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Abstract. RadoNorm aims to manage risks from exposures to radon and naturally occurring radioac-
tive material (NORM) to promote effective radiation protection based on improved scientific evidence
and social considerations. It supports the European Member States and the EU Commission (EC) in
implementing the Basic Safety Standards for protection against ionising radiation hazards at the legisla-
tive, executive, and operational levels (Directive 2013/59/EURATOM). The project is grounded on (1)
implementation of multidisciplinary and innovative research and technologies, (2) integration of education
and training, and (3) dissemination of project results targeting a broad stakeholder community including
the public, regulators, and policymakers. The objectives are achieved through scientific research-related
topics (exposure, dosimetry, biology, epidemiology, societal aspects), cross-cutting topics (education and
training, dissemination, ethics) and project management. The project will yield guidelines at legal, exec-
utive and operational levels. It will enable consolidated and harmonised decision-making in the field of
radiation protection, considering societal aspects and sustainable knowledge transfer. The project con-
tributes to EC activities to strengthen radiation protection in a consistent and joint manner, as has
already been done through the establishment of radiation protection platforms, the promotion of projects
(e.g., DoReMi, OPERRA) and the partnership CONCERT-EJP. The outcomes may also impact future
recommendations.

the increased awareness of radon and NORM hazards
calls for better risk governance.

1 Introduction

The FEuropean Basic Safety Standards Directive
2013/59/EURATOM widens the application of radi-
ation protection practices to previously not affected
fields, such as exposures to radon, thoron (including their
progeny) and exposures to naturally occurring radioactive

1.1 Objectives

material (NORM), and demands that they are regulated
in the same way as artificial sources. Implementing new
regulations and related guidelines must be based on
sound, scientifically based evidence currently missing.
Many open questions remain regarding dosimetry, effects
and risks of radon and NORM when occurring alone or in
combination with other stressors such as smoking. Also,
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The RadoNorm project, funded by EURATOM H2020
from August 2020 to July 2025, aims to provide the
required knowledge and to significantly reduce scientific
as well as technical uncertainties in all steps of the radia-
tion risk assessment and management cycle for radon and
NORM exposure situations, as illustrated in Figure 1.
This calls for research and technological developments,
education and training, as well as dissemination actions
targeted to the public as well as regulators. RadoNorm
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thus provides a holistic umbrella framework for integrat-
ing all aspects of radon and NORM protection, including
underpinning science, past experiences and societal needs
that might be relevant for implementing effective practical
actions to optimise the protection of humans and the envi-
ronment as well as to further develop them in a holistic
way. RadoNorm supports the implementation of the Euro-
pean Basic Safety Standards (BSS) and helps to cope with
the new requirements on radon and NORM. It would also
help to improve recommendations on an international level
through the ICRP. The holistic approach by RadoNorm
covers risk assessment and risk management, development
of tools, methods and best practices to cope with the issues
related to radon and NORM, as well as research on societal
aspects, thus making major impacts on society and help-
ing the decision-makers and authorities in regulation and
guidance.

Thus, RadoNorm provides science-based recommen-
dations and guidance on how to best implement the
BSS. The focus is put on innovative and practical solu-
tions that significantly improve the radiological situa-
tion and radiation protection practices by all stakeholders
involved.

1.2 Implementation

The project is designed to initiate and perform research
and technical development in support of European Union
Member States, Associated Countries and the European
Commission (EC) in their efforts to implement the Euro-
pean radiation protection BSS. It has a highly multidisci-
plinary and inclusive character, which targets all relevant
steps of the radiation risk management cycle for radon and
NORM exposure situations. RadoNorm aims to reduce
scientific, technical and societal uncertainties by (i) initiat-
ing and performing research and technical developments,
(ii) integrating education and training in all research
and development activities, and (iii) disseminating the
project achievements through targeted actions to the pub-
lic, stakeholders and regulators. Steps addressed are the
characterisation of radon and NORM exposures (WP2),
improving dosimetry (WP3), assessing effects and risks
for humans and the environment (WP4), refining miti-
gation technologies (WP5), raising the understanding of
societal aspects (WP6), and disseminating achievements
(WP8). Furthermore, an ambitious pan-European E&T
programme contributes to competence building and sus-
tainability of the project findings (WP7). Figures 2 and 3
demonstrate the relationship between work packages and
how they intertwine to answer the question of radon expo-
sure as an example.

At the start of the project, several risks were identi-
fied, the most significant of which were changes in benefi-
ciaries, BREXIT, poor visibility and delays in work. The
COVID-19 pandemic also presented an unforeseen risk.
Measures have nevertheless been taken to avoid bottle-
necks in work, where the coordination team has diligently
worked to actively engage partners, foster healthy commu-
nication and ensure that deliverables and milestones are
timely met.

2 Key areas (WORK PACKAGES; WPs)

2.1 Coordination, management and administration
(WP1)

The RadoNorm project is a multinational and multidisci-
plinary project, spanning 57 partners across 22 European
countries and collaborating with groups in the US and
Canada. The project engages both the natural sciences
and social sciences.

