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Abstract. In recent years, there has been an increase in Dismantling & Decommissioning (D&D) opera-
tions of nuclear facilities, driven by the ageing of infrastructures and political decisions to phase out nuclear
power. These operations, which can last from a few years to several decades, require mature and reliable
techniques that meet international standards, local safety regulations, and radiation protection criteria.
Despite developments in robotics, sensors, and digital tools that could reduce manual labor and risk expo-
sure, their deployment remains limited due to financial and logistical constraints. The EU-funded projects
CLEANDEM and XS-ABILITY address this challenge by upgrading advanced nuclear sensors and mount-
ing most of them on autonomous terrestrial (CLEANDEM) and both terrestrial and aerial (XS-ABILITY)
robots. These robots are and will be designed to assist operators by enabling continuous monitoring dur-
ing D&D processes, reducing radiation exposure (CLEANDEM), and accessing hard-to-reach areas and
difficult to measure radionuclides (XS-ABILITY). They also minimize human errors and organizational
issues related to limited intervention time and repetitive tasks. CLEANDEM’s results were showcased at
its final workshop, and XS-ABILITY, launched October 1st 2024, will build upon these developments to
further improve safety and efficiency in D&D operations. This work focuses on CLEANDEM’s technical
developments, and presents XS-ABILITY as one of its perspectives.

1 Introduction – The CLEANDEM project

By answering to the Horizon 2020 Nuclear Fission
and Radiation Protection Research call for proposal on
“Fostering innovation in decommissioning of nuclear
facilities” (NFRP-2019-2020-09), the ambition of the
CLEANDEM project was to deliver key achievements
in respect of Dismantling & Decommissioning (D&D),
enabling:

1. A significant reduction of the dose received by
operators,

2. The optimisation of time and cost related to D&D
operations,

3. High-quality level of measurements, and
4. Improvement of the competitiveness for the companies

involved in the consortium.

From 2021 to 2024, ten key players in the Euro-
pean nuclear industry (CAEN, Orano, Ansaldo, RINA,
TECNALIA, SOGIN, AiNT) and research institu-
tions (CEA, INFN, ENEA) collaborated within the

? e-mail: maugan.michel@cea.fr
?? On behalf of the CLEANDEM and XS-ABILITY consor-

tiums.
??? e-mail: guillaume.amoyal@cea.fr

CLEANDEM consortium, led by CEA, to develop
advanced radiation detection technologies for 3D-
localized radiological measurements, most of which were
mounted on an autonomous UGV (Unmanned Ground
Vehicle). By integrating legacy facility data into a detailed
3D Digital Twin, these technologies have the potential
to greatly enhance the planning and traceability of D&D
operations, providing more accurate, reliable, and up-to-
date radiological information.

Based on specifications from Orano, incorporating
feedback from end-users and stakeholders, the upgraded
radiological sensors include:

– INFN’s low-cost sensors for rapid neutron and
gamma detection and CEA’s distributed dose
rate mapping (utilizing dose-sensitive optical fibres
coupled with 3D shape-sensing for precise dose
localization).

– CAEN and CEA’s enhanced neutron/gamma
detection and identification sensors and gamma
spectro-imaging for hotspot localization and
identification.

– Air and surface contamination monitoring sys-
tems, including a cryogenic system for radioac-
tive carbon dioxide (14CO2) monitoring (ENEA), a
PSD phoswich alpha/beta large surface contamination
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Fig. 1. Overview of the developments carried out within the CLEANDEM project.

monitor (CAEN), and a beta/gamma surface pixelated
contamination monitor (CEA).

With the exception of the distributed dose rate mapping
and air monitoring systems, all sensors can be mounted on
the Robotnik RB-VOGUI Unmanned Ground Vehi-
cle (UGV), which features a UR 5e robotic arm (Uni-
versal Robots) upgraded by TECNALIA and Ansaldo for
remote and autonomous operations. Data collected
by the robot are then transmitted to RINA-CSM’s Digi-
tal Twin, supported by Orano’s PoStLAM tools, to con-
solidate and/or update all available (including legacy)
radiological data.

