustain up to 150 degrees Celsius heat.
Lateral Gamma Scanner Pipe Crawler’s were also tested in advance at a cold test facility
to go through the entire length of a pipe (e.g. 70 feet vertically, 140 feet horizontally) to
detect radiation. Workers were trained at cold test facility and able to operate robotics in
less than a week’s time.

FIU’s concrete wall repair prototype crawling mechanism is a solution to access ageing,
deteriorating or friable walls, with one-hundred percent remote control. The crawling
mechanism can be used in tunnels, moves vertically, makes ninety-degree-angle-turns and
functions upside down on the ceiling. It is equipped with a sensor to look at iterations of
concrete. FIU is in process of developing spray mechanism to fix concrete surfaces in
current conditions (e.g. type of coating best for ageing concrete, 30 mph winds in tunnel)
to have a representative sample.

FIU also deployed robotics integrated with ground penetrating radar to monitor disposal
cells where radioactive waste is being stored underground to determine erosion or
sinkholes. It is safer and takes less time than manual inspection. Other new robotic tools
include Spot dogs and a handyman for decommissioning tasks with universal arm (e.g.
cutting and grinding).

5.4.3. Conclusion

Innovative technologies can facilitate a range of decommissioning activities on-site,
remotely, supported by Al-training models and supporting knowledge management. They
can be used to do digital facility walk downs with digital twins (e.g. 3D models and digital
environment). Innovative technologies can support the various stages of decommissioning,
including characterisation, inventory, decontamination, size reductions, waste management
and disposal. This includes using high quality 3D point cloud scans with laser beams and
employing virtual reality and augmented reality (VR/AR) for training purposes. Robots can
be used to navigate indoor and outdoor terrain. Digitalisation in the nuclear sector can also
be supported by data post-processed software tools.

Al-driven technologies can be used in nuclear waste identification, classification and
segregation using computer vision. FIU successfully tested the use of remote-controlled
robotic arms to segregate waste that were trained using Al models. With the help of Al,
they established a ‘library’ of objects for robots to identify and were able to grip objects of
various sizes. Generative Al text models can also be used for chat bots, document Q&As,
and document summaries. Documents and legacy documents can be organised, stored and
searched with the help of Al in web-based systems (e.g. deactivation and decommissioning
knowledge management information tool [KM-IT]) and open-source document
summarisation tools (e.g. 2D linear motion tech document summarisation).

Key takeaways on the role of nuclear innovation adoption:

e The use of robots for radiation detection above hot cells is faster and safer than
manual inspection.

e VR/AR can facilitate training for operators safely and away from dose exposure.
e Al training models can be used to support nuclear knowledge management.
e Al-driven technologies are useful for waste identification and classification.

e Higher education initiatives (e.g. fellowships, co-operatives) are beneficial to
nuclear workforce development, attracting young talent to the field.
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5.4.4. 0&A

Queries and audience interventions were made about the practicality of Al-trained models,
the choice of ground penetrating radar instead of drone technology, the mechanics of the
crawling robots, inspection of tanks, protentional customers, the scale and use of
technologies, radiation detection mapping, and waste collection:

— A well-trained Al model, such as the KM-IT, provides a basis for trustworthy data.

— The ground penetrating radar robot is already attached to the concrete surface for
inspection. In any case, a drone cannot inspect the concrete surface; it would have
to fly and then attach to the surface.

— Fan pressure is used to keep crawling robots balanced and stable while climbing
walls.

— Inspection of double layer tanks did not detect cracks but found some white powder.
The next generation of the miniature rover will be able to scrape and take a sample
back for inspection.

— The Co-operative’s robots are TRL3 and TRL4. Potential customers are only
supplied prototypes.

— Sometimes robotics are single use; however, they can also be used in non-nuclear
applications. This is the case with the pipe crawler, which has been used to inspect
the outside of oil pipelines.

— Radiation detection has not yet been done in the field; it has been done in the lab
using point sources. A radiation detection map is being developed.

— Drone technology has been used in sampling, waste collection, and cleaning of
tanks. 3D mapping and data collection of waste has been done with sonar inside of
a tank that determines thickness by breaking the crust and mapping underneath it.

5.5. The use of robotics and remote systems in decommissioning by Vattenfall

5.5.1. Session overview

This session was presented by Nicklas Tjernlund, Senior Specialist for robotic demolition
and decommissioning, at Vattenfall AB (Sweden), with an emphasis on responsible and
sustainable decommissioning. It highlighted the safety and efficiency gains of robotics and
remote systems (RRS) in decommissioning in the Agesta Nuclear Power Plant. Vattenfall
is one of Europe’s largest producers and retailers of electricity and heat fully owned by the
Swedish state, employing over 20 000 people and supplying electricity, heat and gas to
millions of customers. Its Decommissioning Expert Centre is tasked with closing the
nuclear power cycle, taking an industrial site back to its initial use after decommissioning.

5.5.2. Presentation

RRS for the Agesta Nuclear Power Plant, Sweden’s first pressurised heavy water reactor
(PHWR), includes metals cutting and dismantling (e.g. pipes, tanks), concrete
decontamination or removal (e.g. walls, floor, bio shield) and support for decommissioning
(e.g. waste handling, repacking). Its decommissioning started in 2020, with expected
completion in 2025. It has produced approximately 1 800 tonnes of nuclear waste, mainly
for free release or melting. The RRS with the following tools used for all three types of
decommissioning activities are listed below.
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Multi cutters (MC300), tank cutters (TC120) and disc saws (BCS45) are used during
dismantling and are manufacturer-tested before use. The MC300 is used to cut pipes and
beam from a distance (e.g. thinner tanks, packing into steel containers) and removes the
need for scaffolding. The TC120 is used to cut into active waste stainless steel tanks.
BCS45 disc saw and grab and cut saw are both used to cut bigger pipes, dense objects for
waste management or access points in tank, with the BCS45 designed for cutting metal and
concrete at heights.

The BHB455 Hydraulic Breaker is used during dismantling activated or contaminated
concrete, it can also demolish for further access to structures or better waste handling. With
the BHB455, it took six weeks to remove 60 tonnes of activated concrete from the bio
shield.

The DHO4HPX Demolition Grapple is used for supporting activities on pipes, structures
and components during dismantling. It is used for lifting, loading, sorting and repacking
waste, and holding pipes and components (e.g. instead of using chain hoists). It can also be
used for decommissioning works, such as. mounting equipment.

5.5.3. Conclusion

The versatility of RRS in both dismantling and decommissioning is beneficial to the nuclear
industry. Significant efficiency gains are made from the use of robots in dismantling and
decommissioning activities. On average, some robots have proven to be at least three times
more efficient than manual dismantling; see Figure 5.2 below.

Figure 5.2. Dismantling robot with different plants
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Source: Vattenfall, 2025.

The use of robotics also has significant safety gains. Cutting technologies minimise
personnel exposure to vibrations, lessen dose uptake, and almost entirely remove the risk
of crush injuries.
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Further data compiled from Vattenfall on dismantling at Agesta summarise costs (e.g.
operating and capital expenditures [OPEX and CAPEX]) and benefits (e.g. primary waste,
secondary waste, dose uptake) of RRS integration. Further cost savings are gained by the
elimination of scaffolding and personal protective equipment (PPE). The cost-benefit
analysis is summarised in Figure 5.3 below.

Figure 5.3. Cost-benefit summary of safety and efficiency gains due to RSS
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OPEX: sorted wastes
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Source: Vattenfall, 2025.
Key takeaways on the role of nuclear innovation adoption:
e RRS can remove certain risks completely from nuclear decommissioning.

e Proven use of RRS in decommissioning and waste handling projects allows a more
agile approach to the work ahead, improving the capacity to meet uncertainties.

e The use of conventional and robust systems in decommissioning has a bigger
impact on the overall safety and cost compared to specialised and niched systems.

As aresult, policy considerations include the following:
e Responsible decommissioning contributes to sustainability.
e Decommissioning can be used as a testing/licensing area of RRS as there is no
reactor safety to consider in comparison to operational plants.
5.5.4. 0&A

Queries were made about Brokk robots, off-the-shelf versus custom development,
challenges accessing rooms, the synergy of using humans and robots together and the cost
of site reduction:

— A conventional robot has robustness. It will never be tested in nuclear
decommissioning to the same level as in industrial dismantling. Therefore, if it
withstands the rigid conditions of conventional demolition, it is suitable. There are
also many manufacturer choices.
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— Grab and cut tools were customised, but all other tools shown were off-the-shelf.
The niche nature of the market can be a challenge for developing customised
robotics, as it is cost and money driven.

— The robots are quite nimble and can access rooms 1.2 metres high. Depending on
the model, the robots can access rooms as small as at 60 x 100 centimetres high.

— The fundamental purpose of using robotics is to help humans do as little hard and
dangerous work as possible. Humans are great at small and complicated things;
robotics can be used for bigger things.

— Most volume reduction can be done on-site but has a cost-time trade-off. It is
dependent on time, the area at the decommissioning site, and if waste handling areas
at the site are full.

5.6. Innovative handling system for graphite core dismantling

5.6.1. Session overview

This session was presented Riccardo Chebac, CEO and Co-founder of GraphiCore (Italy),
featuring innovative technology for removing graphite from nuclear reactors as an
alternative to traditional methods used since the early 1990s. GraphiCore is a small startup
specialising in graphite block removal.

5.6.2. Presentation

GraphiCore highlighted the need for a safe retrieval method for irradiated and damaged
graphite blocks in over 100 graphite reactors worldwide. The irradiated graphite stockpile
is accumulating and remains an unresolved issue, with more than 40 graphite-moderated
reactors to be shut down by 2040. Graphite removal poses challenges as graphite is fragile,
has been oxidised, and is very slippery.

Traditional graphite removal technologies such as hydraulic splitting, drill and tap,
underwater and nibble and vacuum have varied results regarding the safety, cost and speed
of the technologies. This is exacerbated in cases where blocks are clogged or deformed.
GraphiCore’s proprietary suction cup technology puts less stress on graphite, while
increasing the lifting capability up to 17 times more than traditional systems. Furthermore,
by putting the graphite in a compressive state, it inhibits crack propagation and therefore
works on normal, broken, or damaged graphite, unlike previous methods.

This technology is developed as a standalone tool capable of connecting to several lifting
systems (robotic arms, cranes, etc.), and the design of its end-effector enables easy tailoring
for different reactor designs. It has the highest recorded lifting capacity, with early mock-
ups capable of lifting up to 175 kilogrammes of graphite, only latching onto the internal
channel of a Magnox block. The early design of the proprietary suction cup design
increases lifting capability while maintaining safety and structural integrity, as
demonstrated in Figure 5.4 below.
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Figure 5.4. Graphite lifted per number of suction cups
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Internally, air is pushed within the reactor to avoid graphite dust from clogging the system.
It does not pull graphite dust out of the reactor due to the compressed air system. It also
includes a failsafe mechanism in case of unexpected loss of electricity.

5.6.3. Conclusion

GraphiCore’s advanced spike design suction cup increases the lifting capability by 17 times
and maintains the safety and structural integrity of the graphite. It is a proven, scalable
solution to removing graphite blocks in reactors. GraphiCore’s grabbing unit can lift
graphite blocks safely using vacuum technology with low risk of grip failure.

From both an efficiency and safety perspective, less operator intervention is needed, and
only high-level supervision is necessary. There is no increase in graphite temperature
during dismantling and decommissioning (D&D) operations, minimising the risk of
hazardous Wigner energy release.

Key takeaways on the role of nuclear innovation adoption:

e The grabbing unit prototype has been validated in a relevant environment (e.g.
currently TRL6, TRL7 expected July 2025).

o Working with already proven technologies can expedite processes (e.g. tech from
outside nuclear sector as well).

e Software can pose greater challenges than hardware.

e Different national regulations can create inefficiencies in international
collaborations.

e Lack of standardisation in waste classification and disposal strategies is a challenge.
As a result, policy considerations include the following:

e A holistic, innovation-driven approach to decommissioning is needed.
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e Policies often favour caution, which can drive up costs without ensuring improved
safety.

e Incentive structures are lacking for cost-effective decommissioning solutions.
e Faster approval frameworks are needed for proven technologies.

e Inspiration for using innovative technologies in the nuclear sector can come from
other industries (e.g. oil and gas).

e Incentives are lacking for innovation in decommissioning.
e Regulations lag technological advancements in automation and remote handling.
e (Global standardisation is needed for better international co-ordination.

e Knowledge management and workforce planning need improvement.

5.6.4. 0&A

Queries were made about the angle dexterity of the tool, independence ratio of the suction
cups, customisation, working with national decommissioning authorities, and testing the
unit in a radiation environment:

— The GraphiCore handling unit has 360-degree mobility, which is dependent on the
arm rather than the end-effector. It can be tilted at a ninety-degree angle to load into
baskets or turn and lift containers.

— There is a level of independency of the suction cup supply to a failure point. Each
arm has its own vacuum line, by design, but does not have a one-to-one ratio of
dependency of all suction cups. Future iterations may have this capability
depending on geometric constraints.

— Suction cups expand in the channel and can be changed. Limitations include the
tubing, but for graphite reactors this poses less of a problem.

— GraphiCore is currently in talks with several national decommissioning authorities.

— All components are metal, and suction cups can be changed depending on
requirements. Standard suction cups use 1 000 Gy of dose and are easily swapped
out. Silicone based suction cups can go up to 100 000 Gy and are cheap to maintain.

5.7. Technology development and application to support recycling of radioactive
materials

5.7.1. Session overview

This session was presented by Tim Milner, Chief Technical Officer (CTO) of Energy
Solutions (United States), focusing on innovative technologies supporting the recycling of
low-level waste (LLW) for a sustainable approach to nuclear decommissioning. Energy
Solutions identified four types of technologies — enabling, disruptive, transformative and
digital — to take a holistic approach in the management of nuclear waste and
characterisation.

5.7.2. Presentation

Enabling technologies that are currently in Energy Solutions’ patent portfolio address
decontamination, sorting and segregating, size reduction and liquid waste processing
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(LWP). LWP applications include ion exchange (IE), reverse-osmosis (RO), ultra-filtration
(UF), spectral energy distributions (SEDS), advanced liquid processing systems (ALPS)
and high integrity containers (HIC). Other technologies include remote tooling/robotics,
digital twins, steam reforming, metal melting and waste containers and transportation.

Energy Solution’s disruptive technologies include robotics and automation, waste
valorisation, electrowinning, ion selective media, computation reaction modelling, thermal
destruction of organics, innovative chemical flowsheets, additive manufacturing, and laser
cutting/decontamination.

Energy Solutions has a wide range transformative, sustainable technologies. These include
high value metal recycling (e.g. electric vehicle (EV) batteries), rare earths from waste (e.g.
Ce, Nd, Sc), medical isotope harvesting from nuclear waste. It also includes ionic sieving,
photovoltaics (e.g. Ni63, Pu241, C14 batteries), radio-thermal generators (e.g. Mars
mission), carbon capture/credits from recycle, fusion energy waste management, and small
nuclear reactors (SMR) (e.g. D&D and waste management/recycle).