This enormous effort to improve radiation protec-
tion based on scientific evidence and social considerations
for radon and NORM can only be competently realised
with the help of a central coordination system. There-
fore, the smooth and efficient running of the project is
being managed by the project coordinator (PC), who is
the single point of contact for the project as a whole for
all exchange of information, reporting requirements and
financial aspects.

2.1.1 Objectives

The main objectives of WP1 are mainly administrative,
i.e., to ensure the smooth running of the project, estab-
lish smooth communication within the project and with
external entities, and ensure that the scientific goals of the
project are being reached.

Responsibilities of the PC include monitoring progress
using milestones and deliverables, ensuring compliance
with the Grant Agreement and Consortium Agreement
and the collection and collation of reports and their sub-
sequent handover to the EC. The PC is also tasked with
maintaining clear lines of communication between partici-
pants and governing bodies in the project so that research
is properly guided and arising issues are quickly resolved.
Moreover, it is the PC’s duty to administer the disburse-
ment of funds to the consortium and subsequently monitor
and report financial compliance.

2.1.2 Achievements

WP1 has successfully compiled the project’s first periodic
report to the EC and has so far ensured that the project’s
deliverables and milestones are on track.

To provide a medium for coordination and manage-
ment of internal documents among project participants, a
secure internal web-based workspace was integrated with
the project’s public website. This was done in collabora-
tion with WPS, responsible for dissemination and com-
munication activities. The workspace allows the exchange
of various types of information, such as datasets, results,
coordination decisions, timetables, presentations, materi-
als, and reporting among partners. It allows each partner,
the work package leaders, and the coordinator to regularly
monitor progress in data collation, analysis, and accom-
plished deliverables.

A system of RadoNorm internal cascade communica-
tion was set up, which allows the PC to communicate
directly with members of the Executive Board (ExB), con-
sisting of all WP leaders, to further communicate with
task leaders and personnel within their work packages.
Meetings of the PC with the ExB are held regularly every
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Fig. 1. Impact of RadoNorm on radiation protection.

Fig. 2. Work package organisation in RadoNorm.
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Fig. 3. How work packages contribute to the scientific process using radon as a case study.

three months. Moreover, the dissemination of information
and results within the project was done through meetings
of the General Assembly (GA) in the form of the Kick-Off
Meeting and the 1st Annual Meeting. Due to the COVID-
19 pandemic, both meetings had to be organised as online
events.

Furthermore, the PC has clarified the ethics require-
ments of the project and made sure the necessary clear-
ances have been obtained for the research to be carried
out. This was done in the form of ethics reports that were
submitted to the EC.

2.1.3 Perspectives

Another pillar of this work package is identifying project
topics and results which could contribute to the Strate-
gic Research Agenda (SRA) of the European Radiation
Protection Platforms (RPPs). The PC has been in close
contact with members of the European RPPs to iden-
tify relevant topics for research, especially as members of
these platforms are part of the RadoNorm project. The
research for RadoNorm is mainly based on their input,
which is available to members of the platforms. Thus, the
new findings benefit EU efforts not only in the develop-
ment of BSS but also in the development of operational
responses to local radioactive contamination, as well as
aid the ongoing decommissioning of nuclear power plants
across Europe and the subsequent storage of radioactive
waste. It also increases public awareness of radiation pro-
tection measures.

2.2 Exposure situations (WP2)

When it comes to characterising and assessing the expo-
sure of people and biota to radon and NORM, there

still remain many uncertainties. As of now, there is
great difficulty in radon metrology in determining (i) the
average radon concentration level, which can be com-
pared to the reference level, (ii) the fractionation between
radon/thoron and their short-lived decay products, as
well as (iii) the fraction of progeny attached to aerosols;
which are all needed to assess the risk to radon expo-
sure. Moreover, peculiarities in measurement can present
themselves for specific sites (for example, in underground
workplaces). Regarding exposure to NORM, the main
uncertainties lie in understanding the different scenarios
that can lead to an exposure event, not only due to the
wide range of activities that use NORM but also due to the
existence of natural areas with high background radioac-
tivity, such as legacy sites. There is also difficulty in assess-
ing the dispersion and transfer of NORM in the environ-
ment. Studying NORM dispersion and transfer is mainly
done through the use of radioecological models, whose
uncertainties can be reduced by a better understanding
of the biological and geochemical processes governing the
dispersion and transfer to various compartments of the
environment.

2.2.1 Objectives

WP2 aims to provide a better characterisation of the
exposure of people (public and workers) and biota to
radon and NORM by fillings gaps of knowledge identi-
fied in previous European or National projects and those
outlined as research priorities in SRAs of the European
RPPs. Characterisation of exposure is to be done from
the initial quantification of the radionuclide of concern at
a given place and its contribution to the dose received
by the people or the biota, to its dispersion and redistri-
bution in the environment and finally to our capability
of using models to predict this dispersion and transfer
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to assess the risk. For radon exposure situations, WP2
aims to improve upon detection and measurement meth-
ods for radon, thoron, and their progeny, assess the con-
tribution of various natural and anthropogenic sources to
radon exposure, aid in setting up workplace-specific radon
measurement protocols and improve understanding of the
processes and factors that contribute to the variability of
outdoor amounts of radon, thoron and their decay prod-
ucts. For NORM exposure situations, WP2 will provide
a systematic overview of exposure sites across Europe,
investigate conditions and processes at NORM exposure
scenarios that influence effects and risks, identify biologi-
cal, chemical and geochemical parameters controlling the
NORM migration in soil and transfer to plants, reviewing
exposure pathways considered in radioecological models,
and applying the new knowledge of exposure situations to
models.