The complete system underwent in-lab testing and was
further tested at AiNT’s Aachen technical centre in early
2024, before the final workshop held at SOGIN’s EUREX
Saluggia plant mid-April. There, alongside the demon-
stration of the robotic platform, each technology and the

achieved work, including market analysis and training pro-
grams, were presented.

The overview of the developments carried out by the
CLEANDEM Consortium is presented in Figure 1.

2 Main results of the project

2.1 Technology specifications & concepts of
operations

Early on in the project, Orano defined in the Techni-
cal Specifications, a comprehensive list of requirements of
the various technological components integrated into the
CLEANDEM project. This list is based on concrete needs
identified by end-users in the nuclear industry. They also
defined, with the help from SOGIN, the concepts of oper-
ations (CONOPS) including several reference and realis-
tic in-situ tasks the equipped robot shall be able to face.
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These data served as inputs to technical WPs to facilitate
the development process and help understand the specific
needs of end-users.

Capitalizing on the experience of the Consortium at
the end of the project, Orano also prepared a guideline
outlining the challenges encountered during D&D opera-
tions, and demonstrated how the CLEANDEM solution
could address some of these issues.

2.2 Robotic platform

As shown in Figure 2, the chosen platform for mounting
the radiological sensors is an RB-VOGUI robotic mobile
platform (Robotnik) equipped with a Universal Robots
UR 5e robotic arm [1] and outfitted with advanced sensors,
tools, and localization & navigation systems. The latter
include both 2D and 3D Lidars (Laser Imaging Detection
and Ranging) and capabilities for Simultaneous Localiza-
tion and Mapping (SLAM).

Visible in Figure 3, TECNALIA created a 2.5D nav-
igation suitable to remotely and autonomously operate
in cluttered indoor environments with high robustness
navigation. 2.5D or pseudo 3D representation of the envi-
ronment from a 3D map (also known as grid map or eleva-
tion map), is used to estimate the transitable space of the
environment (i.e., the parts of the environment that the
robot can reach by its own means). This was achieved by
integrating the 3D Lidar reconstruction and 2D path plan-
ning; by using floor extraction from 3D map as a surface,
transitability estimation from slope and terrain roughness,
and planning and control using the Robot Operating Sys-
tem (ROS [2]) navigation stack.

With the help of Ansaldo and Orano, the platform
was assembled, upgraded, and tested navigation-wise, as
well as protected against contamination and radiation.
The protection against contamination and radiation fol-
lowed a study by Orano and TECNALIA presenting
different recommendations in concepts and procedures
designed to make easier the cleaning and reuse of mobile
robotic platforms in nuclear industry, with the protection
of the robot and its equipment from irradiation follow-
ing the recommendations from [3]. Concerning contamina-
tion protection, the proposed solutions range from design
recommendations, to designing tailored and remov-
able/easily decontaminable protective cover, as well as the
use of strippable resin.

With the help of Ansaldo, TECNALIA programmed
the robotic arm, and studied the arm positioning and
reachability. This is crucial for sensors mounted on the
robot/arm and critical for surface contamination sensors
which must be positioned as close as possible to the
surface, without touching it. The platform with sensors
embedded in different configurations allowed for deploy-
ment is shown in Figure 4.

2.3 Radiological sensors

The upgraded sensors, designed to enhance the quality
and ease of radiological assessments, focused on:

Fig. 2. RB-VOGUI UGV platform (Robotnik) equipped with
an UR 5e robotic arm (Universal Robots), and embedded 99
sensors for localization and navigation.

• Rapid dose rate mapping;
• Gamma and neutron detection and identification, and
• Soil and air contamination monitoring.

Data from these sensors are wirelessly integrated into the
Digital Twin after the mission, facilitating accurate assess-
ment and planning of radiological conditions and subse-
quent operations.

The first two developments for rapid dose rate
mapping, undertaken by INFN and CEA, include neu-
tron/gamma detection systems and a gamma spectro-
imager.

2.3.1 MiniRadMeter gamma counters/spectrometers and
gamma-blind MiniSiLiF neutron counters

INFN developed and tested prototypes of the
MiniRadMeter gamma counters/spectrometers and
gamma-blind MiniSiLiF neutron counters. They are visi-
ble, embedded on the UGV and on their own in Figures 4
and 5.