Energy Solutions identified the following digital solutions for D&D and waste
management: drone point cloud data (e.g. digital twins), machine learning (e.g. Al),
paperless manufacturing; VR (e.g. mock-ups), VR augmentation (e.g. Hololens), and Al
sort and segment.

5.7.3. Conclusion

Recycling has the potential to offset decommissioning costs, of which waste management
makes up a third of the cost. Energy Solutions identified the potential for LLW as a valuable
commodity that can be reduced and recycled. Energy Solutions proposed examples of
where it can be repurposed for needs in aerospace, radiopharmaceutical, automotive, EV
batteries, particle accelerators and concrete backfill. Activities such as large component
metal mining in one steam generator from a PWR have enough metal to produce 250 cars,
and enough nickel for 100 EV batteries, resulting in between a 600- and 1 500- tonne carbon
footprint reduction. Harnessing these materials could support sustainable growth going
forward.

To advance these efforts, the role of building partnerships to deliver sustainability globally
is key but challenging due to differing international positions on the safety and viability of
recycling nuclear waste. Some US companies, such as Energy Solutions, are taking
initiatives towards the recycling mission in the nuclear industry. Both the public and private
sectors in France are also taking initiatives. The cost benefits of innovative technologies
are not negligible. Energy Solutions determined 70% of enabling technology maintains
revenue, 20% of disruptive technology improves revenue and 10% of transformational
technology transforms revenue.

Key takeaways on the role of nuclear innovation adoption:
e Decommissioning can become a valuable source of scarce resources.
e Recycling is part of the positive closure of the nuclear power plant life cycle.
o Stakeholder and regulators need strengthened relationships.
e The mindset change towards recycling is a big challenge.
As a result, policy considerations include the following:
o C(Creating a paradigm shift in the back-end of the nuclear industry is needed.

e Through recycling, money is spent on “creating an asset” not “reducing a liability”.
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e Recycling in nuclear can deliver on sustainability, the circular economy and
contribute to carbon footprint reduction.

5.7.4. 0&A

Comments and queries from the audience pertained to differences in the United States and
international attitudes towards recycling, concerns around the reality of a mindset and
paradigm shift and the challenges posed by different international frameworks:

— Data on material reuse in the United States are useful to compare internationally. It
is challenging, but Energy Solutions is bringing in regulators and working with
small and medium enterprises (SMEs) for technologies used in characterisation.
This is one of the biggest challenges Energy Solutions is addressing.

— There is hope that the mindset will change in recognising the rare isotypes that are
currently discarded as nuclear waste. In the United States, since the 1970s, there
has been a moratorium on reprocessing, which is at present politically
unacceptable. People are beginning to recognise that the stable future of nuclear
energy is going to be somewhat dependent on reprocessing because of the inherent
value of spent fuel. Energy Solutions has spoken with small-scale reprocessing
startups and is even looking into what can be harvested from HLW.

An audience member commented on the challenges posed by different frameworks citing
the foreseen difficulties with regulators, particularly that civil society that does not believe
this method is safe. From a sustainability perspective, recycling in nuclear energy makes
sense and is profitable. However, it is difficult to make an argument in favour of recycling
waste as it does not make sense to civil society or to regulators when safety comes first.
The presenter responded:

— A paradigm shift is not easy or straightforward. There are a lot of moving parts
coming together which provide an opportunity for a mindset change, but it still
remains a challenge.

— Atpresent, Energy Solutions only melts and recycles back into the nuclear industry.
In Europe, it is more acceptable to release into the open metal market than it is in
the United States, but going further will necessitate a strengthened relationship with
regulators, stakeholders and the greater public. To quell public concern, recycling
is being explored for reuse in the nuclear industry.

— New technology in additive manufacturing allows for new opportunities.
Historically, melting was restricted to what contents a mould could fit and then
posed an additional challenge in characterising the solid piece of metal. Additive
manufacturing now makes powders, which can be characterised and repurposed
much more easily.
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6. Behind the technology: Human factors

Humans and robotics working together in hazardous environments can improve human
safety conditions and extend access to otherwise unreachable terrain. Human oversight and
the development of adaptive safety solutions are key to ensure safe and efficient operations.

This chapter discusses the integration of humans and autonomous systems in deep
geological repositories (DGRs) for activities such as backfilling operations and the use of
wearable robotics in deactivation and decommissioning (D&D) operations. It explores
workforce augmentation through robotic integration and safety improvements provided by
wearable robotics.

6.1. Unifying humans and autonomous systems: Meeting innovation challenges in
deep geological repositories

6.1.1. Session overview

This session was presented by Heikki Laitinen, Area Manager of Production and
Operations at SKB International (Sweden), focusing on innovative technology applications
in deep geological repositories (DGR). The presentation focused on the practical
integration of Autonomous Mobile Robots (AMRs) with human expertise at the Forsmark
Nuclear Power Plant.

6.1.2. Presentation

SKB identified the longstanding role of robotics in backfilling DGRs to handle tasks that
are difficult and unsafe for manual labour and how their continuous improvement and
integration has made significant safety and efficiency gains at Forsmark. This includes
precision required for installations, the weight of bentonite blocks, and the sheer volume of
material to handle. At the Forsmark DGR, there are two distinct operational zones for
automated and manual labour. In the automated section, tasks can be carried out by AMRs
to precisely install, buffer, and backfill bentonite blocks and to depose canisters containing
nuclear fuel. The manual labour section is dedicated to tasks that expand and enhance the
repository’s overall capacity. As a result, SKB developed a safety alternative to traditional
gated safety zones (e.g. in dynamic/integrated environments) and uses multiple advanced
technologies working collaboratively (e.g. real-time monitoring systems, co-ordinated
operational protocols, adaptive safety mechanisms).

In practice, challenges included tracking people, vehicles and machines in near real time.
As a result, a radiofrequency identification-based (RFID) resource and asset tracking
system was developed, enabling workers to safely avoid active robotic work zones. A fleet
control system was developed to prevent large manually driven vehicles and autonomous
vehicles from encountering each other in intersections or confined spaces. The human
machine interface (HMI) of the fleet control system is simple and clean and allows the
operator to interact with and monitor the status of each AMR. AMRS' driving behaviour is
automatically adjusted based on task priority and the operator can take remote control of
any vehicle, if needed. Additionally, an early warning signal was implemented to notify
central operators if mobile robot cells had been breached by people entering the zone. The
technologies used have a user-friendly interface and a low learning curve for operators.



68 | NEA/DLM/R(2025)3

6.1.3. Conclusion

Integrating humans and autonomous systems is essential for the safe and efficient operation
of DGRs. Autonomous robotic systems consistently achieve the required precision, manage
heavy loads safely, and operate continuously, significantly boosting productivity and
reliability, contrary to human performance. The use of robotics in DGRs improves
operational efficiency and enhances worker safety by reducing direct exposure to
challenging conditions. Integrating robotics into backfilling operations ensures high-
quality standards are consistently maintained, which is crucial for the repository’s long-
term structural integrity and environmental safety.

The role of human oversight is key in understanding the needs and processes of a DGR.
Success relies on holistic planning, adaptive safety solutions, stakeholder co-operation, and
a strategic approach to industrialisation. Future innovations should emphasise
standardisation, user acceptance, flexible safety solutions, and continuous learning to meet
evolving operational needs and ensure long-term operational success.

In a DGR, it is not possible to fully automate processes. Human intervention and oversight
are still required. A human factors engineering (HFE) analysis is always necessary to
ensure systems are designed for safe and efficient human-machine interaction. Technology
uptake is slow, and humans can still be wary of technologies such as RFID systems and
Al-cameras. Prioritising human-centred design can promote user acceptance and reduce
resistance to technological change.

Key takeaways on the role of nuclear innovation adoption:

e Proactive training and education can accelerate technology acceptance among
personnel.

e Human judgement remains crucial in handling unforeseen situations.

e C(Clear roles and responsibilities between humans and robots enhance operational
safety and efficiency.

e Innovation thrives on cross-sector knowledge transfer and partnerships in
technology development can keep costs down and prevent redundancy.

e Developing standardised, open communication platforms can facilitate seamless
data exchange among diverse robotic and human-operated systems.

e Invest in adaptive safety mechanisms with adaptive, Al-driven approaches that
dynamically respond to changing operational scenarios.

e Involve multidisciplinary teams early on to ensure comprehensive input and
stakeholder alignment throughout development.

e Create feedback loops and iterative development cycles to refine automation
strategies continuously based on real-world operational data.

As a result, policy considerations include the following:
— Clear implementation codes can improve standardisation (e.g. SIS-ISO/TR 20218-
1:2018 Part 1, SIS-ISO/TR 20218-2:2017 Part 2).
6.1.4. Q&A

Queries and comments from the audience pertained to how AMRs would handle
underground fire accidents, environmental safety assessments (e.g. contingency of backfill
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buffer well-placed) and the relationship needed with regulators to provide reassurance that
AMRs operate reliably:

— The likelihood of fire is combatted using electrical vehicles with certain battery
technology (e.g. Manganese batteries), which do not have thermal properties to
catch fire.

— As a matter of long-term safety, SKB works with the Swedish Radiation Safety
Authority (SSM), through a programme demonstrating methods, use and licensing.
Extensive modelling is done and provided to authorities (e.g. canisters underground
for 100 000 years) and presented in preliminary safety analysis reports.

— Backfilling is less concerning for the long-term than the buffer safety, which is also
done with AMRs. They are licensed by SSM, made iteratively working with the
Aspd hard rock laboratory where tests are conducted at full life size scale. 200 full
scale tests of depositing capsules, installing buffers, etc., have been done and then
trialled for six months.

6.2. Wearable robotics, human machine interface, common failures

6.2.1. Session overview

This session was presented by Jason Wheeler, R&D, Advanced Field Operations, of the
Department of Energy (DOE) (United States), on the use of robotics for deactivation and
decommissioning (D&D) operations. It outlined the safety and efficiency gains for
wearable robotics, and experiences using robotics in characterisation, mapping, and
automation at the Waste Isolation Pilot Plant (WIPP) and Oak Ridge National Laboratory
(ORNL).

6.2.2. Presentation

Through a consortium of partners and Sandia National Labs, the DOE created wearable
robots to enhance worker safety and efficiency (e.g. site task identification, field testing
and deployment, wearable device evaluation, custom development). Robotic tools were
used for small pipe inspections (e.g. two- to three-inch-long, bending pipes, checking pipe
integrity) and automated non-destructive assays (NDA) of waste containers. Robotics were
used to perform rock bolt monitoring and were used in characterisation and mapping.
Applications of these innovative technologies are listed below.

The DOE-EM tests exoskeleton as closely as possible to real life applications, with relevant
PPE to assess device compatibility and effectiveness. This includes testing motion capture,
on treadmills, metabolic measurement, Electromyography (EMG) and surveys.

Digital twins are used to virtually navigate large facilities with hazards (e.g. environmental,
structural damage, standing water, etc.) using light detection and ranging (LiDAR) scanners
with simultaneous localisation and mapping (SLAM). Unmanned ariel vehicles (UAV)
with cameras equipped with LiDAR were able to collect several scans and stitch together
images to survey areas that are prohibited to personnel due to concerns about structural
integrity.

The DOE used two complementary approaches of box mounted systems, and mobile
robotic bases were used for NDAs. The B25 box mounted system requires minimal
perception, is relatively simple, can address 75% of surveys and needs to be mounted to
box by workers. Mobile robotic bases are adaptable to many container sizes and shapes and
do not need to be mounted to a container.
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Robotics supported by machine learning were used as an alternative to manual counting of
rock bolts (e.g. time consuming, ergonomically stressful, prone to human error) in rock bolt
monitoring. Images were collected by a cart with lights and cameras and stitched together
with photogrammetry. The images were fed through a machine learning model to identify,
classify and count rock bolts.

6.2.3. Conclusion

Robotics can provide solutions to hazardous, repetitive and complex tasks in the nuclear
back-end. They can also be a response to the ageing workforce in a field that is struggling
to attract new talent. Innovative technologies provide customisable solutions to unique
challenges on site, as there are very few “one-size-fit-all” solutions in D&D operations.

There are significant safety and efficiency gains with the use of wearable robotics, as
robotics and automated systems have proven to be more successful completing repetitive
tasks than human operators. The use of robotics supports surveys, improves mapping and
characterisation, allowing access to hard-to-reach or unsafe locations. The use of
innovative technologies, specifically digital twins, exoskeletons and UAVs with LiDAR
and SLAM technologies, have improved efficiency and allowed access to on-site locations
unsafe for humans. Robots have proven useful in underground applications such as mine
rescue, emergency response/monitoring security, and mine operations.

With the emergence of robotics in new applications in the nuclear back-end, it is critical to
ensure the workforce can perform work safely, alongside technology. While robots are
making an impact, human workers will be needed for the foreseeable future.

Worker safety is a key consideration in any new technology development. As sites become
more comfortable in niche applications, broader use will become likely as technology
matures. However, robotics still have communication, perception and navigation
challenges that require human oversight and intervention. Environmental clean-up work
often involves performing a wide variety of tasks in uncontrolled environments which is
hazardous to workers. While PPE is effective at mitigating exposure to hazards, internal
musculoskeletal issues can cause injuries and health hazards for workers.

Key takeaways on the role of nuclear innovation adoption:

— Robotic tools play an important safety role in the nuclear back-end (e.g. initial
deployments, repetitive and/or dangerous tasks).

— Wearable technologies can reduce repetitive strain injuries.

— Practical barriers to integrating wearable technologies are high, contributing to
slow uptake of wearable technologies.

— Innovative technologies allow access to previously inaccessible places that pose
safety threats to workers, removing workers from hazards.

As a result, policy considerations include the following:
— Worker safety is a key consideration in any new technology development.

—  Workforce augmentation is achieved through robotic integration.

6.2.4. 0&A
A query was made about the regulations around wearable robotics:

— The emerging regulations of wearable robotics are nascent and not yet well-defined.
Within the DOE, there are questions around whether they should have their own
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specific regulations or if they should be treated as PPE. This would affect how they
are defined and categorised, and whether PPE guidelines could be applicable. The
challenges of wearable robotics not fitting the classic definition of PPE further
complicates considerations and approval within the current safety mindset.

Lack of data collection on the benefits (e.g. rarity/reduction of injuries) and
potential detriments (e.g. wearables causing injury, fatigue, strain on body) makes
it difficult to quantify safety gains at this stage.
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7. Digitalisation and cybersecurity

Leveraging new technologies, especially artificial intelligence (Al), in the nuclear back-
end elicits cybersecurity challenges. This chapter covers approaches to mitigate
cybersecurity risks and explores the results of simulated physical and cyberattacks on
robotics used on nuclear installations. It also explores the potential application of machine
learning to influence robotics behaviours for improved cyber and physical security.