2.2.2 Achievements

Over the first 18 months, significant progress has been
made. Methodologies and protocols have been established
to compile or acquire new data for the (i) characterisa-
tion of temporal and spatial uncertainty of indoor radon
measurement, (ii) characterisation of radon aerosols in
underground workplaces, (iii) assessment of radon expo-
sure in workplaces, (iv) assessment of building materials
as a source of indoor radon exposure, (v) improvement
of methods to identify high indoor radon levels, and (vi)
assessment of radon and thoron outdoor concentrations
and exhalation rate.

To collect information on NORM exposure sites at the
European level, questionnaires and e-surveys were devel-
oped in collaboration with WP5. The initial experimental
studies and the first set of field campaigns were started
to better understand the influence of speciation, organic
matter degradation, plant metabolites, earthworms or
microorganisms on the mobility of uranium and radium
in soils. These investigations would shed light on NORM
transfer to plants and support the development of new
modelling approaches to predict their reactivity in soils.

Finally, critical reviews of exposure pathways were car-
ried out for dose assessment of public and biota at NORM
industrial /legacy sites for three selected topics: (i) conven-
tional waste disposal, (ii) the groundwater exposure path-
ways and the consideration of leaching and (iii) the use of
sludge from sewer depuration systems of liquid effluents
as fertiliser in agriculture.

2.2.3 Perspectives

This new scientific knowledge gained in WP2 will provide
pragmatic and feasible recommendations or guidelines for
radon-radon progeny measurements and workplace type-
specific measurement protocols for the realistic assessment
of radon exposure of the workers. Moreover, it will pro-
vide methods to support the EU Member States in the
identification of high indoor radon levels at the Euro-
pean level, as well as give recommendations to support
the revision of EC Radiation Protection guidelines (such
as RPs guidance 122 and 135) in consideration of new

types of industries involving NORM, processes, environ-
mental standards and types of releases. WP2 outputs will
also complement the risk assessment research for humans
and biota as performed in WP4, as well as the assess-
ment of remediation strategies in contaminated areas as in
WP5.

2.3 Dosimetry (WP3)

Assessment of any dose-effect relationships requires reli-
able dose estimation. Therefore, it is highly important to
obtain reliable data on doses, dose distributions, and their
uncertainties in order to characterise the health and bio-
logical effects of radon exposure. These include data on
absorbed doses and their uncertainties in epidemiological
studies and on doses at different levels of biological organ-
isation in biological experiments.

2.3.1 Objectives

Besides providing reliable dose estimation in different
exposure scenarios, this area aims to identify specific
human subpopulations potentially more sensitive to radon
exposure than the general public since there are no two
people alike. The effects of severe asthma on absorbed
doses and dose distributions in the lungs have been quan-
tified by computer models of airways of diseased patients
considering anatomical, physiological, and histological
differences.

While smoking increases lung cancer risk, it also
induces changes in lung morphometry and respiratory
physiology, affecting the deposition and clearance of radon
progeny. In this way, the same environmental radon con-
centration may result in different absorbed dose rates in
the lungs depending on smoking history. The final goal
is to distinguish between smoking-induced and radon-
induced lung cancers considering the differences in the
spatial distribution of bronchial carcinomas and deposi-
tion patterns upon exposure to cigarette smoke and radon
progeny.

While the highest fraction of a dose is absorbed in
the lungs, other organs are also exposed to radon progeny
and other sources of ionising radiation. Annual absorbed
doses arising from exposure to radon gas, radon progeny,
long-lived radionuclides (LLR) to the lung and to other
organs will be calculated in individual miners. Calcula-
tions will be performed with standard biokinetic and dosi-
metric models published.

Another aim is to gain insights into the uncertain-
ties arising from model parameters, which affect the dose
attributed to cohort members, to define better the uncer-
tainties affecting the dose-effect relationship. Biokinetic
and dosimetric models will be applied in the dose calcula-
tions and uncertainty analysis. Uncertainties arising from
exposure, biokinetic and dosimetric models will be studied
separately and then combined.

It is an important question whether in vivo and in vitro
experiments can mimic the real-life exposure scenario and
to what extent. Therefore, computational microdosimetry
will be performed in order to support the preparation and
evaluation of biological experiments.
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2.3.2 Achievements

Because of the widely differing experimental information
on the effects of smoking, a thorough review of the exist-
ing literature was performed in order to establish rea-
sonable modelling scenarios. A thorough review has been
performed in order to develop a comprehensive model
for the dose to embryo and foetus, considering a pla-
cental transfer, lactation, and age of children, among
other factors. A literature review of the models and their
parameter values has also been performed to quantify
uncertainties deriving from prior distributions from which
parameter values will be sampled for Monte Carlo simu-
lations. In vivo dose distributions in human lungs (Fig. 4)
have already been quantified in order to provide realistic
exposure conditions for in vitro experiments with cell cul-
tures and organotypic tissue models. Specific energy and
hit distributions have also been quantified in the case of in
vitro experiments with cells and organotypic tissue mod-
els exposed to solid alpha sources and charged particle
microbeams.