The in-lab testing [6] and results during the final tests
of these sensors at AiNT premises demonstrate their effec-
tiveness. For gamma detection, the energy resolution at
662 keV improved from 9% initially, to 7.2% notably
due to optimized light collection. Neutron detection reli-
ably indicates the presence of neutron fields (as shown by
the successful localization/identification mission results in
Fig. 6), despite limited quantitative performance. These
results are supported by the measured gamma and neu-
tron spectra shown in Figure 5.

Their small size allowed mounting both sensors on the
robotic platform during the final workshop in situ demon-
stration (see Fig. 6).

2.3.2 Nanopix spectrometry-imager

Within CLEANDEM, CEA, upgraded the Nanopix
gamma spectro-imager with a new Timepix3 counting chip
and improved electronics. It is now more suitable for UGV
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Fig. 3. 2.5D navigation solution developed by TECNALIA, integrating 3D Lidar reconstruction (upper left), 2D path planning,
through floor extraction from 3D map as a surface (2.5D map, upper right, achieved using the grid map module [4] in [2]),
transitability estimation from slope, and terrain roughness and planning (lower left) and control using the Robot Operating
System (ROS) navigation stack (lower right).

Fig. 4. Robotic platform configurations, for ambient gamma and neutron measurements (left), surface contamination monitoring
(centre), and gamma hotspots localization and identification (right), through spectro-imaging [5].

integration due to its compact design and low power con-
sumption.

The Timepix3 counting chip, hybridized with a
cadmium-telluride semiconductor, combined with a
coded-aperture mask, allows to locate and identify a
gamma radiation source, which can then be superimposed
with the visible image feed. Compared to the previous ver-
sion of Nanopix [7], the significant performance improve-
ments of Nanopix3 now allow for rapid radionuclide
location and identification; as visible in Figure 7, which
shows the Nanopix3, mounted on the robotic arm and
measured spectra during the final workshop demonstra-
tion. During this demonstration, a 140 MBq source 3 m
away from the camera was located and identified in less
than 10 s (less than a second at 1.5 m).

2.3.3 OSL/FO dosimetry and optical fibre shape-sensing

While it was a lower-TRL development not to be mounted
on the robot, but providing relevant topographic and

radiological data within hard-to-access and hidden zones,
developments were carried out to combine the INSPECT
system, based on OSL/FO (Optically stimulated lumi-
nescence/Fibre Optics) dosimetry, with the fibre optics
shape-sensing (FOSS) technologies. Both the INSPECT
system and the physical principle behind FOSS are shown
in Figure 8. The latter technology allows, through knowl-
edge acquired from the optical fibre’s bending through
laser interrogation, to reconstruct its three-dimensional
shape.

At the start of the CLEANDEM project, limitations in
terms of materials, methods and algorithms, had reached
their limits, making it impossible to bridge the short
length (typically <1 m [8]) reconstruction length (com-
patible for medical applications), to 10–15 m reconstruc-
tion range required for D&D applications. Hence the
aim of these developments which were to revise, based
on previous proprietary developments [10] and published
data [9] the shape-sensing algorithm and hardware to over-
come previous limitations, achieving a proof of concept,
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Fig. 5. MiniRadMeter gamma counter/spectrometer and gamma-blind MiniSiLiF neutron counter (upper left), mounted on
the UGV during the final workshop demonstration (upper right), and neutron (lower left) and gamma (lower right) spectra
measured during the final tests at AiNT premises.

Fig. 6. Robotic platform next to drum containing a 241Am source during the final tests at AiNT (left) and 2D mapping 140
showing the localization and identification of the four radioactive sources in the room (right).

demonstrated in-lab up to 6 meters. Further development
is needed to reach lengths required for D&D operations.

2.3.4 Gamma and neutron detection and identification
sensors

CAEN’s developments on gamma and neutron detec-
tion and identification first focused on sensor selection;
then, through Monte Carlo simulations (Geant4), they
completed the feasibility study and established detection
responses and limits for scintillator-based sensors, part of:

– The SNIPER-GN 2.0 gamma and neutron sources
identifier, based on stilbene and CeBr scintillators for
a first and secondary inspections, and

– The GAMON-Drone gamma/neutron detection sys-
tem based on NaIL scintillator for survey measure-
ments (see Fig. 9).