7.1. Understanding how cybersecurity can keep us secure while leveraging new
technology

7.1.1. Session overview

This session was presented by Rob Nichol, Operational Technology Security in Design
Capability Lead at Sellafield Ltd (United Kingdom). The presentation highlighted the
importance of mitigating ever-growing cybersecurity risks and detailed Sellafield Ltd’s
approach to reducing cybersecurity threats.

7.1.2. Presentation

Sellafield Ltd highlighted the importance of accompanying the deployment of new
technologies with anticipating cybersecurity risks. It identified bad actors, indirect threats
and cyberattacks as the three main types of threats to nuclear installations. Sellafield Ltd
identified the ever-growing “cyberattack surface” as an inevitable result of integrating
robotics in the nuclear back-end. Sellafield Ltd cited examples of vulnerabilities and
unintended consequences of technologies such as compromised remote control and data
gathering systems, wireless vulnerability due to greater connectivity, and the possibility for
Al models to be tricked into yielding false results.

Sellafield Ltd highlighted the difficulties in anticipating and assessing cyber risks
compared to safety risks (e.g. in Risk = Probability x Consequence equation, probability is
replaced by vulnerability). As probability is difficult to quantify, Sellafield Ltd instead
looks at vulnerability (e.g. threat, exposure, users) against consequence (e.g. nuclear safety
impact, conventional safety impact, operational impact). See Figure 7.1 below.
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Figure 7.1. Consequence considerations of innovative technologies
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Source: Sellafield Ltd, 2025.

Confidentiality, availability and integrity are also considered in scenarios that raise
questions surrounding liability, accidents (e.g. injury or death) and danger (e.g. release of
radioactive material). These potential threats are the result of increasing use of robotics and
Al shortcomings, which can include colliding with an operator, wrongfully identifying
waste, or dropping materials.

7.1.3. Conclusion

With an increasing prevalence of robotics and Al in the nuclear back-end, there is a greater
potential for cyberattacks and unintended consequences. There are a host of cybersecurity
vulnerabilities to consider (e.g. bad actors, indirect threats, cyberattacks). Bad actors
include hostile nation-states, threat groups, hacktivists, script kidders and insider threats.
Indirect threats include collateral damage, supply chain vulnerabilities, and an overall lack
of cyber awareness from operators and employees. Some cyberattacks include, but are not
limited to, ransomware, malware, denial-of-service acts, man-in-the-middle attacks, signal
jamming, unauthorised access, manipulation of set points, variables or other settings.

Three main options to mitigate cyber risks exist: applying security controls proportionate
to the risk, reducing exposure or limiting users and reducing the consequences. Sometimes
it is necessary to implement a combination of all three, but they too carry risks. Higher risks
require more security controls which have an inherent cost and could disrupt operation of
system. Reducing exposure means limiting access and functionality and may mean a new
technology will not be leveraged to its full potential. Reducing the consequence of a
cyberattack relies on independent systems that could be susceptible to cyber compromise.

Key takeaways on the role of nuclear innovation adoption:

— The threat against operational technology (OT) systems is growing and will
continue to grow.

— More easily accessible data through connected infrastructure using Al means a
heightened risk.

— Cybersecurity teams need to collaborate with the teams deploying new
technologies.
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— Understanding risk and its components is the most appropriate way to reduce risk.

— Simple engineering measures can be better than overly complex cyber controls.
As a result, policy considerations include the following:

— Early systems cyber risk assessment should be conducted with cyber teams.

— Cyber should be considered as a safety initiator in safety assessments.

— Early risk identification during design phase can allow for better cyber-risk
mitigation.

— It is crucial to protect the independence of systems so they cannot all be
compromised simultaneously.

7.1.4. 0&A

Queries were made about challenges regarding Sellafield Ltd’s approach to cybersecurity,
safety and security controls risks (e.g. tampering, passwords too many controls/checks):

— A lot of Sellafield Ltd’s approach to cybersecurity is likened to the approach to
safety. Deploying new technologies is done similarly to a safety application — with
the goal to build up confidence with proven use and to keep it within the agreed
upon risk tolerance framework.

— There is a benefit that some existing systems, that did not initially consider cyber
risks when they were designed, are still safe from cyber threats.

— The balance between security and behaviour needs to be achievable and accessible
for many different types of users. For example, a Sellafield Ltd control system was
broadcast on UK television and it showed a control room that had a password taped
to a monitor. Although this was not sensitive or confidential, it could have posed a
security risk (e.g. password should be in a secured location and the control room
layout was exposed/could be hacked).

7.2. Robot-assisted online monitoring system and cybersecurity of nuclear facilities

7.2.1. Session overview

This session was presented by Dr Fan Zhang, Assistant Professor at the Georgia Institute
of Technology, (United States) focusing on cybersecurity challenges posed by the digital
transition and artificial intelligence (AI) technologies. It presented the results of simulated
cybersecurity attack test cases and identified the role of machine learning to anticipate new
and combined cybersecurity attacks.

7.2.2. Presentation

The Georgia Institute of Technology’s research identified potential cybersecurity gaps in
nuclear power plant’s infrastructure, specifically the insufficiency of air gaps (e.g.
removable media, insiders, advanced reactors with autonomous control and remote
operation). It cited the dangers of previously perpetuated cyberattacks that serve as a basis
for understanding the new types of increasing threats in the cybersecurity landscape. It cited
the 2003 Davis-Besse Nuclear Power Plant Slammer Worm attack on a process control
network that rendered safety parameter display systems inaccessible to operators. It also
cited the 2010 Stuxnet attack to Iranian nuclear enrichment centrifuges which destroyed
984 centrifuges with malware from a USB drive.
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The Georgia Institute of Technology performed cybersecurity testbeds, cyberattack
scenario development and did attack detection and mitigation with three components (e.g.
experimental facility, control system and local area network [LAN]). Figure 7.2 shows an
overview.

Figure 7.2. Cybersecurity solution platform
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Source: Georgia Institute of Technology, 2025.
The results of simulated cyberattacks are listed below.

Combinations of different cyberattacks were applied to test the security of the network.
One test ran packet sniffing with man-in-the-middle (MITM) and denial of service (DoS)
by a spoofed Internet Protocol (IP) and pack flooding to determine ability to respond to
concurrent and subsequent attacks.

An auto associative-support vector regression (AASVR) machine learning model was used
to perform a sensitivity analysis of how well a model can make correct predictions of
variables when faulty variables are introduced to the model. The malicious code was
detected quickly.

Three autonomous robots were tested against each other for task planning efficiency.
Robots were assigned different priorities and different tasks (e.g. Robot 1 took valve
position and measurement, Robots 2 and 3 checked pressure and temperature), then tested
for trajectory optimisation (e.g. prioritisation, time, battery usage).

A 3D nuclear power plant digital twin was developed in Unreal Engine, a real-time 3D
creation tool, that can support robot planning, VR/AR and teleoperation. It tested a
quadruped and drone in 3D nuclear power plant simulator with wireless communication to
the robot and remote controller.

7.2.3. Conclusion

Malicious attacks can come from both inside and outside threats, and do not always require
an internet connection. Information technology (IT) and operational technology (OT) need
to work together closely to ensure the highest level of cybersecurity. Since attackers can be
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both internal and external, combining IT and OT provides more comprehensive situational
awareness to stave off cybersecurity risks.

The Georgia Institute of Technology’s simulations determined the importance of process
data which provides an additional detection layer (e.g. cyber data-based IDs may detect the
attack, malicious IPs can be removed). It is therefore important to integrate the process data
into cybersecurity.

Key takeaways on the role of nuclear innovation adoption:

— Cybersecurity is a pressing challenge with the implementation of digital and Al
technology in nuclear power plants.

— Robot-assisted operation can improve efficiency and offset human presence in
hazardous environments.

— Robot-assisted online monitoring and diagnostic decision-making systems can
improve the accuracy and reduce the cost of nuclear energy.

— New challenges arise in wireless communication and cyber-physical security (e.g.
if robot manipulator is physically attacked).

As a result, policy considerations include the following:

— Cybersecurity for robots is an area of ongoing research.

7.2.4. 0&A

A query came from the audience regarding threat assumptions being both internal and
external:

— The research assesses both insider and outside attacks to the industrial control
system. It monitors the network and the process data. For example, if an insider
threat has access to the network (e.g. understands the network and malicious
activity does not raise flag to machine learning model), and intends to change the
process, it can be caught with the layer that monitors the process data.

7.3. Towards safe and secure use of robots in nuclear

7.3.1. Session overview

This session was presented by Levente Nyusti, Engineer at the Institute for Energy
Technology (IFE), Norway, through the lens of its HADRON framework (Hazard Aware
Digitalization & Robotics in Nuclear & Other Domains), which integrates Al, physics and
robotics to enhance safety and automation in hazardous environments. It focused on the
associated risks of robots used for autonomous inspection (e.g. physical and cyberattacks)
and highlighted the cybersecurity shortcomings of the commonly used quadruped Spot
(Boston Dynamics), and the use of machine learning to train behaviours.

7.3.2. Presentation

IFE identified a threat landscape for autonomous robots and then implemented cyber and
physical attacks against the quadruped, Spot. It assessed the quadruped’s ability to react to
common attacks associated with use during decommissioning activities. The threat
landscape is detailed below in Table 7.1.
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Table 7.1. Threat landscape table for mobile robots

Type of attack Physical attack Cyberattack

Malware X
GPS spoofing

Packet injection

Denial of service (DoS)
Information theft

Buffer overflow

lllegal authorisation

Man-in-the-middle attack (MITM)

X X X X X| X X

Harm to robot
Obstructing robot's path
Theft

Physical harm

x| X x| X X

Physical damage to properties

Surveillance X

Source: Institute for Energy Technology, 2025.

IFE tested Spot against MITM and DoS cyberattacks, as well as its ability to withstand
harm, obstructions to its path and physical attacks. After Spot failed the trials of physical
and cyberattacks, IFE contacted the manufacturer, Boston Dynamics, to alert them to
Spot’s security shortcomings. IFE identified mitigations for MITM attacks as static address
resolution protocol (ARP) tables, and for DoS attacks, protected management frames. The
company’s customer service was quick to respond but technical support has not followed
up, in over two years’ time, to rectify these issues.

Using machine learning, IFE was able to identify attacks with a 97.5% success rate (e.g. 39
out of 40 attacks detected). Path obstruction had a 40% success rate (e.g. four out of ten
attacks detected). In cyberattacks, machine learning yielded a high detection rate of attacks
and the model was able to identify anomalies.

7.3.3. Conclusion

The use of robots for autonomous inspection, environment monitoring and safe
decommissioning activities leads to increased safety (e.g. reduced human exposure),
optimised operations (e.g. increased efficiency, predictive maintenance), and regulatory
compliance (e.g. supporting risk assessment and validation). However, autonomous robots
can be undermined by attacks.

Anticipating and detecting cyber and physical attacks is crucial to use robots in a safe and
secure autonomous manner. Mobile robots have access to a lot of confidential data,
including information about the site, physical security measures and systems used. Often,
case of use is prioritised over cybersecurity, which leads to missing security features in
robots. This is crucial considering the vast application of innovative technologies in the
nuclear back-end in activities such as:

e nuclear decommissioning and waste management (e.g. remote operations, radiation
monitoring, digital twin-based planning);
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radiation protection and shielding design (e.g. Al-powered risk assessments, Monte
Carlo simulations);

Al and robotics for operations (e.g. autonomous robots for inspection, maintenance,
radiation mapping);

emergency preparedness and safety planning (e.g. real-time hazard detection,
predictive analytics, XR-based training); and

building information modelling (BIM) and digital asset management (e.g. Al-
driven maintenance, structural monitoring, and life cycle optimisation).

During testing, IFE determined Spot lacked the capacity to withstand a MITM attack,
where communication is infiltrated by an attacker pretending to be a trusted device. Spot’s
software also is not equipped against deauthentication attacks, where it intentionally
disconnects from the network. IFE determined it does not support the newest protocols, as
the management frames are not encrypted. In addition, during physical attack, Spot does
not send an alert to the operator that an attack is ongoing. When the robot’s path has been
obstructed, it cannot circumvent the object. It will abort mission and return to start, leading
to mission cancellation and/or sabotaging the mission.

Key takeaways on the role of nuclear innovation adoption:

Robots can be manipulated, which might result in safety incidents (e.g. if
quadruped falls downstairs, it damages itself and/or other materials).

Favouring ease of use over security leads to cybersecurity vulnerabilities.

Is it unclear whether it is the responsibility of the end user to ensure security
mechanisms are present and active.

It is possible to deploy live attack detection systems.

Machine learning is capable of detecting cyber and physical attacks.

7.3.4. 0&A

Queries and audience interventions pertained to the challenges of working with the
manufacturers, data collection and how to better collaborate:

Spot is continuously being updated but is based on the company’s priorities. Static
ARP tables have not yet been integrated and protected management frames did not
work. Boston Dynamics maintains that protected management frames are
functional and have identified their failure as a software bug. It is unclear whether
or not the bug has been fixed.

Data are collected with Spot API and Spot SDK.

There need to be stricter requirements for robot manufacturers in critical
applications for both the usability of the robot and the security of the system.
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8. Safety considerations for automated and Al technologies

The use of Al and autonomous robotic technologies in nuclear decommissioning and waste
management underscore the importance of intelligent human oversight to ensure safety.
This chapter explores the levels of autonomy of robotics, the impact Al has on safety
standards and guidelines, and the relationship between levels of autonomy in relation to
regulatory oversight.

It features insights from a diverse panel, as well as expert audience interventions, on the
use and integration of Al related to safety in nuclear decommissioning. It provides
international perspectives and experience from regulators, robotics developers and
industry. Topics include the importance of developing Al skills, understanding potential
issues related to Al, and the need for clear and stringent guidelines as human oversight of
highly automated systems becomes increasingly pertinent.

8.1. Introducing autonomous robotic technologies to safety-critical industries

8.1.1. Session overview

This session was presented by Ceasar Contreras of the Extreme Robotics Lab at the
University of Birmingham (UoB), United Kingdom, focusing on the integration of
autonomous robotics driven by artificial intelligence (AI). It demonstrated robot
applications with human-supervised autonomy, shared control and variable autonomy in
grasping objects in the nuclear back-end.

8.1.2. Presentation

The Extreme Robotics Lab presented their latest technologies with varying levels of robotic
autonomy in grasp planning. They are listed below.

Vision-guided autonomous grasp planning is both model-free and learning based. The fully
autonomous Al/learning-based vision-guidance is able to grasp previously unseen objects
and the human-supervised technology with “operator assistance” uses a point cloud
emulating human grasping behaviour.

Local contact movement matching (LoCoMo) is open source, model-free and learning-free
autonomous grasp planning. It captures all data points, has dimensions of the gripper and
compares possible positions. In two and a half seconds, it can identify 1 500 grasp
candidates, varying based on resolution of the point cloud. It becomes faster for the system
if changed to the sphere view and does continuous comparison until something matches the
tool’s geometry.