2.3.3 Perspectives

The results of this WP will contribute significantly
to the Multidisciplinary European Low Dose Initiative
(MELODI) research platform by improving understand-
ing of dose-response relationships for radiation-induced
health effects and organ-specific cancer risk assessments,
as well as to the European Radiation Dosimetry Group
(EURADOS) platform by helping to refine, validate and
implement new biokinetic models.

WP3 also address the question as to whether a new
dose concept can be developed accounting for spatial dose
inhomogeneity by generating new knowledge related to
the role of spatial dose distribution in radiation risk, and
exploring how intra-organ dose distribution can be con-
sidered in the system of radiation protection.

In order to explore ways how differences (if any) can
be considered in the system of radiation protection, the
consideration of the effects of spatial variation in dose
delivery at other spatial scales has been reviewed. To com-
plement that, the existing epidemiological and biological
data about the biological and health effects of hot particles
and other heterogeneous exposures, including exposure to
radon progeny, will also be reviewed. In addition, par-
ticular attention will be paid to experimental results on
the effects of spatially inhomogeneous dose distributions
in state-of-the-art organotypic lung models. A biophysical
model capable of predicting the relative biological effec-
tiveness of various radiation types will also be applied to
describe the carcinogenic potential of complex radiation
fields in dependence on the dose. This will lead to an esti-
mate of the effect of weighted dose dependent on the com-
position of the radiation field for carcinogenesis-related
endpoints. Based on these studies, recommendations can
be made on how to improve the system of radiation
protection.

In the end, the results of this WP will contribute sig-
nificantly to the MELODI research platform by improv-
ing understanding of dose-response relationships for
radiation-induced health effects and organ-specific cancer

risk assessments, as well as to the EURADOS platform by
helping to refine, validate and implement new biokinetic
models.

2.4 Effects and risk assessment (WP4)

2.4.1 Objectives

The general objective of WP4 is to generate new knowl-
edge related to biological effects and responses after expo-
sure to radon and NORM that have implications for risk
assessment and radiation protection of humans and the
environment. It also aims to reduce the existing uncer-
tainties in risk assessment. To achieve this goal, WP4 is
structured into tasks addressing major knowledge gaps in
human health risk assessment of radon and NORM, such
as the interaction between radon and smoking in lung
cancer, risks of radon outside of the lung, risks associ-
ated with radon exposure during childhood, risks from
radon and NORM in drinking water, mechanisms of radi-
ation action in the disease processes, and quantification of
various sources of uncertainties in risk inference. In addi-
tion to human health effects, we address the major knowl-
edge gaps for the risk assessment of non-human biota with
respect to the combined effects of NORM and other stres-
sors and determine adverse outcome pathways (AOPs)
leading to such effects.

2.4.2 Achievements

The methods used in WP4 include epidemiological stud-
ies and simulations based on epidemiological datasets, risk
modelling, molecular epidemiology, experimental studies
on combined effects carried out in realistic co-exposure
conditions and determination of AOPs linking the mech-
anisms and effects after co-exposures. During the first
18 months of the project, all studies have been success-
fully initiated. Smoking risk models with temporal expo-
sure window have been developed to include intensity and
duration of smoking and time since quitting smoking, and
geometric mixed models for interaction between cumu-
lated radon exposure and smoking have been developed.

To study radon-related risks other than lung can-
cer among adults, detailed specification of analysis plans
regarding outcomes, risk models and subgroups have been
carried out. Aiming at pooled analyses of national stud-
ies on the association of radon and childhood cancers,
leukaemia and brain cancer, studies on national cohorts
have been continued. Moreover, mechanisms of radiation
action in lung cancer are being studied among never-
smokers exposed to radon. In addition to the molecular
characterisation of non-small-cell-lung-cancer among 1000
patients, the genetic alterations found with the molecular
phenotype in animals (rats) and humans exposed at work
(miners) are being investigated.

Various sources of uncertainties in radon-induced lung
cancer risk inference are studied. Developing and fitting
Bayesian hierarchical models based on survival disease
models and shared error structures may alleviate uncer-
tainties in exposure and dosimetry. Biologically based
models on lung carcinogenesis are being developed that



U. Kulka et al.: EPJ Nuclear Sci. Technol. 8, 38 (2022) 7

@ attached radon progenies
@ unattached radon progenies

AIA,,
||
0

y S

490

A — local activity (on a triangle)
A, — mean activity (averaged over the bifurcation)

Fig. 4. Deposition pattern of the inhaled radon progenies in a central bronchial airway bifurcation (left) and colour map of the

deposition enhancement factors (right).

integrate molecular data, calculate lifetime risk and con-
tribute to the AOP development.