Their capabilities were assessed with the help of
ENEA, as well as during the final tests at AiNT; as shown
in Figure 10, where the radiation intensity path is pro-
jected into the 3D reconstruction of the environment of
the Digital Twin.
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Fig. 7. Nanopix3 gamma spectro-imager and multisource spectrum measured during the final tests and, during the final
workshop demonstration, measuring a 241 Am source inside a waste drum.

Fig. 8. INSPECT system, for 1D dose data acquisition (left), and shape sensing principle for 3D localization (right).

Another CAEN development was related to a CZT
spectrometer, which was mounted on the robotic arm dur-
ing the demonstration of the final workshop (see Fig. 11),
aims at better embedded gamma spectrometry for hotspot
search and pipe inspection. A gamma spectrum measured
by the CZT during the final tests at AiNT is also shown
in Figure 11.

2.3.5 Contamination monitoring

The contamination monitoring developments included:
• Upgrading a 14CO2 measurement system.
• Developing two complementary surface contamination

monitors:
◦ A pixelated β/γ monitor using modified plastic

scintillators and

◦ A large surface monitor for α/β contamination.

2.3.5.1 14CO2 measurement system

ENEA-INMRI designed and oversaw the upgrade of
their cryogenic system for radioactive 14CO2 monitoring.
Figure 12 shows the evolution of this prototype, from the
stage before the start of the project, to the prototype man-
ufactured by the end of the project.

Designed to achieve continuous air collection from the
demonstration room’s atmosphere, cryogenic CO2 seques-
tration was demonstrated in-lab. Too big and power
demanding, it was not meant to be mounted on the robotic
platform, but the provided information was deemed
relevant to further develop within the CLEANDEM
project this air 14C contamination technology, particularly
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Fig. 9. SNIPER-GN 2.0 and GAMON-Drone measurement
systems mounted on the UGV.

relevant to Advanced Gas-cooled Reactors (AGR) or
Gas cooled Graphite moderated Reactors (GGR) D&D
operations.

Characterization tests demonstrated to detect,
through Liquid Scintillation Counting of the trapped
CO2, concentration in air from environmental values
(1.2 ppt of 14C/C) on.

2.3.5.2 β/γ pixelated surface contamination monitor

CEA developed and characterized a β/γ pixelated surface
contamination monitor by selecting scintillators, designing
mechanical frames, and improving electronics to achieve
multichannel readout capability. As shown in Figure 13,
it is modular by design, where each pixel can be assem-
bled to create any shape (square, inline, etc.), making it
adaptable to the various surfaces shapes encountered in
facilities undergoing D&D.

2.3.5.3 Large surface α/β contamination monitor

CAEN designed, and characterized at ENEA, a large sur-
face contamination monitor to achieve α/β contamination
measurement. As shown in Figure 14, the robotic platform
and arm positioning achieved by TECNALIA and Ansaldo
allowed to precisely set the sensors (and thus the contam-
ination monitors) as close as possible to the surface, to
allow measuring α and β contaminations.

2.4 Data fusion and digital twin

This Work Package led by RINA CSM with TECNALIA
and ENEA, have developed the QPro Digital Twin plat-
form, including software architecture, selected technolo-
gies, and data structures sourced from sensors, material
samples, and historical databases.

As shown in Figure 15, the DT design includes struc-
tured data collection and storage, a user web interface
with 3D functionality, and a BIM-based DT approach,
where data can be accessed by selecting the correspond-
ing placeholder in the user interface (see Fig. 16).

Orano’s poStLAM software complements the DT for
radiological data analysis and generation of real-time

D&D scenarios, as visible in Figure 17. Figure 17 presents,
dose rate maps and their retro projection in the 3D
reconstruction of the tunnel where the final workshop in
situ demonstration took place, with a “virtual” worker
placed to calculate the dose they could receive in different
scenarios.

Alongside the technical developments exposed supra,
two work packages focused on training, and the in-situ
demonstrations during the final workshop, as well as the
market alignment of the developed technologies, which are
presented in the following sections.