The Haption controller, a robotic arm haptic device, uses shared control by combining
autonomy with human-in-the-loop. With the point cloud, it integrates the human approach
to different positions (e.g. finds closest object to the gripper and attracts it). In robots
without Al, users are unaware of what the controller is doing. Robot activities are pre-
planned and guided by a human. The robot can anticipate human command and avoids the
issue of singularity.

The classic method of semi-autonomous cutting can be used on contaminated steel in
radioactive hot cell. It does cut-path planning and virtual cutting in a digital twin prior to
the real cut. Semi-autonomous cutting uses point clouds, which allow the user to intervene,
if necessary (e.g. change positions, select distance, speed, determine which points are
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feasible/not feasible for the system). It does an autonomous scan, then the user selects
points for the intended task. This is also applied to real cutting with a real-time synch digital
twin.

The robotic arm haptic device uses part of the robot and mini model of the point cloud of
the scene. The human teleoperates a remote robot but receives haptic cues from the
autonomous motion-action planner to ensure that a correct path is followed. If the user
deviates, a new path is generated.

8.1.3. Conclusion

Autonomous robotics methods are already introduced as “operator assistance” tools for
human-in-the-loop (e.g. semi-autonomous) systems. Three main semi-autonomous
paradigms have been implemented on nuclear industry sites, including in active hot cells:

— Human-supervised autonomy: An autonomous agent plans robot actions, then
displays them via augmented reality/digital twin. Humans then approve the real
robot to act.

— Shared control: Humans teleoperate a remote robot but receive haptic cues from the
autonomous motion/action planner to ensure that a correct path is followed.

— Variable autonomy: Robots dynamically switch back and forth between
autonomous control, shared control, or fully teleoperated control during missions,
using different Levels of Autonomy (LoA).

With variable autonomy, the system waits for user input, and once received, autonomy is
enabled. The robot tries to predict what the user wants from the system. It runs 14 different
algorithms, seven of which are Al-based (7 others are simple masks), trying to find out
which object is most probably the one of interest to the user. It applies segment editing,
produces the point cloud, applies random sampling to identify what is salient (e.g. removing
unnecessary things in the background to produce mask), to give the operator freedom,
depending on their needs. Human intervention can be applied if the system does not
respond (e.g. if there is a 40-millisecond delay after pressing command button, human can
resume control). Accuracy is ensured by ensemble learning vision language models, a
combination of predictive LLMs that compare responses across eight different expert
language models.

Autonomous robots can enhance waste handling and decommissioning by speeding up
decommissioning and remediation and reducing hazards. It can reduce a large burden on
human operators by way of planning grasping and cutting tool motions which are slow and
difficult to teleoperate. Autonomous robots can help avoid significant risks of collisions,
tool damage, dropped objects, etc.

However, increased autonomy means less predictable robot behaviours and challenges
prevail in explainability and verification of complex software and algorithms. Al poses
“black box” issues (e.g. lack of transparency, rationale for conclusions reached,
unexplained decisions), especially with learning-based methods. If an input is not within
the expectations of the system, the output will be affected. Traditional teleoperated robots
already have a “black box” computer and algorithms between the human and the robot. For
example, the Extreme Robotics Lab’s inverse-kinematics solver, which converts human
joystick commands into motor velocities at six robot joints, commonly crashes and freezes
(e.g. if human drives the robot close to a singularity configuration). Additionally, robots
are large and can make mistakes. For interfaces to become safer, layers of protection need
to be added, and user variables need to be accounted for. Humans give input for a task and
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receive the expected output. Ultimately, humans limit the constraints of robotics with their
input, but mechanical and unexpected failures can still happen.
Key takeaways on the role of nuclear innovation adoption:
e Al is not autonomy, but Al can help with autonomy.
e Human oversight of Al increases safety.
e “Black box” issues persist in LLMs.

e Autonomous robots can help avoid significant risks of collisions, tool damage, and

dropped objects.
e Autonomous robots have smoother deviation when they can predict where the user
is trying to go.
8.1.4. 0&A

Queries from the audience pertained to adaptations (e.g. applied to waste management), the
level of precision and impediments, training inputs, the ability to update/adjust and human-
robot collaboration (e.g. consequences, efficiency, fatality):

— The technology does not identify the object (nor does it need to). It needs to know
the geometry of the object and then can determine if the tool can work with it. In
the case of cleaning items (e.g. if a drill or vacuum suction gripper is needed), the
geometry equation and point cloud can be changed and then computed.

— Precision is subjective. External disturbances usually affect the system. Even with
the best camera or LiDAR for point clouds, there can be external forces preventing
the tool from picking up every single object. For the person working on the local
contact matching (LoCoMo), changing the sphere, etc., can take a couple of weeks
to update.

— Quality of input equals quality of output. A person must be well-trained and
confident in their inputs to the tool to ensure quality outputs.

— In summation, the technology assesses the geometry of the material, creates a plan
for the optimum cut path, then chooses the proper cutting tool to do so. It can update
(e.g. if something drops after the cut path has been established) if the variable is
enabled to update. The first point cloud is very high definition, but with a lot of
points, the bandwidth is not able to cover all the data sent every millisecond. It
takes a high-definition furtive scan and over the course of the movement takes
images with a downscale sample (e.g. 1 000 points instead of 100 000), applies
Iterative Closest Point (ICP), sees how it changes, and then makes revisions.

— Humans should provide semantic understanding and contextual knowledge, and the
robots can do the operational execution (i.e. leverage the strength of humans and
robots for safety and logic). Human operators are smart and able to identify
potential dangers, while robots are good at executing the configuration. In examples
of radiation risk exposure or risk of battery explosion, humans can do semantically
relevant work far away from the site and supervise robots from afar.
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8.2. Safety standards: The role of Al large language models in safety during
decommissioning

8.2.1. Session overview

This session was presented by Duriem Calderin Morales, Waste Safety Specialist in
Decommissioning in the Division of Radiation, Transport and Waste Safety at the
International Atomic Energy Agency (IAEA) Department of Nuclear Safety and Security.
It focused on the organisation’s role in safety standards and Al in safety during
decommissioning. It identified key areas where Al and LLMs have a role in knowledge
management, their implications on data security and integrity, and presented an overview
of IAEA working groups, partnerships and events. The IAEA is the world's centre for co-
operation in the nuclear field to promote the safe, secure and peaceful use of nuclear
technologies. The Department of Nuclear Safety and Security establishes safety standards
for radiation protection, management of radioactive waste and environmental releases,
decommissioning, remediation and transport. It supports Member States with expertise on
decommissioning, environmental remediation, and management of radioactive waste and
spent fuel to protect people and the environment while enabling nuclear science and
technology.

8.2.2. Presentation

The IAEA, in close consultation with its Member States, is working on identifying the
challenges and benefits of using Al for nuclear safety, to provide relevant technical
assistant and to keep Member States informed of any progress. In this direction, the agency
conducted a Consultancy Meeting on Application of Al Large Language Models (LLMs)
for Safety in Decommissioning of Nuclear Fuel Cycle Facilities (NFCF). Its three key
objectives were to:

(1) Understand how Member States are approaching LLMs in the context of nuclear
safety, especially in decommissioning NFCFs.

(i1) Develop a roadmap for future direction (workshops, technical meetings, trainings)
of Al LLM applications in NFCF decommissioning safety for the benefit of
Member States.

(iii) Share experiences on Al policy in nuclear safety.

Another Al initiative mentioned during the presentation was the International Network on
Innovation to Support Operating Nuclear Power Plants (ISOP), which evaluates the
considerations and guidance for the deployment of Al in nuclear power plants.

8.2.3. Conclusion

Al is already being used widely and as the technology becomes more accessible and
matures, it is the responsibility of states to work together to ensure its accuracy and
alignment with safety in applications in nuclear decommissioning.

Following the Consultancy Meeting on Application of Al Large Language Models for
Safety in Decommissioning of Nuclear Fuel Cycle Facilities, the following four outcomes
were identified:

(i) Focus on data governance and quality frameworks: The IAEA has one of the
biggest data repositories around the world to create the database that can train the
future of the LLMs with defined standardised protocols such as application
programming interfaces (APIs).
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(i) LLMs need to be language-specific for the nuclear sector: The IAEA can support
Member States to create these kinds of models, in a common language for the
nuclear sector, preparing Q& As or classified data in ways to be implemented and
applied to the needs of different Member States.

(iii)Always keep experts in the loop: Citing sources is key. Experts can help identify
and detect hallucinations in cases where a non-technical expert may not be able.
(e.g. a query to an LLM about the interaction of material matter for cyclotrons and
electrons, where the model confuses electrons with positrons).

(iv)Advocate for targeted training programmes: eLearning modules, and internal
adoption of LLMs by the IAEA to demonstrate proof-of-concept.

Key takeaways on the role of nuclear innovation adoption:
o Further analysis needs to be done on the role of LLMs in decommissioning safety.
e Data-driven processes should be created for decision making.

o The IAEA Repository of Radioactive Waste Management and Decommissioning
can serve as a basis to train LLMs for standardisation and Member States’ needs.

e Al can be used to expedite document classification.
As a result, policy considerations include the following:

e A unified and strengthened data governance approach for nuclear safety among all
Member States is needed.

e Member States need to share more experiences and lessons learnt on the application
of LLMs for decommissioning safety.

8.3. Trilateral principles paper on the deployment of artificial intelligence in
nuclear activities
8.3.1. Session overview

This session was presented by Paolo Picca, Innovation Lead at the Office for Nuclear
Regulation (ONR), United Kingdom, highlighting the trilateral position paper on the
deployment of artificial intelligence in nuclear activities. It was co-authored by the
Canadian Nuclear Safety Commission, ONR and US NRC. The trilateral Al principle paper
establishes a common set of overarching considerations for the use of Al technologies in
nuclear activities, comparing regulatory frameworks between Canada, the United Kingdom
and the United States.

8.3.2. Presentation

The ONR highlighted key elements from the trilateral Al principle paper identifying
overarching considerations for Al use in nuclear activities, ensuring safe and secure
operations, notably:

e using existing safety and security principles;
e human and organisational factors;

e Al architecture in nuclear applications;

o Al life cycle management; and

e documenting Al safety and security.
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The paper identified high-level categories for Al use mapping the failures impacting safety
or security (e.g. significance of the failure) against higher levels of autonomy (e.g. potential
benefits achieved through AI). It identified the importance of differentiating between
different applications and determining where the activity falls on the map to adequately
gauge safety risk. See Figure 8.1 below.

Figure 8.1. Categorising Al failure significance and Al autonomy
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The CNSC-ONR-USNRC co-operation will continue work on a second trilateral Al
principle paper exploring further levels of autonomy (Figure 8.1) in relation to regulatory
oversight, delving into areas of Al potentially pairing with digital twins, robotics and
drones, and/or security. It will involve international working groups related to Al (e.g.
TECDOC on safety applications of Al) and work with NEA Reglabs, partnering with
Autorité de sireté nucléaire et de radioprotection (ASNR) (France), the Nuclear Regulation
Authority (NRA) (Japan), the Federal Authority for Nuclear Regulation (FANR) (UAE),
and the Korea Atomic Energy Research Institute (KAERI) (Korea) among others. ONR
continues to do research and pilot use cases for Al (e.g. document and guidance
consolidation, assessment of safety cases) and work with UK licensees on the regulation of
Al and autonomous systems such as robotics and drones.

8.3.3. Conclusion

Al and its inherent uncertainties are similar to previous innovative technologies which have
since been successfully integrated and engineered into systems to adequately manage risks.
Due to its nature, maintaining adequate safety and security is fundamental and global co-
operation remains paramount to ensuring the efficient, safe, and secure adoption of this
emerging technology.

Some guidance and standards related to software critical systems are applicable to Al, but
key differences to consider include different failure modes, validation and verification
(V&V), and reliance on data. Key principles to consider include simplicity and defence in
depth (e.g. diversity, redundancy, separation and segregation).
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There are challenges in maintaining situational awareness for supervision of highly
automated and intelligent systems. Considerations include the level of system knowledge
required of the human, human monitoring of Al performance, Al’s self-monitoring,
identifying the need for human intervention, handover of control between Al and human,
and returning control to Al after human intervention.

Al architecture is a key enabler in delivering safe and secure Al, optimising efforts in Al
assurance and ensuring the utmost benefits from using Al. System boundaries should
incorporate mechanisms for handling errors and exceptions. Continuous monitoring of Al
systems is essential to detect anomalies and maintain system integrity. Modular design
principles involve dividing the Al system into smaller, independent modules.

In Al life cycle management, there are similarities to traditional software-based systems,
such as design, development and deployment stages. Differences specific to Al arise in
testing, evaluation, and V&V configuration management, due to rapid changes in
technology. They also arise in management of risks from retraining, domain adaptation,
and data drift.

Documenting Al safety and security for a common understanding among a variety of
stakeholders (e.g. users, developers, regulators) is critical to ensure trust. Currently, no
method exists to quantify the failure probability of an Al component within a system,
making it difficult to trust Al components. Therefore, documentation, such as V&V
manuals and user guides, will be important for presenting the case that Al systems are
adequately safe.

Key takeaways on the role of nuclear innovation adoption:

e Opportunities offered by Al are becoming increasingly relevant to the nuclear
industry.

e A common understanding among stakeholders is important for building trust in Al
and among the nuclear community.

e ONR is seeking further opportunities for co-operation and sharing of best practices.

e Autonomous systems pose challenges in control, supervision, control and human
intervention/collaboration with Al technologies.

As a result, policy considerations include the following:

e Although there are many documents available, further effort in consolidating the
regulatory position in nuclear energy could provide benefit to the nuclear industry.

o International co-operation and co-ordination are essential to ensure opportunities
offered by Al are realised safely and securely; joint work from CNSC, ONR and
US NRC represents a step in this direction.

8.4. Panel session: Safety consideration for automated and Al technologies

8.4.1. Session overview

This panel was moderated by Alexia Mercier of the Nuclear Energy Agency (NEA) and
featured Cesar Contreras of the University of Birmingham (UoB) (United Kingdom),
Duriem Calderin Morales of the IAEA, Paolo Picca of the Office for Nuclear Regulation
(ONR) (United Kingdom) and Victor Richet of Assystem (France). The panel provided
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multi-stakeholder and international perspectives on the use and integration of Al related to
safety in nuclear.

8.4.2. Panel discussion

This session opened by polling the audience’s familiarity with Al and their frequency of
use. Results are listed below in Figure 8.2 and Figure 8.3.

Figure 8.2. What forms of Al are you familiar with?
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Figure 8.3. Do you use Al on a regular basis?
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The audience was asked whether they had colleagues with dedicated Al-knowledge in their
professional environments. Results are below in Figure 8.4.