2.4.3 Perspectives

Even though it is well known that radon causes cancer,
there are still major gaps in knowledge. Much less is known
about the possible association between radon exposure
and diseases other than cancer, like cardiovascular dis-
eases. Furthermore, studies on radon risks have been car-
ried out among adult populations, like uranium miners,
and we need more information on the risks after exposure
during childhood. The interaction of radon and smoking is
also a major public health question. Smoking increases the
lung cancer risk from radon, and in fact, quitting smoking
is an effective way to reduce the risk of radon. We address
this question by analysing datasets that have information
on radon exposure and smoking, looking into the trends
in smoking by age groups and experimental studies to
gain a further understanding of the molecular mechanisms
involved in the interaction of radon and smoking.

There are few studies focusing on the risk from inges-
tion of naturally occurring radionuclides such as radon,
uranium and radium, and to this effect, better exposure
characterisation from different drinking water sources is
needed, which is planned to be undertaken during the
course of the project.

Radon detectors that are sensitive to thoron (*2°Rn)
can over-estimate radon (?22Rn) exposure. This leads to
an underestimation of lung cancer risk per radon exposure.
To study this, the detectors used in previous epidemi-
ological studies are being tested for their sensitivity to
thoron.

Experimental studies on the effects and mechanisms
of action of combined exposures to radon or NORM and
other stressors relevant in true exposure situations of

humans and biota have been started by reviewing and set-
ting up co-exposure systems (cells, rodents, aquatic organ-
isms). Based on the experimental data, predictive models
will be established for the combined effects of multiple
stressors for lung cancer caused by radon/tobacco and
ecotoxicological relevant endpoints. Other stressors being
considered are nanoparticles (e.g., carbon, silicate) and
other NOR substances (e.g., U, Ra, Po-210).

In the end, the concerted effort of all tasks within
the work package will help develop new methods for risk
modelling, in particular, quantification of uncertainties for
risk inference. It could potentially shed light on elucidat-
ing driver mutations for radon-induced lung cancer, which
would be a major breakthrough in radiation carcinogene-
sis. But it would more likely be that several radon-related
pathways leading to lung carcinogenesis are discovered.
Contribution to public health will also be profound by
providing predictive models on radon exposure and pre-
dictions on future lung cancer rates. Through its findings,
WP1 is poised to close several knowledge gaps addressed
in the MELODI, ALLIANCE and EURADOS research
platforms.

2.5 Mitigation (WP5)

2.5.1 Objectives

The main goal of WP5 is to improve and optimise radia-
tion protection of workers, the general public and the envi-
ronment against the harmful effects of ionising radiation
caused by the presence of natural radionuclides in nature
and the work environment utilising innovative mitigation
techniques, systems and strategies. In order to achieve the
main goal, several key objectives were identified, and cor-
responding research activities were defined.
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One main objective is the improvement of the effi-
ciency of radon mitigation systems and their sustain-
ability through the new developments and optimisation
of current radon control systems. The innovative design
of preventive measures and corrective actions applied in
dwellings and workplaces involving NORM industries will
use new knowledge on radon sources and radon entry path-
ways gained through experimental and theoretical work
carried out specifically in WP2 and WP5 in close collab-
oration. The ongoing research is focused on the modifi-
cation and optimisation of existing ventilation systems,
such as described in Figure 5, the application of radon-
resistant construction techniques and materials and the
utilisation of continuous radon monitors for control of
active operation elements of preventive measures and cor-
rective actions.

Analysing information on lessons learned and experi-
ence gained during implemented actions for mitigation in
buildings, workplaces and NORM industry facilities in the
EU Member States is also undertaken as part of WP5.
This information enables us to improve regulation tools
and procedures, leading to a reduction of occupational
and public exposures to ionising radiation reflecting the
variety of exposure scenarios.

Another objective is the development of strategies for
final treatment of NORM residues/waste based on pre-
ventive actions and mitigation methods with respect to
existing circumstances corresponding to specific NORM-
involving industries, technological processes, legacy sites
and environmental conditions. This is based on the evalu-
ation of remediation options using radioecological models
from the legal perspective and general radiation protec-
tion principles (justification, optimisation, and dose lim-
itation) based on industry-specific BATs (best available
technologies) and/or LCAs (life cycle assessments).

2.5.2 Achievements

The methods used in WP5 include measurement cam-
paigns in dwellings, workplaces, NORM industry facilities
and legacy sites; field radiation surveys and environmental
sampling and measurement; laboratory measurement and
analysis; proficiency testing programs in radon/thoron
calibration facilities; in situ comparison measurements;
radioecological modelling and utilisation of case studies in
specific NORM and legacy sites; radon-resistant construc-
tion techniques and materials testing; data processing and
analysis software tools; information and data collection
methods.

Over the course of the first 18 months, several ques-
tionnaires have been formulated and distributed. Two
were done to get an overview of regulatory approaches and
international standards for systems and methods (preven-
tive measures, corrective actions) to control radon in work-
places and dwellings, formulated and distributed among
relevant stakeholders. A third, more general questionnaire,
in collaboration with WP2, was to gather specific infor-
mation related to NORM aspects that would be needed
later in the project. Other questionnaires are currently
in preparation, such as collecting information about the
measurement of radon and radon progenies and other rel-

evant parameters that might be important from the point
of view of dose from radon calculation and the evaluation
of radon mitigation systems.