2.5 Training, in situ demonstration

The aim of two work packages was to develop, test
and evaluate a training programme, as well as demon-
strate results obtained in the technical WPs and test
the achieved technological innovations in a relevant
environment.

The work package led by SOGIN developed a modular
training program using case studies relevant to end-users
and stakeholders, with AiNT’s assistance, and contribu-
tion of Orano who were in charge of the Concepts of Oper-
ations. This work package also established an End-Users
Network to assess and meet various application needs.

Two webinars with End-Users were held in Septem-
ber 22 and February 23 with the objective to:
– Introduce the rationale of applying robotics in D&D

operations;
– Disseminate the CLEANDEM technology proposal to

end users;
– Spotlight the in-situ demonstration as an example for

application of the robotic platform;
– Gain end user feedback, through online surveys iden-

tifying
Among different feedbacks gained from the surveys, are
the following information:
– The need for a modular approach to allow larger flex-

ibility in responding to changes with regard the use
case, the features of the UGV and the group being
targeted, and

– The training context definition, requiring theoretical
foundation, practical exercises and in-situ demonstra-
tion, and on-site training

These led to the organization of the CLEANDEM Final
Workshop, which was held on April 17th 2024 at the Sogin
EUREX (Enriched URanium Extraction) plant, a pilot
nuclear fuel reprocessing facility built in 1965 by ENEA in
Saluggia, Italy, under dismantling by SOGIN since 2003.

On this day, roadshows, presentations and in-situ
demonstrations of the CLEANDEM platform in a real
nuclear environment were given to the invited European
stakeholders. Was also shown the implementation of the
data collected by the platform in this hotspot localization-
identification-mapping configuration. They were displayed
in the 3D and fully detailed Digital Twin augmented with
the radiological information provided by the sensors to
improve radiation protection and the safety of decommis-
sioning activities.
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Fig. 10. Point cloud of the AiNT premises and measured radiation intensity measured in the wake of the platform’s path 188
(bottom left), and picture of the platform undertaking such mission (top right).

Fig. 11. CZT sensor mounted on the robotic arm during the final workshop demonstration and gamma spectrum of the 195
measurement of a 241Am source.
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Fig. 12. From left to right, first prototype for gas trapping, design before, and after manufacturing by Air Liquide Italia.

Fig. 13. CEAfs pixelated β/γ surface contamination monitor. 223 Left: electronic board, silicon photomultiplier (SiPM) on
top of it, and plastic scintillators on top of both; making the sensing 224 unit of a pixel. Middle: 16 pixels assembled in a 4× 4
square, with mylar cover for lightproofness. Right: 16-pixels 225 configuration embedded on the robotic arm during the final
tests at AiNT premises.

Fig. 14. CAEN’s large surface α/β contamination monitor.
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Fig. 15. Diagram of data collection, fusion visualization and analysis for the Digital Twin.

Fig. 16. Point clouds with path followed by the UGV during one mission of the final tests at AiNT premises, and reconstructed
3D view of the tunnel where the demonstration took place during the final workshop, with arm path and placeholders of reports
available within the Digital Twin.

Fig. 17. Orano’s poStLAM software and its integration within the QPro platform showing dose rate maps and 252 retropro-
jection in the tunnel where the demonstration during the final workshop took place.
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2.6 Market analysis

With the help of SOGIN and Orano, the objective of
this work package led by CAEN was to estimate the
social and economic impact CLEANDEM will have on the
market.

To this end, they developed a comparative database,
between the existing or commercially available, and the
innovative technologies developed by the CLEANDEM
Consortium (standalone and embedded on the platform);
and develop an evaluation methodology useful for decom-
missioning cost estimation based on different scenario
approaches from the CONOPS conclusions. The metrics
used for this were a quantitative estimation of the
Direct cost drivers that represent either time/money that
can be linked to various activities and Qualitative evalu-
ation of indirect cost drivers: that are referred to quali-
tative indicators related to the same activities, but that
represent general concept that are not directly linked to
an expense.