Figure 8.4. Is there someone with Al-related knowledge or skills in your team?
2
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o

Yes - specialist Yes - general knowledge
Note: 58 Total responses, multiple answers not permitted

Panellists were not surprised by the results, noting that Al use is ubiquitous in everyday
life and the existing gap in specialised skills needs to be bridged. Assystem noted the lack
of specialists in professional teams demonstrates the discrepancy between the use of the Al
and the understanding of Al in a professional context. UoB highlighted the very limited
understanding of how Al applications work, which varies among users by discipline, and
ONR agreed reiterating the mindset around Al is still very much considered as “specialist
knowledge”. From the IGO perspective, Calderin Morales noted that Al is seen as an
extension of IT (e.g. Copilot integrated in Microsoft Office).

In response to the moderator, panellists elaborated further the importance of developing Al
skills and using Al responsibly in professional contexts.

— Assystem underscored the importance of understanding potential issues related to
Al, citing the necessity of having clear and stringent training process so that
everyone is aware of the dangers (e.g. falsifiability, hallucinations, information
leaks). Assystem warned that exploratory methods (e.g. crowdsourcing ideas and
feedback for use) are part of the “global blind push” for using Al, but without
targeted use it has inherent dangers.

— ONR weighed the opportunities against the security challenges. It recognised the
importance of raising general awareness of how to use the tool and how to establish
boundaries so it can be used within those limits.

— UoB cited increasing use of Al technologies, stating most researchers verify against
algorithms and, with high probability of result accuracy, continue to use it (e.g.
ChatGPT returning the same result as a researcher’s hypothesis after checking
against 7 000 results).
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— TAEA highlighted the importance of user-level knowledge and breadth of use of Al

technology applications (e.g. use of Copilot to write emails and structure
sentences).

The moderator then posed a question to the audience pertaining to the comfort levels
explaining Al applications to colleagues. Results are below in Figure 8.5.

Figure 8.5. Would you feel comfortable explaining how an Al application works to
a colleague?
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Calderin Morales responded to the moderator’s query about encouraging use of Al

throughout the organisation and gave an example of how Al use is being deployed across
the organisation.

The moderator posed a question to the audience about error origins from either humans or

Al and then asked for the regulators on the panel to respond regarding liability. Results are
below in Figure 8.6.
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Figure 8.6. If there was a mistake in a decision, would it matter if it was a human
error or Al-related error?
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UoB cited the tendency to attribute human characteristics to Al failing to recognise that it
is in fact not a human. UoB stated that if Al fails, it is because humans failed the inputs.

ONR stated the consequences of Al and human-sourced errors might be the same, but
present different opportunities to respond. ONR explained if an operator makes an error,
error-origin can be identified, and solutions can be found, but Al-origin errors require
targeted training, determined upstream during system design. ONR confirmed situational
awareness and the operator’s involvement are key, and reliance should not be solely on Al

Assystem agreed with ONR identifying the misconception that, “Al provides infallible
answers to any given question”, which is not the case. Introducing new technologies with
higher levels of autonomy than previously seen before raises concerns about control and
accuracy, specifically in a context where many users are not experts on the technology.
Assystem warned that results from Al require fact checking, and that using Al represents a
paradigm shift towards using a tool where its outputs might have decisions elements. The
risk and responsibility onus falls upon the user; however, the consequences of incorrect or
partially incorrect decisions based on Al outputs, raise concerns about control and liability.
Assystem affirmed in an ideal world it would not matter whether errors are from Al or
human operators; regardless, at present, organisations are not able to detect human versus
Al error-origin.

8.4.3. 0&A
The moderator opened the floor to the audience.

An audience member commented on the underrepresentation of women in the field of Al
and encouraged the participation of women. The audience member, after organising a
European Commission event, which had predominantly male respondents, queried
panellists about their experiences with gender imbalance in the field. UoB responded,
followed by IAEA:
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— At UoB, there are female colleagues working on legislative aspects of Al, but the
imbalance is also obvious at the PhD level, aligned with the numbers of women in
STEM. It is a representative sample of larger trends in society.

— The IAEA is committed to gender diversity and continues to encourage this with
women represented at all levels (e.g. data scientists, managers, interns) in the
Department of Nuclear Safety and Security.

A second query from the audience indicated a user might be unaware of when they are
driving Al outside of its training material and asked panellists whether Al is able to provide
feedback as it strays from its training material. The IAEA responded, followed by Assystem
and ONR:

— Calderin responded that it can be done, citing the example of a custom system
prompt definition which indicates when a question is too far out of scope.

— Assystem is using smaller models and elements of Al agents to be specialised in
one field or one task, not a LLM that can answer every question in the nuclear field.
This is easier to set up and helps with explainability because it defines separate
reasoning. It is easier to define if the area of knowledge is restricted and helps
resources because it does not require a model with millions or billions of parameters
for one specific question. The future of nuclear-focused LLMs is not broad, but
rather a set of specific-purpose LLMs are specialised in one specific domain that
recognise when queries/answers fall outside of that domain.

— ONR responded stating some tools provide semantics in LLMs, and that while
answers are credible, it may not identify if queries are outside of the domain. It
needs the critical thinking of humans to know how to train and identify when
queries/answers fall outside of that domain.

An audience member cited their experience working with LLMs, providing personal
observations about hallucinations. They mentioned the diversity of different applications
of intelligence (e.g. messaging text on a phone compared to navigating a camera),
highlighted LLMs’ tendency to paraphrase and to provide different outputs if asked the
same question twice. The audience member cited their distrust of LLMs’ credibility in
niche topics of nuclear energy, concerned about LLMs’ randomness (e.g. temperature,
probabilistic distribution) and inherent hallucinations. UoB responded that:

— like humans, LL.Ms hallucinate, based on their background knowledge and within
the physical parameters presented.

An audience member queried the regulators on the panel about a hypothetical submission
for regulatory approval of the licensing of robots with Al elements. The ONR responded:

— It is important to understand where the technology sits in the Al failure significance
and Al autonomy model. ONR referenced the Al principle paper drafted by ONR,
CNSC and the NRC. While there will be further explorations and details in the
future, the key point is a graded approach based on the consequences of the failure
of AL

The moderator posed a second question regarding the influence of legislation, how it
impacts the panellists’ work and/or drives solutions (e.g. European Union). Assystem
responded, followed by the IAEA, the ONR and then UoB:

— Assystem has focused on the bottom left quadrant of the Al failure significance and
Al autonomy model (see Figure 8.1), “Al which functions for insight/collaboration
and failure has minimal or no impact on safety or security”. Interfaces with the
European Union are unavoidable, such as the EU Act regarding personal data (e.g.
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General Data Protection Regulation (GDPR) which all European companies need
to apply). According to the panellist, all Al and personal and data regulations are
going to affect the development of Al in nuclear, much more than the interface with
the nuclear safety authorities.

— The IAEA is in the process of revising safety standards Safety Assessment for the
Decommissioning of Facilities. One of the requests from Member States was to
provide guidance about safety using new technologies, and how new technologies
that are being applied in different fields can be transferred safely to conduct
decommissioning activities. The IAEA invited regulators in the room to collaborate
and share ideas. ONR stated there will be a section on regulation in the next
iteration of the trilateral Al principle paper.

— UoB stated legislation affects researchers quite a lot, citing differences in
constraints between researchers in other labs or countries. Researchers are not at
the forefront of making the rules but are beholden to rules once they are made.

Another query from the audience pertained to the shift towards reasoning models, which
have less easily identifiable decision makers than LLMs, asking about the accountability
framework going forward (e.g. how to identify the decision maker/blame if there is
hallucination, but the operator does not notice/is unable to act). The ONR responded,
followed by Assystem:

— Liability brings about another level of discussion. ONR highlighted the importance
of referring back to the Al failure significance and Al autonomy model, on the
bottom left quadrant, “Al which functions for insight/collaboration and failure has
minimal or no impact on safety or security”. There is the opportunity to benefit
from Al but it also carries risk.

— Assystem stated that, despite perceptions, there is not a paradigm shift from humans
writing documents to Al writing documents instead. Especially for safety-related
issues, control mechanisms are key to control approval. Assystem reiterated that
ultimately, the creator is responsible for the document, regardless of where an error
originated, or if Al hallucinated. The writer of the document is responsible whether
it incorporates a paragraph that comes from Al, or not.

An audience member commented on the misperceptions about Al (e.g. Al is a “black box”
and a scapegoat in cases like job replacement). The audience member spoke of the human
responsibility to explore the “black box” to understand what is going on, and human
decision-making driving the choice to replace humans with Al. Assystem responded,
followed by UoB:

— Al is and is not a “black box” depending on the level of understanding. The
prevailing perception is that it is a black box. For the greater population, even
among engineers, more than half believe it is a “black box”.

— UoB concurred, stating even a computer is a piece of hardware that behaves how
the user wants.

The final query from the audience pertained to accountability concerns in a hypothetical
situation where an Al design system’s safety is being controlled by another Al, where both
Als fail. Assystem responded:

— Assystem stated the scenario describes a faulty experiment of shifting the control
paradigm. It is highly unlikely that there will ever be a scenario where a human
does not have control or oversight over Al in safety applications.
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9. Innovative technologies supporting back-end of small modular reactors
and advanced reactors

Innovative technologies are supporting the back-end of small modular reactors (SMRs) and
advanced reactors, presenting opportunities and constraints.

This chapter focuses on international and niche expert groups and activities dedicated to
SMRs, the future enablement of the use of remotely operated robotic applications for
improved safety and the ever-growing necessity for countries to work together to make
informed decisions on SMR safety applications. Participants were polled on their expertise
regarding the back-end of future nuclear systems. Results are below in Figure 9.1.

Figure 9.1. How well do you, SMR developers, and waste management
organisations understand the back-end of future nuclear systems?
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Waste management organisations in my country pay sufficient attention to the back-end of SMRs
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Note: 56 Total responses; Likert scale: 1= strongly disagree; 5= strongly agree

9.1. Nuclear Energy Agency activities: Small modular reactor concerns, constraints
and opportunities

9.1.1. Overview

This presentation was delivered by Gabriele Grassi, Deputy Head of Division of
Radioactive Waste Management and Decommissioning, of the Nuclear Energy Agency
(NEA). It gave an overview of NEA activities on small modular reactors (SMRs) and
advanced reactors, with a particular focus on back-end considerations.

9.1.2. Presentation

NEA activities on SMRs and advanced reactors include the initiative on “Accelerating
SMRs for Net Zero”, the SMR Dashboard, along with dedicated groups including the
Working Group on Small Modular Reactor Economics (SMR-ECON), the Expert Group
on Small Modular Reactors (EGSMR) (Safety), and the Task Force on Radiological
Protection Challenges Associated with the Deployment of Small Modular Reactors.
However, these efforts do not address the back-end of the nuclear fuel cycle.

To close this gap, the NEA has undertaken back-end-focused initiatives, targeting spent
fuel and radioactive waste management and decommissioning. This includes international
workshops, technical events, and other projects.
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Workshops include the “Small Modular Reactor Workshop” held in November 2022 and
the “Extended Storage and Transportation Workshop” held in December 2023. Building
on the outcomes of these workshops, a new Expert Group on Storage and Transportation
(EGSTRA) will be established to bring together waste management organisations, R&D,
industry and regulatory bodies. The group will adopt a multi-dimensional approach to
address current reactor systems as well as legacy waste and new systems.

Topical Sessions were held in March 2024 on, “Challenges in back-end management of
SMRs and Generation IV nuclear technologies” (Radioactive Waste Management
Committee, RWMC-57), and “Advanced reactor decommissioning and opportunities for
learning” (Committee on Decommissioning of Nuclear Installations and Legacy
Management, CDLM-6). Building on this work, the NEA Focus Group on the Back-end of
Advanced Reactors (FG-BEAR) was established to support CDLM/RWMC in their
strategic decisions. The objectives of the FG-BEAR are to review the landscape, identify
key gaps and needs and provide recommendations and outputs for consideration related to
the back-end of innovative systems. The group’s work is structured around six topic areas:
decommissioning strategies, materials, processes, waste management pathways, regulation
and economic factors. Stakeholder engagement emerged as a common challenge across all
topics. See Figure 9.2 below.

Figure 9.2 FG-BEAR Topic areas of interest
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The Waste Integration Small Advanced Reactor Designs (WISARD) joint project explores
how front-end and design phase decisions impact back-end strategies to support sustainable
future nuclear systems. It addresses critical technical areas (e.g. irradiated fuel and coolant
characterisation, treatment and recycling, storage, transportation, disposal). WISARD’s
objective is to assess compatibility with current back-end solutions and identify future
focus areas on selected systems and fuels relevant to the project participants.

9.1.3. Conclusion

An increasing number of countries exploring SMRs and advanced reactors recognise the
potential role nuclear energy can play in decarbonising large sectors of the global economy.
As a result, a large range of new reactor concepts, relying on different technologies, are
under development. These innovations will lead to a greater variety of spent fuels and
radioactive waste, requiring greater flexibility and adaptability in back-end management.
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To ensure a responsible long-term nuclear energy strategy, it is imperative to include back-
end considerations early in design and planning stages. This includes evaluating the
implications of different fuel cycle options, accounting for the waste footprint of new
technologies, and embedding waste management strategies into the design process itself.

The future of the nuclear sector needs to focus on sustainability; this includes waste
management and recycling in the whole of the nuclear fuel cycle (e.g. 2024 Roadmaps to
New Nuclear Conference). The NEA is pivotal in providing policy guidance and supporting
international co-operation around the sustainability of nuclear fuel cycles.

The NEA recognises the urgent need for a comprehensive back-end strategy and is working
to help maximise the benefits of innovative technologies for SMR and advanced reactor
deployment. Achieving this requires clear and harmonised regulatory frameworks, as well
as improved transparency and accessibility to back-end requirements.

Key takeaways on the role of nuclear innovation adoption:

e Advancements in automation, remote control, digitalisation, and artificial
intelligence offer tremendous potential to enhance processes in radioactive waste
management and decommissioning.

o Cutting-edge solutions such as demolition robots and drone technology can
improve safety and efficiency.

e The nuclear back-end sector can drive rapid technological advancements and their
practical applications.

o Strategising for the back-end of the fuel cycle is key.
As aresult, policy considerations include the following:

e Navigating regulatory frameworks and fostering public trust remain key challenges
in adopting new technologies.

e Integrating early back-end considerations will help mitigate future challenges and
prevent the creation of legacy issues.

e Priorities include advancing decommissioning by design and ensuring
compatibility with existing back-end solutions.

e Stronger collaboration is needed with reactor vendors, regulators, waste
management organisations, and research and development bodies.

9.1.4. 0&A

Comments and queries from the audience addressed three main areas: stakeholder
engagement, the potential to recycle valuable materials (e.g. plutonium, uranium), and
examples of international initiatives:

— An upcoming NEA stakeholder engagement workshop will be held in Paris, from
15 to 17 October 2025, focusing on decision making and public trust, under the
theme “From Insight to Action”. More information is available on the NEA
website.
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— Discussions highlighted growing interest in the recycling of used fuel, particularly
in the context of advanced reactors. While some developers explicitly consider
recycling plutonium, a broader interest is also emerging around uranium. This was
a takeaway from a breakout session at the 2024 Roadmaps to New Nuclear
Conference. Three major drivers were identified:

(i) As nuclear energy expands globally, the demand for natural and enriched uranium
is expected to rise significantly.