For radiation risk mitigation measures applied in
NORM-involving industries and remediation of legacy
sites, a workshop was organised with industry represen-
tatives and relevant authorities dealing with radioactivity
in water. The workshop comprised invited introductory
presentations on a legal context, research examples, case
studies, already applied solutions and follow-up panel
discussions.

A review of building materials and technologies with
significant impact on indoor radon levels was also con-
ducted. This was done by literature searches and ask-
ing partners about their experience with the material
with elevated content of natural radionuclides or including
residues of NORM industries.

Two specific NORM situations have been determined
as case studies: (i) mixing of NORM residues with other
residues during underground coal mining activities or for
reuse/recycling and (ii) a NORM-affected legacy site in
Norway. Key parameters needed for modelling and colla-
tion of relevant datasets for model application were carried
out. The foreseen outcome of this would be a methodol-
ogy and a procedure tested on the aforementioned cases
for addressing solution effectiveness and identifying possi-
ble issues to obtain an appropriate, well-justified decision.

Laboratory experiments have commenced on exhala-
tion rate measurement from a building material sampled
during radon diagnosis. Additionally, other experimental
and theoretical studies are underway on testing various
methods of radon diffusion coefficient determination in
radon-proof membranes.

The selection of active and passive dosimeters for test-
ing purposes is also underway. This is done in order
to prepare a large in situ inter-comparison measurement
campaign focused on a dose assessment of workers from
radon and radon progeny in selected underground work-
places. Measurement campaigns in dwellings and under-
ground workplaces before and after the implementation of
corrective actions and comparing measurement techniques
are also planned. Installation of preventive measures based
on a sub-slab depressurisation system for further testing
purposes is also being carried out.

2.5.3 Perspectives

New findings will eventually lead to better software and
measurement tools for air exchange rate determination
and radon diffusion coefficient determination, among oth-
ers. It will also help improve water treatment technologies
by reducing the level of natural radionuclides and non-
radioactive contaminants. Furthermore, it will strengthen
mitigation efforts in NORM industries and legacy sites
using site-specific radioecological models.

2.6 Societal aspects (WP6)

Radon, NORM and the risks they entail for humans and
the environment are important societal issues. In this
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Fig. 5. Radon corrective measures — a hybrid ventilation system.

respect, they should not only be approached through a
technical lens, but attention should equally be directed
at the ways in which individuals, groups, organisations
and institutions in society are perceiving, thinking about,
and acting upon radon and NORM. When focusing on the
societal aspects of radon and NORM, important questions
arise, such as “what barriers are people experiencing to
radon remediation?”, “how can citizens be more actively
engaged in radon measurement and remediation?” and
“what factors influence companies’ (un)willingness to use
NORM-containing by-products in the production of con-
struction materials?”.

2.6.1 Objectives

Through a focus on the societal aspects of radon and
NORM, WP6 aims to contribute to strategic, innova-
tive, theory- and evidence-based governance of radon
and NORM. Building on and addressing the gaps of
past research, it proposes systematic and methodologi-
cally sounds social scientific approaches to study radon
and NORM. More specifically, WP6 aims to improve pub-
lic awareness of radon and NORM, evaluate methods to
achieve behavioural change, and contribute to science-
based policy support for radiation protection from Radon
and NORM. This is done through five tasks, covering
the development of a strong methodological base and
toolbox for studying stakeholders’ perceptions, attitudes,
behaviours, motivations and opinions related to radon
and NORM; the development and testing of health com-
munication tools focused on achieving behaviour change;
establishing and supporting citizen science initiatives on
radon remediation; studying societal aspects in specific
and understudied exposure situations; and formulating
consolidated recommendations for science and policy. Inte-
grating a work package dedicated to societal aspects,
which builds on insights from social science and humani-
ties research, demonstrates the strong holistic and multi-
disciplinary character of the RadoNorm project.

2.6.2 Achievements

In the first 18 months of the project, each task has been
initiated with tangible outputs for all of them. With
regard to the development of a strong social scientific
methodological base and toolbox for studying radon and
NORM, an elaborate literature review was conducted on
methods used in published articles (n = 142) on the sub-
ject. Besides uncovering a strong underrepresentation of
NORM as a subject in social science studies (being stud-
ied only in 19 articles), this review highlighted a dom-
inant geographical focus on the US, the use of rather
‘traditional’ quantitative and qualitative methods, and the
(lack of) reliability and validity of a range of variables and
scales used in the past. Building on this state-of-the-art, a
range of quantitative and qualitative methods have been
selected, adapted and tested in various national and local
contexts, gaining insight into how different publics per-
ceive and act with regard to radon and NORM exposure.
This will result in a database and methodological toolbox
to be consulted and used by researchers and policymakers.

Some of the first results of WP6 have been published
in various articles. Regarding citizen science, a paper
titled “Evaluation of citizen science contributions to radon
research” was published in the Journal of Environmental
Radioactivity in October 2021. In that same journal, an
article was published in April 2022 titled “Societal aspects
of NORM: an overlooked research field”. In that same
month, the International Journal of Public Health pub-
lished the article “Cure or Carcinogen? A Framing Anal-
ysis of European Radon Spa Websites”.