Their analysis highlighted substantial opportunities
for enhancement in D&D activities. Areas such as data
collection, quality, and traceability present signifi-
cant potential for advancements. Furthermore, optimizing
waste sorting and reduction, along with minimizing
the overall environmental impact, emerges as crucial.
The current strategies in these areas offer scope for further
refinement and efficiency improvements.

3 Conclusions and perspectives – The
XS-ABILITY project

The CLEANDEM project is now terminated and its
developed technologies, procedure and methodologies can
be continued, extended and/or upgraded in the Euro-
pean EURATOM framework, to other Dismantling &
Decommissioning-related developments. This project has
allowed to further develop radiation-sensing technologies,
which can in and of themselves allow better measure-
ments, but it also showcased the capability to embed
many of them on an unmanned solution, paving the way
to reducing human exposition to gather such data. By
focusing on size and power consumption reduction, the
CLEANDEM solution shows how multiple sensors can
concurrently be sent on a UGV to achieve multiple
measurements in one go (eg. ambient gamma/neutron
dose rate while measuring floor/wall contamination);
which is seldom achieved nowadays, where the UGVs
usually embark only one sensor per robot mission. The
CLEANDEM project also demonstrated how these data,
gathered in a Digital Twin, provide in one interface, geolo-
cated data from various sources to achieve better decision
taking and planning of Dismantling & Decommissioning
operations; which currently are mostly achieved by sepa-
rately analysing such data. The higher reliability of these
data (both the measurements’ value and their location) is
also to be put into perspective for the acceptance of such
technologies among the Dismantling & Decommissioning
industry.

But because of the non-exposition of workers that
is allowed by the unmanned systems developed within
CLEANDEM, they can also be applied to any situation
where unmanned intervention is to be privileged as much
as reasonably possible, which is the case in RN-related
security, safety or crisis management.

In these matters, partner entities have since collabo-
rated to build, also with new partners and associated part-
ners, proposals within these frameworks; among which, to
the XS-ABILITY project proposal to the Horizon Europe
2023 Nuclear Research and Training “Innovative technolo-
gies for safety and excellence in decommissioning, includ-
ing robotics and artificial intelligence” call (NRT0107).

The XS-ABILITY project, coordinated by CEA, will
start October 2024 and, for three years, seven leading
actors of European nuclear research (CEA, IFE,
VTT and SCK-CEN) and private sector (CAEN
Flyability and Sigma) will extend and upgrade
CLEANDEM’s achievements by addressing the issue
of hard-to-measure radioactivity in/and hard-to-
access locations.

To reach this objective, XS-ABILITY will develop
and deploy a swarm of autonomous Unmanned
Ground and Aerial Vehicles equipped with advanced
radiation detection technologies, the sensors will be
enhanced with AI-based algorithms and methodolo-
gies for accurate 3D scene reconstruction that will
ease the situational analysis for humans and AI.

The collected data could, then, be implemented in any
D&D digital-twin and supervision platform, such as the
one form the PLEIADES European project, and its follow-
up project, DORADO. Combining these information with
legacy facility data into such a platform, will significantly
enhance the planning and traceability of D&D operations,
thanks to more accurate, more reliable, and up-to-
date information, hence cheaper, and safer for D&D
workers.

Based on the nuclear and D&D field expertise of
the consortium, reflecting the needs from end-users and
stakeholders, the technologies which will be deployed
by 2027 on UxVs (unmanned vehicles) are gamma
spectrometry and localization sensors, probes for
gamma/neutron detection and source identifica-
tion, and contamination monitoring probes for soil
and wall monitoring.

The sensors will be deployed on a fleet of UxVs,
consisting of three UGVs (4-legged and 4-wheeled), and
two UAVs. A robotic platform will also be used to scan
large surfaces at higher heights.

These UxVs, provided by members of the Con-
sortium, will be enhanced with higher capabilities by
developments on Multi-robot task allocation, path
planning, autonomous navigation and obstacle
avoidance, as well as Multi-Agent Simultaneous Local-
ization and Mapping (MASLAM).

A final layer of developments will be devoted to:

– data fusion and algorithms, using implicit neural
scene reconstruction (including radiology), and

– AI for predictive analytics and multi-robot mis-
sion scheduling.
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The systems will be qualified in a representative environ-
ment, according to case study scenario.
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