(il)) Some advanced reactor designs rely on high-assay low-enriched uranium
(HALEU), placing additional pressure on the uranium market, and recycling
uranium from HALEU fuel could offer strategic and economic benefits.

(ii) The recycling landscape is evolving, with regulatory to economic considerations
playing a central role.

The 2024 breakout session demonstrated a shift in the way recycling is perceived
in the nuclear sector. In response, the NEA is preparing a policy document for
policymakers and key stakeholders to provide them with strategic insights into
benefits, challenges and strategic considerations of recycling.

— Examples of emerging international solutions were also discussed. Several groups
are starting to explore how circular economy principles can be applied within the
nuclear sector. A newly proposed initiative, called Multinational Infrastructure for
Managing Radioactive Waste (MIRA), seeks to investigate shared solutions for
radioactive waste management. A concept paper has been drafted, and two
preliminary meetings with interested parties have already taken place. A six-month
preparatory phase is planned, with the goal of formally launching the project by the
end of 2025.

9.2. Remotely operated equipment and robotics

9.2.1. Session overview

This session was presented by Pat Degagne, Technical Operations Manager of the
decommissioning technical field group, of Canadian National Laboratories (CNL)
(Canada). The presentation focused on the use of remotely operated robotics to remove
workers from decommissioning hazards at its Chalk River Laboratory in Ontario, Canada.
CNL is working to characterise reactors and implement its fleet of robotics with field trials,
and to check capabilities and limitations of innovative technologies.

9.2.2. Presentation

CNL highlighted use cases of technologies to address fuel storage purification system
removals, spraying and filling fuel storage bays, and concrete remediation. The
technologies are listed below. Some of the featured technologies will likely be relevant to
the future of SMR decommissioning.

A Brokk robot was used to access a fuel storage purification system with filters radiating
10-15 REM dose. Brokks were remotely operated outside of the facility, excavated 500 m?
of LLW soil to create a retaining wall, and inserted a 40-foot shipping container (C-CAN).
Brokk removed 11 000 kilogrammes of ILW from the facility sparing 5.6 REM of dose to
staff.

CNL used a mock up (e.g. testing for repeatable results) for remote fuel storage bay filling
and then deployed a remotely operated conveyor truck to fill the bay. In real life application,
it transferred 450 m? gravel in three stages to fuel storage bays via conveyor truck to remote
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slinger, to HESCO hopper, evenly distributing material into the bays. The work was
completed ahead of schedule and there were no injuries, as the operator was located in a
different location.

Drones were used to inspect the finish of a coating from a handheld spray gun (e.g. M25
polyurea liner) applied to walls of fuel rod bases done by Brokk arms. Drones provided
visibility to operators of a failed Brokk arm which was replaced by a smaller robot that
intervened and reconnect disconnected valves. CNL in conjunction with Braun developed
a system for wall shaving as a safer alternative to manually operated handheld tools for
removing contaminated concrete. With the wall shaving system, 3 000 m* of concrete
surfaces were remediated in 15 months. Dose rates and contamination were reduced, and
conditions were reduced from zone 4 to zone 2 (e.g. demolition open air ready).

9.2.3. Conclusion

There are significant safety benefits to implementing robotics, but there are also common
deployment challenges. Implementing off-the-shelf technology solutions and combining
different technologies allows innovative, alternative, and often cheaper solutions to solving
challenges in nuclear decommissioning. In cases where robotic tools do not exist, they can
be developed to address specific decommissioning needs; however, this can have cost
implications. The use of mock-ups to test equipment capabilities in hazardous
environments improves efficiency and accuracy in robotic applications on nuclear sites. It
allows operators to test limitations and possible issues, analysing and anticipating potential
issues during deployment.

Amongst workers and management alike, there is a strong desire for remote operation to
minimise risk to workers from high contamination levels. Most notably, worker safety is
improved by using robotics to reduce human dose exposure. There is also a reduction in
heat and cold stress to the workers (e.g. remote operation at a desk) and an overall reduction
in worker fatigue. Consequently, with the integration of robotics, there is an increase in
worker productivity. Remotely, workers are able to operate during a full eight-hour day,
rather than half the time with manual operation. Injury, strains and sprains are also
prevented by using robotics instead of manually operating machinery.

Despite the benefits, workers remain wary of robotics and acceptance and integration on
nuclear sites needs to be encouraged by demonstrating the benefits. Logistically, robots
pose challenges in cases where repairs become too complex, or it is difficult to store and/or
dispose of contaminated robots. Other challenges include the obsolesce of systems which
require equipment replacement. There are concerns regarding the electronics’ sensitivity to
radiation and the risk of robotics contributing to on-site dangers (e.g. motor fans spreading
contamination, intrinsic safety of the equipment).

Key takeaways on the role of nuclear innovation adoption:
¢ Innovative technologies improve worker safety and prevent associated injuries.
¢ Robotics reduce dose reduction to workers.
e Integrating robotics increases worker productivity.

As a result, policy considerations include the following:

— Storage and disposal of contaminated robotics pose a new challenge to be
addressed.



NEA/DLM/R(2025)3 | 97

9.2.4. 0&A

Queries from the audience pertained to robot adaptations due to the thorium fuel system of
advanced reactors, the retrieval strategy for failed Brokks, and decontaminating robots:

— Thorium processing facilities require a lot of chemicals (e.g. sodium, nitric acid).
Tanks needed to be remediated due to dry crystals, increasing risk of combustible
dust. Consequently, it was necessary to implement an inert atmosphere to robotics,
noting that most of the units did not have sparkless motors (e.g. fear of combustible
dust). Radiologically, Technical Requirements for Electrical Equipment (TBE)
were considered to strategically place ventilation (e.g. fans with large electric
motors can displace radiological contamination).

— With drone intervention, the Brokk in the presentation was redeployed two hours
after failure. Brokk failures can be rectified by sending in smaller models to retrieve
the broken robot. Brokks have always been able to be extricated after failure (e.g.
extricated even after motor failure, track derailments, hydraulic line failures).

— Brokk robots are easy to decontaminate. Prior to introducing units, CNL wraps
Brokks with 3M film. To decontaminate robots, the sealed steel box within the
robot’s docking stations is hooked up to a steam generator, prior to removal from
environment (e.g. room is clean, robot still dirty), and all rubber components are
replaced.

9.3. Innovation in Gen IV small modular reactor: Lead-cooled fast reactor

9.3.1. Session overview

This session was presented by Pascal De Langhe, Director of Business Development at the
Belgian Nuclear Research Centre, (SCK CEN) and Didier Leonard, Director of the Institute
for the Sustainable Waste management and Decommissioning at SCK CEN (Belgium). In
the context of a Belgium’s newly adopted position on nuclear energy, the session
highlighted SCK CEN’s research on innovative SMR technologies. SCK CEN was given
the mandate by the Belgian government to develop the necessary technology on advanced
small modular lead-cooled fast reactors (SMR-LFRs), enable their industrialisation, and
integrate SMR-LFRs into the Belgian energy mix. It was selected for first batch of Project
Working Groups under the European Industrial Alliance on SMRs in October 2024.

9.3.2. Presentation

SCK CEN’s research explores the innovative fast reactor SMR (FR-SMR) technology for
increased sustainability. SCK CEN’s SMR solutions for Belgium are focused on positively
impacting Belgian society, economy and industry with innovative SMR technologies and
shaping the of Belgium’s future energy landscape. The criteria underpinning the initiative
include key areas such as passive safety, minimising long-lived waste, non-proliferation,
flexibility, economic viability and insurability, sustainable development and time to
realisation.

SCK CEN’s work is realised with the support of the international consortium on SMRs
comprised of Ansaldo Nuclare, Energia Nucleare Energie Alternative (ENEA), Regia
Autonoma Tehnologii pentru Energia Nucleara (RATEN) and SCK CEN. Project
workstreams include commercial reactor design, LFR precursor technology (e.g. Mol,
Pitesti), research, development and qualification complexes, licensing (e.g. collaboration
with safety authorities) and stakeholder engagement, particularly with end users.
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Research on SMR waste streams has been facilitated by dedicated working groups (e.g.
FG-BEAR), joint projects (e.g. WISARD) and IAEA initiatives. Work regarding regulatory
frameworks, decommissioning and waste management have been byproducts of
international collaboration such as the NEA and Natural Resources Canada (NRCan) (e.g.
Workshop on the implementation of RadWaste management and D&D strategies in SMRs
and advance reactor technologies, NEA 2024 Back-end Week).

9.3.3. Conclusion

The new federal government’s position on nuclear energy in Belgium is that of an enabler
of innovative SMR technologies. It enables the commissioning of the first SMR in
Belgium, supports the SMR international consortium and supply chain, and allows for
exploratory innovations that can greatly reduce the amount of waste and make better use
of fuel (e.g. mixed oxide [MOX]).

A holistic approach is needed to integrate SMRs into the energy mix (e.g. e-molecules,
hydrogen generation). Building upon existing knowledge and technologies is advantageous
(e.g. multi-purpose hybrid research reactor for high-tech applications MYRRHA], MOX-
technology) and can be of interest in a closed fuel cycle. It is also beneficial to maintain,
improve and share nuclear knowledge in Belgium and surrounding countries. This involves
developing strategic partnerships for the future construction of a SMR-LFR (e.g.
international consortium) and working to harmonise licensing processes at an international
level.

There is still a lot of work needed to reduce and manage waste streams cost effectively.
From an economic perspective, waste management strategies need to be considered from
installation, considering dismantling and its associated costs. The design of SMRs is a key
consideration in SMR decommissioning to avoid future issues of legacy waste.
Decommissioning plans need to be integrated into SMR designs (e.g. back-end operations,
D&D), and account for operational factors and logistics such as unconventional locations
(e.g. industry, urban, remote sites, underground). In construction during the design phase,
considerations should plan for the use of remote operation, digital twins and the potential,
probable use of robots.

Waste management is a key consideration for the safe future of SMR decommissioning. It
can be facilitated by early discussions with waste management organisations. Choices taken
on materials such as spent fuels, coolants and structural materials will have an impact for
management at the end of the lifecycle. The different coolants in SMRs can pose challenges
in their complexity, storage, and limited expertise of the materials. There is strong
understanding of light/heavy water-based systems, while experience is lacking in molten
salt systems. Some coolants are more complex than others (e.g. liquid metal systems face
activation, corrosion, wetted components). Materials such as stainless steel pose less of a
problem but have high levels of activation compared to classic PWRs, which should be
anticipated. Reducing waste by design (e.g. recycling or multi-reprocessing SMR) can
reduce radiotoxicity and the quantity of long-lived waste and minor actinides. Working
with waste management organisations upstream during installation can prevent future
storage issues (e.g. cementation and vitrification processes).

It is important to harmonise and standardise waste acceptance criteria. Belgium does not
produce new waste and adheres to the Belgian policy for high-level waste (HLW) and spent
fuel. However, Belgium does not use the same framework as other countries for classifying
waste and Belgium’s policy on HLW needs further development. International co-
operation, especially for small countries such as Belgium, with close proximity to the
Netherlands, is key for sharing information on disposal solutions and SMR technologies.
To advance SMRs, stakeholder involvement and public acceptance need to be furthered.
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Key takeaways on the role of nuclear innovation adoption:
— Reducing long-lived rad wastes can be advanced by recycling options.

— Common structural materials are well understood and are easy to plan for future
waste management; lesser-understood materials pose challenges (e.g. cooled lead).

— Navigating regulatory frameworks and fostering public trust is a challenge.

— SMR-LFR improves decommissioning and dismantling when integrated at early
stages of decommissioning strategy and design (e.g. hot cells, storage,
contaminated metal).

— Fast reactors lessen radiotoxicity, reducing long-lived waste and minor actinides.

— Waste streams using MOX need to be easily manageable (e.g. already used in
Belgian industry, have IP rights).

As a result, policy considerations include the following:

— Safety guards need to be considered as SMRs become more prevalent throughout
the industry (e.g. open cycle vs closed cycle and multi-recycling).

— Discussions between waste management and regulatory authorities are key and
needed early on.

9.3.4. 0&A

SCK CEN credited SMR design successes to the to the complementarity of competencies
in the research centre where reactor designers and back-end experts work closely together.
Queries from the audience addressed SMR design modularity and the economic choice
behind MOX fuel:

— SCK CEN is working with partners to develop modularity integrated into SMR
design. In the future mass production of SMRs, the design will be modular and
therefore useful in decommissioning and operational amendments, with access to
different parts so pieces can be easily replaceable.

— MOX was not an economical choice, but a historical one (e.g. Belgium stopped
reprocessing in 1993, received MOX). It is a familiar fuel that the Belgian industry
knows how to manage. Multi-recycling needs to be integrated into the global
strategy. Belgium needs to demonstrate its renewed role in nuclear and focus on
reducing the cost of waste management (e.g. multi-recycling using MOX in second
cycle economically to reduce minor actinides and disposal costs). The most
economical part is waste management itself. It is important to do research on design
but also the back-end to properly manage for the next generation.

9.4. IAEA safety considerations for radioactive waste, spent fuel management and
decommissioning of small modular reactors

9.4.1. Session overview

This session was presented by Duriem Calderin Morales, Waste Safety Specialist in
Decommissioning in the Division of Radiation, Transport and Waste Safety at the
International Atomic Energy Agency (IAEA) Department of Nuclear Safety and Security.
It focused on the safety considerations for spent fuel management, radioactive waste
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management, decommissioning and SMR modularity considerations, highlighting the
agency’s work in creating and adapting SMR-related safety guidance.

9.4.2. Presentation

The development of small modular reactor (SMR) technology continues to attract
considerable interest from Member States as a potential solution to their energy needs.
SMRs are expected to provide flexible, scalable, and potentially safer alternatives to
traditional large-scale nuclear power reactors. According to the IAEA’s Advanced Reactors
Information System (ARIS), there are over 60 SMR designs at different stages of
development globally. The majority are LWRs but also non-water cooled reactors
(NWCRs), such as high-temperature gas-cooled reactor (HTGR), liquid metal fast reactor
(LMFR), and others. However, these technological advancements should also consider
safety of radioactive waste management, spent fuel management, and decommissioning. It
is essential to address these safety considerations areas at the design stage.

Therefore, the IAEA would like to evaluate the back-end safety considerations to enable
safe deployment of SMRs. These include, but are not limited to the following:

— Radioactive waste management systems in modular configurations (one system for
the facility or each module with its own system).

— Radioactive discharges and dose to workers and members of the public
(implications of modular scalability and proximity to industrial sites and population
areas with power increases as modules are added).

— Safety of spent fuel management with and/or without implications of collocation of
facilities (extending to remote areas, approaches to reprocessing non-traditional
LWR fuel, predisposal and disposal).