Finally, various events have been organised in the con-
text and with the support of WP6. A webinar titled
“expert consultation on investigating the potential of
citizen science for effective radon measurement and miti-
gation” was co-organised by RadoNorm, the Social Sci-
ences and Humanities in Ionising Radiation Research
(SHARE) platform and the International Atomic Energy
Agency (IAEA) in the framework of the RICOMET 2020
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conference in September 2020. During that same con-
ference, a webinar on “Societal aspects and marketing
challenges of NORM in building products” (co-organised
by SHARE, the European NORM Association (ENA)
and the RadoNorm project), and a webinar on “Radon
air pollution: communication and protective behaviour”
(co-organised by the Environment and Resources Author-
ity (ERA), TAEA, the RadoNorm project and SHARE)
was organised. A one-day hybrid conference on transdisci-
plinarity titled “Beyond scientific disciplinary boundaries:
the future of radiation protection research and practice?”
was organised by SCK CEN, MERIENCE, NMBU and
the SHARE platform in September 2022.

2.6.3 Perspectives

These insights serve as a sound basis for developing com-
munication strategies and tools, which might be used to
tackle the identified gap between people’s attitudes and
values on the one hand and their actions on the other (e.g.,
knowing that radon is an issue and perceiving it as prob-
lematic, while not taking remediating actions). Through
pinpointing behavioural objectives and change objectives
for specific stakeholder groups and gaining insights into
determinants of these behaviours, communication tools
are developed and tested, both in the laboratory and ‘field’
settings. This hence provides a hands-on, scientifically
consolidated means to achieve behaviour change, which
is an important route towards increased radon testing,
mitigation and/or remediation (Fig. 6).

An additional but partly complementary route to
such an increase in testing, mitigation and/or remedia-
tion is also being investigated through setting up and
testing a range of citizen science initiatives, where cit-
izens take an active role in conducting measurements
and designing strategies for increasing radon remediation.
Through building on citizen science principles defined by
the European Citizen Science Association and exchang-
ing with previous radon-focused citizen science projects,
four pilot initiatives have been prepared, of which the
first (in Ireland) was launched in Spring 2022. Towards
the end of 2022 and building on insights gained through
the pilot studies, a call for citizen science initiatives on
radon will be launched across Europe, thus establishing
a network of initiatives and citizens engaged in radon
governance.

One particular interest of WP6 also lies in investigat-
ing the understudied societal aspects related to specific
radon and NORM exposure situations. These specific sit-
uations are radon and NORM in the context of geother-
mal projects, the use of NORM-containing industrial
by-products in the construction industry, and the exis-
tence of radon spas in different European countries.
Related to the first context, a socio-technical investiga-
tion is undertaken to describe radiological and chemical
characteristics of geothermal by-products, uncover per-
ceptions of workers and other stakeholders with regard
to radiation issues, and identify — with the help of stake-
holders — potential management strategies for these by-
products. For the second context, interest is taken in the
use of alternative cementitious binders made with NORM-

containing by-products and how both industrial actors
and end-users perceive the use of such binders in the
construction industry. Finally, with regard to radon spas,
a frame analysis has uncovered how such spas in their
public communication frame radon is significantly differ-
ent (and sometimes contradicting) ways from the fram-
ings encountered in public health communication, a find-
ing which in the coming months will be further explored
through interviews and/or observations with relevant
stakeholders.

Overall, WP6 emphasises that radon and NORM are
situated in complex and continuously dynamic societies
and hence stresses that effective governance strategies
should also uncover the interplay between the technical
and natural aspects of radon and NORM on the one hand
and their societal aspects on the other. As such, it con-
tributes both to state-of-the-art research and to science-
based policymaking.

2.7 Education and training (WP7)

2.7.1 Objectives

WPT aims to organise the education and training program
of RadoNorm focusing on Ph.D. students and early career
researchers (ECRs). To this end, WP7 monitors and sup-
ports the progress of Ph.D. and ECR projects and con-
tributes to their professional development by organising
targeted courses and exchange visits.

2.7.2 Achievements

Approximately 24% of the project budget is dedicated
to the salaries of Ph.D. students and ECRs. During
the first 18 months of RadoNorm, 20 Ph.Ds. and 14
ECRs were recruited. A virtual meeting for Ph.D. stu-
dents and ECRs was organised in 2021, where each young
researcher presented his/her project and answered ques-
tions. Such meetings will be repeated regularly in order
to foster collaboration between Europe’s future radiation
researchers. The coming meetings are intended as face-to-
face events, where the researchers can get to know each
other personally, this being an important element of team
building.

Five courses were held in 2021: “Interdisciplinary radi-
ation research on radon” organised by BfS (Germany),
“The art of public opinion survey analysis: surveying the
public on Radon and Norm” organised by the University of
Antwerp and SCK-CEN (Belgium), “Naturally occurring
radionuclides in work and natural environment — establish-
ing the problem definition, finding sources and exposure
assessment” organised by GIG (Poland), “NORM impact
assessment toolkit: from microorganisms to human cells”
organised by the University of Aveiro and University of
Porto (Portugal) and “Cellular effects of high and low
LET ionising radiation — introduction to radiation biol-
ogy” organised by Stockholm University (Sweden).