— Disposal pathways for the different waste streams.

— Safety considerations during partnership agreements (which regulatory body
approves and licences the SMR design for operation, neighbouring Member States
implications, emergency planning).

— Safety considerations for workers and facilities at collocated sites.

— Safety considerations during decommissioning in modular configurations and
decommissioning funds over the life cycle of the facility.

— Safety considerations on plant component reusability (a module or component to
be used in another facility of the same type).

9.4.3. Conclusion

SMRs are gaining momentum as a next-generation nuclear technology, offering flexibility,
scalability, and potential cost advantages. The deployment of SMRs should consider safety
and planning for radioactive waste and spent fuel management, and decommissioning.

Key safety considerations include:

— SMRs designers should consider minimisation of radioactive waste generation both
in volume and activity.

— Waste streams should be clearly identified for each module, and systems should be
capable of treating solid, liquid and gaseous effluents under all operating
conditions—normal operation, anticipated operational occurrences, and design
basis accidents.
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— Waste management systems should be capable of treating and monitoring
discharges from each module, accounting for variations in operational modes and
scalability. Safety assessments should evaluate the proximity of SMRs to industrial
zones and population centres, ensuring that effluent treatment systems and
discharge limits comply with regulatory requirements.

— Spent fuel management in SMRs requires planning due to the modular operation of
units (one module in refuelling, others in operation in the same facility). The SMR
facility should ensure safe handling, cooling and storage of spent fuel both on site
and off site. Also, existing interim storage solutions should be able to accommodate
different fuel types. Reprocessing and disposal options must be evaluated early,
with clear decisions on whether an open or closed fuel cycle will be pursued.

— International deployment of SMRs introduces partnership agreement solutions. It
is essential to define which Member State’s regulations apply, who owns the spent
fuel, and who is responsible for funding decommissioning and managing returned
waste from reprocessing (if pursued). Emergency planning must account for cross-
border implications, and public engagement is necessary to build trust and
transparency in host and design-origin countries.

— Decommissioning strategies should be considered in the design phase of SMRs to
make sure the SMR facility can be safely decommissioned. Immediate dismantling
is the preferred approach, allowing for timely site release and minimising long-term
surveillance burdens. Financial mechanisms should be established to support
decommissioning activities. Safety assessments must consider modular
configurations, where some units are operational while others are decommissioned.

In closing, the safe and effective deployment of SMRs depends on integrating back-end
safety considerations into every phase of planning and operation. The IAEA continues to
support Member States through technical guidance, co-ordinated research, and
international review services to ensure that SMRs meet global safety standards.
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10. Effective initiatives to foster innovation

An innovative approach to regulation and a sufficiently trained workforce contribute to an
enabling environment to integrate innovative technologies in the nuclear back-end.

This chapter explores the benefits of international co-operation to advance nuclear
decommissioning worldwide. It describes the benefits achieved by regulators taking an
innovative approach to new technologies in nuclear decommissioning. It also explores
international initiatives that facilitate knowledge sharing and attracting talent to the nuclear
industry. It highlights programmes such as simulation-based learning and hands-on training
with real equipment and virtual reality.

10.1. Euratom research and training programme: A European strategy for research
and innovation in decontamination and decommissioning activities

10.1.1. Session overview

This session was presented by Seifallah Ben Hadj Hassine, Policy and Scientific Officer at
the European Commission (EC). It provided an overview of the European Atomic Energy
Community (Euratom) Research and Training Programme, the SHARE roadmap for
research in decommissioning and highlighted other successful EU initiatives in radioactive
waste management. If focused on the importance of knowledge sharing, attracting talent
and facilitating training programmes to advance nuclear decommissioning worldwide.

10.1.2. Presentation

The Euratom Research and Training programme is a complementary funding programme
to Horizon Europe which covers nuclear research and innovation. The programme funds
indirect actions in fusion research and development, in nuclear fission, safety and radiation
protection and direct actions undertaken by the Joint Research Centre (JRC). An overview
is provided below in Figure 10.1.
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Figure 10.1. Horizon Europe and Euratom
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The SHARE project supports the safe operation of nuclear systems. The SHARE roadmap
outlines the next 20 years structured around R&D, knowledge sharing, harmonisation of
practices, and education and training. Thematic areas of the activities include safety,
radiological protection and resources management, characterisation, material and waste
management, site preparatory activities, dismantling, decontamination and demolition,
environmental remediation and final release.

The Joint Research Centre’s role is to deepen European Union stakeholder engagement on
nuclear decommissioning and foster an international knowledge-sharing network to collect
knowledge from experts in nuclear decommissioning worldwide.

The JRC has undertaken several activities that contribute to developing an international
knowledge-sharing network, spreading the word about the capital importance of knowledge
management in the nuclear decommissioning field. Some of these activities include:

— Collaboration with the Nuclear Decommissioning Assistance Programme (NDAP)
operators to gather the knowledge raised in their decommissioning programmes
and develop valuable knowledge products.

— Collaboration among the Nuclear Decommissioning and Waste Management
Directorate (NDWMD) personnel to identify, gather, and develop new knowledge
products based on the knowledge identified in the JRC nuclear decommissioning
programme.

— Stakeholder engagement with international organisations and nuclear
decommissioning operators from other European countries.

— Organisation of the decommissioning summer school to bring knowledge from
experts in nuclear decommissioning worldwide.

10.1.3. Conclusion

Knowledge sharing initiatives are key to boosting synergies between the main stakeholders
involved and contributing to the sustainability of the nuclear facilities in Europe (e.g. EU
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Nuclear Decommissioning Knowledge Management (NKDM)). Sharing experience,
knowledge and lessons learnt across the EU adds value, promotes safety, and protects the
environment.

Joint programmes such as The European Joint Programme for Radioactive Waste
(EURAD) and Pre-disposal management of radioactive waste (PREDIS) are strategic
ventures to facilitate dialogue with civil society and other key stakeholders. Together, they
unite the efforts of 21 European Member States, six associated countries and 143
organisations, continuously working in co-operation with IAEA and NEA.

JRC initiatives such as the European nuclear decommissioning training programme
(ELINDER) stimulate professional training in nuclear decommissioning in the EU,
attracting new talent to work on innovative technologies for nuclear. ELINDER works with
employers in the nuclear field to advertise to employers and trainees, advocating for quality
outcomes to enhance the nuclear talent pool. It deepens expertise, provides tools for both
trainees and employers, and reduces organisational burden (e.g. generational knowledge
preservation). It maximises output using common tools and databases, including also IAEA
tools, making the training more relevant and up to date.

International co-operation has made significant advances in innovative technologies in
decommissioning. EU-funded projects such as Measurement and instrumentation for
cleaning and decommissioning operations (MICADO), Cyber physical equipment for
unmanned nuclear decommissioning measurements (CLEANDEM), Innovative tools for
dismantling of graphite moderated nuclear reactors (INNO4GRAPH), provide cost-
effective solutions for non-destructing characterisation of radwaste, UAVs, digital
innovations for graphite reactor (pre-)dismantling operations.

Other projects such as the HARmonised PracticEs, Regulations and Standards in waste
managements and decommissioning (HARPERS) are instrumental in collaboration on
international regulatory framework in waste management and decommissioning.

Newly co-funded projects such as XS-ABILITY, digital twins and ontology for robot
assisted decommissioning operations (DORADO) will advance remote and mobile
robotics, and digital solutions for waste characterisation. Projects such as Palladium
recovery for CO; valorisation (PARCOVAL) and Materials for lanthanide recovery from
nuclear waste (MaLaR) are advancing sustainable value chains, critical raw materials and
recovery of rare earth materials.

Key takeaways on the role of nuclear innovation adoption:

— International  co-operation is advancing innovative technologies in
decommissioning.

— Knowledge sharing initiatives are key to boosting synergies between main
stakeholders in nuclear.

— Sharing experience, knowledge and lessons learnt across the European Union adds
value, promotes safety, and protects the environment.

As a result, policy considerations include the following:
— EU-funded training programmes attract new talent to the industry.

— Knowledge sharing contributes to the sustainability and safety of the nuclear
facilities in Europe.
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10.1.4. 0&A

A query from the audience asked about the key performance indicators (KPIs) for the
various funded projects:

— The scope, description and results of each of the EU-funded project are published
on the internet and accessible. At the end of the project, a report is written and
presented to the consortium. There will be an upcoming workshop to showcase all
the work done in the past decade on decommissioning to make better use of the
results of the projects and what they mean for the future of decommissioning.

10.2. ONR’s approach to enable innovation in the UK nuclear industry

10.2.1. Session overview

This session was presented by Dr Paolo Picca, Office for Nuclear Regulation (ONR)
(United Kingdom) and Dr Jake Surman, Nuclear Innovation lead of the UK Environment
Agency (United Kingdom) focusing on Al risk and regulation (R&R) with a cross-sectoral
approach. The UK Environmental Agency is in charge of regulating the management and
disposal of radioactive waste in the United Kingdom.

10.2.2. Presentation

The United Kingdom recognises facilitating innovation is key to supporting the future of
nuclear energy. UK regulators are looking across different sectors to support innovation to
support economic growth, energy security, and net zero (e.g. nuclear energy is a recognised
technology). UK regulators look for opportunities from a safety and security standpoint.
Below is an overview of ONR’s approach to enabling innovation in the UK nuclear industry
(Figure 10.2).
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Figure 10.2. ONR’s vision on innovation
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The UK Nuclear Regulatory Taskforce was established in 2020 to deliver new nuclear
power focusing on innovation and growth. The taskforce embraces innovation knowledge
management, horizon scanning, and dialogue with inspectors for the safe and sustainable
future of the industry.

The United Kingdom’s regulatory pro-innovation approach on Al has been recognised as
good practice at the Joint Convention on the Safety of Spent Fuel Management and on the
Safety of Radioactive Waste Management. It also praised the United Kingdom’s domain-
specific principles-based approach to Al This includes practices such as mapping
differences in Al compared with other new technologies and feeding into expert panels on
Al intelligence regulation. The panels join diverse group of people from industry and other
regulatory sectors to understand how to regulate an innovation, accounting for different
sector’s experience.

Innovative practices such as the UK sandboxing approach look at practical applications of
innovations, informing decisions backed by data. It experiments with the practical
regulation of two ‘mock’ applications and mock safety demonstrations of Al based on
applications being developed in the real-world to determine possibilities within current
regulatory constraints and identifying gaps. The sandbox approach has fed into Al
regulation in nuclear, in the trilateral Al principle paper on nuclear regulation with the US
Nuclear Regulatory Commission and the Canadian Nuclear Safety Commission, and pro-
innovation regulatory approaches to Al at the Environment Agency and ONR. Tangible
results include a proof-of-concept of computer vision for Sellafield Ltd to optimise filling
waste boxes and facilitate waste retrieval from its’ most hazardous building, the Magnox
Swarf Storage Silo. This would lead to significant cost and significant time savings, as well
as safety gains.
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10.2.3. Conclusion

Understanding how innovative technologies, like Al are being implemented across sectors
avoids duplicating efforts and provides valuable learning opportunities. For the successful
and safe integration of innovative technologies in the nuclear industry, regulators must
continually assess and clarify expectations. There must be a cohesive approach among
regulators to improve innovative technology adoption and avoid fragmentation.

Regulation is perceived as a blocker, but with an innovative cross-sectoral approach it is a
facilitator for safe applications of Al use in nuclear energy. Cross-regulatory synergies on
innovations from a safety, security, conventional health and safety, environmental
protection, and radioactive waste perspective, offer opportunities. A collaborative
regulatory approach ensures a holistic approach to safely deploying Al reduces redundancy
and leads to faster deployment. In a context of limited resources, favouring this approach
to innovation can accelerate productivity and efficiency (e.g. freeing time of individuals
with niche skillset for other tasks).

Early engagement with regulators is key to bringing innovative technologies safely to
market for use in nuclear decommissioning. Open dialogue and advice from early stages of
considering new technologies improves trust and understanding between all stakeholders.
Early engagement steers industry on the right path, laying the groundwork to adequately
prepare for the final, formal decision-making processes. This iterative approach is efficient
for new technologies that often lack precedent, and is likely to save time and reduce the
risk of bottlenecking at the end of process.

Independence, consistency and fairness are fundamental principles of regulatory integrity.
Even with early engagement approaches, engagement on innovation does not bypass formal
or independent processes (e.g. licensing) and is performed by a separate team. This
independence provides clarity of expected outcomes and facilitates approval activities at
later stages.

In the innovation context, previous regulatory positions may not be applicable to new
technology (e.g. new technology without precedent, understanding context, open mindset).
Maintaining impartiality is key to managing regulatory risks to avoid enabling competitive
advantages to one or more companies. Open access to information such as publishing key
outcomes on engagement on innovation, benefits the wider nuclear industry. An
impartiality mindset also requires regulators to be “technology agnostic” when engaging
with front-line regulation and different industrial partners to avoid bias.

Activities such as advice panels, “Innovation cafés” and Regl.ab sandboxing help create
enabling environments for regulators to understand, evaluate and test innovative
technologies, with input from a wide variety of stakeholders (e.g. licensees, industry,
academia). Reglab sandboxing allows industry and regulators to collaborate in a non-
regulatory environment, to provide stakeholders with a safe space to explore how
innovations could practically be deployed and regulated. This leads to greater
harmonisation of design and safety demonstration between different countries and across
the nuclear industry as a whole.

Key takeaways on the role of nuclear innovation adoption:

e Early dialogue and collaboration empower all stakeholders, embolden trust and
enable positive change in mindset on innovation across the nuclear industry.

e Learning exchange platforms improve strategy and enhance learning among all
stakeholders (e.g. peer regulators, organisations, industry, licensees).



108 | NEA/DLM/R(2025)3

e Continued engagement with other national regulators on Al other innovative
technologies improves efficiency.

e Consolidation of partnerships with other international regulators avoids
duplication.

As a result, policy considerations include the following:

e Open dialogue and shared experiences at an international level advance the safe
integration of innovative technologies in the nuclear industry.

e A collaborative regulatory approach innovation avoids risks of regulatory
fragmentation.

e Regulation is often a perceived blocker (e.g. internal barriers licensee’s
organisations pose issue).

10.2.4. Q&A

Queries from the audience pertained to regulatory consistency, collaboration via informal
and formal feedback mechanisms, and the internal approach to innovation (e.g. integrated
v. matrixed):

— ONR and the Environmental Agency work closely with other sectoral regulators
such as the UK Health and Safety Regulator Network. Responsibility for nuclear
and environmental safety sits with the operators to demonstrate that the
requirements met for Al needs are commensurate with the environmental or safety
risk of that application. While it is the responsibility of the operators to put together
a proportionate case, early engagement with regulators is key to establish a shared
understanding (e.g. defining proportionate case) and to work collaboratively in this
space. There are a number of initiatives working with other regulators. There is the
national committee, on the robotics system network, working with the Health and
Safety Commission on Risk and Regulation (HSCRR) to learn from different
experiences and guide the approach.