Eleven travel grants were awarded in 2021, which was
quite low and presumably due to the COVID-19 pan-
demic.
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Fig. 6. Systematic overview of Radon/NORM risk perception.

2.7.3 Perspectives

There are still Ph.D. and ECR positions to be filled at a
later stage, in accordance with the work planned for each
task. Training and courses for these young investigators
will also be conducted in the coming years, with various
courses already planned for 2022. We expect that as the
pandemic restrictions ease, we will be able to fund more
travel grants to encourage young investigators to pursue
scientific exchange in person.

At the end of the project, a new generation of scientists
would be well-trained and willing to take on the challenges
of radiation protection in their respective fields.

2.8 Communication, dissemination and exploitation of
results (WP8)

2.8.1 Objectives

Among the aims of RadoNorm is also to disseminate the
project achievements through special actions targeted at
the public, other stakeholders including regulatory author-
ities and policymakers. In addition, one of the objec-
tives of the project is to exchange and communicate with
stakeholders, including the general public, affected pop-
ulations, professional and regulatory organisations across
Europe, as well as international communities of scientific,
technical, legal, and other professional experts in radia-
tion protection. Therefore, a specific cross-cutting work
package in RadoNorm is devoted to communication, dis-
semination and exploitation of the RadoNorm results in
the most effective way with the highest impact through-
out the project lifetime and also beyond. To achieve the
best results, all work package leaders are involved and
contribute to the activities. The PC ensures resource opti-
misation to ensure consistency of the dissemination activ-

ities and maximise public outreach. The work package on
communication, dissemination and exploitation objective
is to: (i) enable two-way communication about the project
and its results to multiple audiences and show its impact
and benefits by addressing and providing possible solu-
tions to challenges of radon and NORM exposures; (ii)
make the results transferable for audiences that may use
the new knowledge, data and information in their own
work, enable use and uptake of results and maximise the
impact of EU-funded research; (iii) utilise the RadoNorm
results in developing, creating and marketing products,
processes, services or other activities (policymaking) to
effectively exploit the project’s results for society.

2.8.2 Achievements

In order to achieve these objectives, the project adopted
the strategy and plan for communication, dissemination
and exploitation of results with the overview of stake-
holders, their needs and expectations, different tools and
channels for communication and dissemination and for
involvement of target groups. Different means have been
outlined for online communication and feedback, specific
materials to promote key messages, events and partici-
pation in other relevant actions. Also support for other
work packages in communication and dissemination of
their research to scientific and non-scientific audiences is
provided. The report of the strategy and plan provides
the basis for both external and internal communication,
dissemination activities and approach to the exploitation
of results. RadoNorm’s outreach activities aim at commu-
nicating and disseminating the project results during the
project lifetime and increase the impact after the end of
the project.

The external communication and dissemination strat-
egy uses a synergetic combination of several channels and
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tools, such as a project website (Fig. 7) linked with social
media networks, newsletters and other information mate-
rials, two-way interaction tools and channels with different
stakeholder groups established in the project, conferences
and other event opportunities and publications in various
media including peer-reviewed scientific journals and pop-
ular science publications. All this information is available
on the RadoNorm website https://www.radonorm.eu/
and is regularly updated.

The internal communication and dissemination plan
defines responsibilities among project partners and con-
sortium bodies and describes internal communication
flows and monitoring instruments. Internal communica-
tions are conducted via emails sent out by the PC and
work package leaders and periodic electronic or face-to-
face meetings. Project communication and documentation
(including project minutes, deliverables, etc.) are stored
and shared in the internal repository on the RadoNorm
webpage. The internal communication plan also pro-
vides information on templates made available to all
partners.

2.8.3 Perspectives

The RadoNorm results will include reports, recommen-
dations, new skills and knowledge, educational materials,
publications, Ph.D. theses, new collected data and pro-
totypes (like new pre-standards and measurement meth-
ods). RadoNorm uses the STORE?" platform (https:
//wwu .storedb.org) for secure storage of data and shar-
ing and dissemination of data and information. In general,
the RadoNorm results are public unless the decision to
protect the outputs is taken (such as patenting or other
forms of intellectual property protection). Green open
access to the website’s online project repository is assured,

and also gold open access for a limited number of publi-
cations. Thus, the international guidelines for open data
(FAIR) and transparent publication (TOP) are respected,
and the availability and reuse of the primary scientific
data further increase the value of RadoNorm output. It
also assures that the public-funded RadoNorm output can
become available to the broader research community. Pub-
lished results would also be exploited by the scientific
community and various stakeholders involved in radiation
protection.

3 Conclusions

The RadoNorm project had a successful start and showed
considerable and tangible output over its first 18 months,
despite the COVID-19 pandemic. 12 out of 85 deliver-
ables and 20 out of 99 milestones have been achieved.
The project objectives have been fulfilled, especially in
addressing knowledge gaps through scientific investiga-
tion, training personnel in radiation protection research,
disseminating its findings to a broad audience, engaging
and educating the public, and bringing together the radi-
ation protection scientific committee at an EU level to
coordinate research efforts.
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