— Informal feedback can be considered before formal feedback. The ONR and
Environmental Agency are open to discussions but caution against a limited
number of resources. There needs to be a stronger connection with the front-line
regulators, who decide prioritisation on a needs basis. Attendees are invited to
contact ONR and Environmental Agency to discuss further.

— There are key points of contact working within the innovation division, that belong
to a larger team of innovation champions. Innovation is handled differently in
different regulatory bodies. Some bodies have a separate innovation hub for those
doing innovation advice. Some are more matrixed, where existing regulatory
assessors do innovation work, in addition to their other responsibilities. The
advantage of the latter is that it spreads out pro-innovation culture and ownership,
fostering a shared understanding. It improves the innovation mindset and aids
formal decision making.

10.3. When regulators adopt innovation

10.3.1. Session overview

This session was presented by John McIntosh, Senior Research Programme Officer at the
Canadian Nuclear Safety Commission (CNSC), (Canada) focusing on the importance of
early engagement with regulators regarding Disruptive, Innovative, Emerging
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Technologies (DIET) for the safe deployment in the nuclear back-end. The CNSC
highlighted the need to utilise and streamline the use of DIET initiatives in response to
Canada’s strengthening commitments to nuclear energy in a safe and efficient manner. This
includes using DIET for new builds across Canada for SMRs and large reactors, ongoing
and planned reactor refurbishments and decommissioning projects, and waste management
projects proposed for both low-level waste and used nuclear fuel.

10.3.2. Presentation

The CNSC created the DIET working group, a diverse working group with representatives
from all areas of the organisation (e.g. nuclear power plants, nuclear mining, nuclear
medicine), and the CNSC Innovation Hub. The Innovation Hub provides a safe space for
industry (e.g. operators, developers) and academia stakeholders to discuss new
technologies, share innovations, and direct future research. The CNSC-identified DIET
technologies are listed below in Figure 10.3.

Figure 10.3. DIET Technologies

DISRUPTIVE, INNOVATIVE
AND EMERGING TECHNOLOGIES (DIET)

Technology Tools

Non-physical
(Code based)
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(Drones, Robofcs, Arfficial Inieligence, Quantum
Autonomous Vehicles) Compufing, Block Chain

ddifve/Advanced Manufacturing
(3D Prinfing, Realme Digial Twins / Assels
Moniionng wih Sensors)

Augmented |
Virtual Reality

Source: Canadian Nuclear Safety Commission, 2025.
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Exploring DIET also inspired internal use and adoption of new technologies within the
CSNC. It provides a forum for staff to learn about the uses of DIET, both internally and
externally. DIET work co-ordinates, leverages, and builds on the successes of CNSC’s
collaborative innovation initiatives. It evaluates the maturity and feasibility of DIET and
determines if their further evaluation is required.

DIET technologies, such as Al, drones and robotics, additive manufacturing, etc., are being
introduced at operating facilities. Examples of DIET at CNSC include work on Al, fusion,
VR/digital twins, control room of the future, drones and robotics, dialogue at international
fora and testing at RegLabs. Following a feasibility study, the CNSC identified test cases
for drones and robotics in activities such as water and remote sampling, monitoring mine
and mill sites, observing security exercises and construction activities. The CNSC is
developing a proof-of-concept for applications. Technologies such as photogrammetry and
radiological mapping can monitor mine and mill sites (e.g. CNSC compliance activity).
Drones and robotics can be used to access unsafe or inaccessible terrain to perform water
sampling and improve the quality of samples collected. At present, Al is the most heavily
explored of the many innovative technologies. The CNSC, UK ONR, and USNRC
developed a trilateral Al principle paper, which provides high-level principles for
integrating Al technologies into nuclear operations. Additionally, exploratory research is
being conducted on digital twins, virtual and augmented reality, drones, robotics and
remote systems. Al has been identified as a tool to use for predictive maintenance in nuclear
facilities, which was explored by industry and regulators at a pilot RegLab.

10.3.3. Conclusion

Regulators adopting innovation benefits both regulators and the industry. Licensees are
already using Al in many facets of business including regulated activities and regulators
need to stay informed and aware, especially regarding privacy concerns around Al. In the
absence of official guidelines regarding new technologies, interim solutions to deploying
new technologies must be explored in a safe and cohesive manner.

For regulators, Al has the potential to deliver benefits such as quicker access to relevant
information, increased decision-making capacity with reduced timelines, greater regulatory
predictability and enhanced knowledge management.

Regulators need to be aware of and familiar with new innovative technologies to enable
their introduction without compromising on safety or security. Objective, independent
advice regarding technologies is needed for decision making.

International co-operation such as sandboxing (e.g. Reglabs) and co-authored research
(e.g. trilateral Al principle paper) encourage knowledge sharing at an international level
that promote the safe adoption of innovative technologies. Conferences that gather
regulatory bodies with industry, academia, international organisations and research labs
(e.g. Annual DIET conference) discuss the science of these new technologies to understand
their future implications in the nuclear industry.

Key takeaways on the role of nuclear innovation adoption:
e Regulators adopting innovation benefits both the regulator and industry.

e Al is beneficial for internal and external use in industry (e.g. information
management and knowledge management).

e Innovative technologies can make more efficient use of resources and improve
safety.
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e Farly engagement and open dialogue in a safe space can streamline process (e.g.
get to licensing and deployment quicker).

As a result, policy considerations include the following:

¢ International sandboxing is a proven method to test viability of new technologies
in lower risk environment for eventual regulation and deployment.

e Innovative technologies can provide greater regulatory predictability and safer
means of conducting work.

e Standard-setting bodies may eventually need to develop standards for new
technologies such as Al, given the ubiquity of the technology and its reach across
many industries.

10.3.4. 0&A

Audience members asked about advice to nuclear licensee site holders when inviting
regulators on site, if stricter requirements are needed due to cybersecurity, and mechanisms
for identifying new technologies to be regulated:

— Early engagement with regulators is beneficial to understand what technology is
proposed well before end stages when regulators arrive on site. The back-end is a
great area to test technologies out in a lower risk environment where it is proven
they work and can demonstrate their effectiveness. Once the owner owns the asset,
they can explore new ways to use it in their business.

— Data encryption is extremely important for cybersecurity safety on nuclear sites.
Test cases are mainly carried out on licensed sites and SD cards in drones and
robotics can be encrypted (e.g. information collected can be sensitive).

— CNSC DIET working group is on the exploratory side of looking at technology
when it is first being considered for deployment. Once it advances, it moves to
licensing and operations and then policy considerations are taken into account.
There is no set timeline as it is dependent on safety and security of the technology.

10.4. Electricité de France’s strategy on robotic training definition

10.4.1. Session overview

This session was presented by Lise Thenault, Project Engineer at Electricité de France
(EDF), (France). It focused on EDF’s training programmes to upskill operators on the use
of new technologies using simulation-based learning and hands-on training with real
equipment and virtual reality. EDF’s Direction des Projets Déconstruction-Déchets
(DPD2) works with its subsidiaries CycleLife and Graphitech to manage dismantling of
pressurised and heavy water reactors, natural uranium graphite gas (UNGG) reactors and a
fast neutron reactor (FNR) across 11 sites.

10.4.2. Presentation

EDF works with Graphitech to develop and test technologies to handle the complexities of
dismantling graphite reactors (e.g. contamination, size, graphite properties). EDF built an
industrial demonstrator to facilitate the uptake and development of new technologies and
mitigate industrial risks linked to graphite reactors’ dismantling activities. It enables the
assessment of decommissioning scenarios, identification of alternative solutions facing
unexpected situations, and the design and development of appropriate robotic solutions. It
serves as a location to implement, test and improve innovative tools (e.g. robotic, remotely
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operated tools, mock-ups), using 3D models for scenario simulation and training (e.g.
choosing and using suitable techniques safely).

EDF is developing new training programmes pertaining to knowledge management (e.g. to
support decision making), decommissioning scenarios (e.g. 3D models, digital tools used,
robotic solutions) and remote tool handling (e.g. upskilling operators). Training at the
demonstrator is intended for engineers to gain knowledge on the challenges associated with
dismantling graphite reactors. It also introduces dismantling techniques and tools, scenario
design methods, regulatory frameworks and the physical characteristics and waste
characterisation of graphite. The anticipated training opening date for EDF and CycleLife
workers is December 2025. Training on remotely handled tools will be developed into
several modules (e.g. use, impact and choice of tools for remote handling activities).
Simulation-based training programmes enable operators to acquire skills to effectively use
remotely handled tools and prepare for unexpected scenarios (e.g. equipment failure,
dropped object retrieval/disposal).

10.4.3. Conclusion

Technologies have developed over the years, making robotic solutions increasingly
essential and unavoidable in the nuclear industry, especially in dismantling activities. The
rapid development of robotics, artificial intelligence (Al), and machine learning is driving
the adoption of robotic solutions in the nuclear industry. These technologies enable robots
to perform more complex tasks with greater accuracy and reliability. The use of robotics
enhances safety, time and cost efficiency and sustainability.

Some robots can perform in high-radiation environments, reducing human exposure to
hazardous conditions or even allow new solution pathways where human intervention is
not possible. Robots enhance operational efficiency by performing precise and repetitive
tasks without fatigue. Robots can dismantle structures, sort radioactive waste, and safely
transport hazardous materials, ensuring precise execution and minimising human risk.
Robotic technology is a costly initial investment but in the long-term has cost saving
benefits, including reduced maintenance costs.

Developing new training programmes for emerging technologies is crucial. Emerging
technologies evolve quickly, and the skills required to operate or develop them change just
as quickly. Traditional training programmes need to evolve to ensure individuals and
organisations stay current with the latest tools, methodologies and innovations. Proper
training leads to more efficient use of new technologies, enhancing productivity and
reducing errors.

New technologies often require specialised knowledge and skills. Focused training
programmes help individuals acquire these skills, making them more proficient and
adaptable to handle specific challenges. Simulation-based learning allows trainees to
practice without the risk of damaging expensive equipment. AR and VR help learners
visualise and interact with complex systems, simulating real-world situations providing an
engaging experience, repeating tasks without any consequences. Teleoperation Systems
used in hands-on training allow trainees to practice remote handling of robotic systems,
from a distance. The systems can provide feedback, improve control accuracy, and provide
safety protocols.

Emerging technologies can come with new risks and regulatory requirements. Training
ensures that users understand how to operate these technologies safely and in compliance
with relevant laws and standards. Well-trained individuals can leverage new technologies
to innovate and drive growth within their organisations, leading to better products, services,
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processes, and provides a feedback mechanism to continually improve the application of
new technologies.

Key takeaways on the role of nuclear innovation adoption:

e The rapid development of robotics, artificial intelligence (AI), and machine
learning is driving the inevitable adoption of robotic solutions in the nuclear
industry.

e Robots enhance operational efficiency by performing precise and repetitive tasks
without fatigue.

e Robots perform tasks in high-radiation environments, reducing human exposure to
hazardous conditions.

As aresult, policy considerations include the following:

e New technologies in the nuclear sector are a driving force for upskilling the nuclear
workforce.

e Emerging technologies increase the need for training to operate safely and in
compliance with relevant laws and standards.

e Training in nuclear technologies leads to more efficient use of new technologies,
enhances productivity and reduces errors.

10.4.4. 0&A

Queries from the audience pertained to training content, registration and
education/community outreach:

— EDF is working on training sessions for robots and does not currently have sessions
on laser cutting. Sessions are done via Graphitech. Theoretical training modules
can be completed in one week’s time. Operator training takes several weeks.

— Training programmes are being created, but not yet available. When ready, they
will be open to EDF and CycleLife employees. They will be available to externals
after they are successfully deployed internally.

— EDF engages with university students on EDF and CycleLife work dismantling
nuclear reactors, introducing new technologies, challenges, etc.; however, the
trainings are for professionals, not for students.
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11. Closing remarks and summary

11.1. Closing remarks

Closing remarks were delivered by the workshop co-Chairs, Thomas Braunroth of WPTES
(Germany) and Ladislav Vargovcik of EGRRS (Slovak Republic), summarising the
workshop.

Appreciation was given to the presenters, panellists and participants for highlighting good
practices, insights and implementation opportunities and challenges through tangible
experiences in nuclear decommissioning. A summary of the innovative technologies and
their applications was presented by the Workshop Chairs.

11.2. Workshop summary

Applications of advanced technologies and robotic systems’ use cases presented in the
back-end included, among others: automated measurement of drums, laser sampling in
combination with in-situ characterisation, laser cutting, ultrasonic decontamination and
handling systems for graphite core dismantling. Use cases exhibited potential and proven
use of robots in inspections, emergency situations, decommissioning, and waste handling
as well as strain reduction via wearable robotics.

Identified implementation challenges, which were explored thoroughly in the plenary
discussions, include funding, regulation, stakeholder engagement, management, supply
chain, ensuring safety and security, and aversion to risk. While regulatory barriers were
frequently mentioned, participants noted the lack of specific examples — such as a failed
safety case or tangible roadblocks — that could be further analysed in depth. The Chairs
expressed the importance of exploring this topic further in future work.

Dedicated R&D programmes, early regulatory interactions (e.g. “friendly regulators”
accompanying and pushing innovation), exchanges of good practices and training
programmes were all recognised as possibilities to reduce implementation barriers.

The Chairs identified key topics that were expected to continue to gain importance in
nuclear innovation adoption, to be taken into consideration for future work:

e Good and precise understanding of implementation barriers to lead to targeted
solutions.

e The increasing importance of recycling and a circular economy mindset in many
nations.

e The inevitability of Al applications in a variety of domains such as knowledge
management or machine vision, and the associated challenges (e.g. reliability,
explainability and evaluation of Al-enabled robotic systems).

e Opportunities for innovation driven by SMRs and advanced reactor technologies.

e Societal implications of Al and automated technologies as they become more
prevalent.
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11.3. Conclusion

The Workshop Chairs encouraged participants to share insights from the workshop within
their networks and invited them to engage with the EGRRS and WPTES regarding ongoing
activities and future workshops.

Concluding remarks from the Chairs highlighted that global nuclear energy capacity will
need to be tripled by 2050 and called to widen the reach of the nuclear community. The
Chairs highlighted the challenge posed by an ageing population and the need to train the
future generation of nuclear professionals. They encouraged participation from experts in
non-nuclear domains and encouraged participants to contribute their knowledge and help
build a resilient future for the nuclear sector.

The workshop was recognised as a valuable platform for exchanging ideas, building new
professional relationships and laying the groundwork for future collaboration.

The Deputy Head of the NEA Division of Radioactive Waste Management and
Decommissioning (RWMD) closed the event by thanking all participants for their valuable
contributions to the workshop. Special appreciation was extended to the workshop
organisers, Workshop Chairs, session moderators and exhibitors, as well as NEA staff,
Sellafield Ltd staff, and the Energus Conference Centre staff.
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