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Foreword 

The Integration Group for the Safety Case (IGSC) was established in 2000 by the OECD 

Nuclear Energy Agency (NEA) Radioactive Waste Management Committee (RWMC) in 

recognition of the need for continued progress on the basis for developing, reviewing and 

updating safety cases for geological repositories. For two decades, the IGSC has taken a 

leading role in identifying, documenting and evaluating emerging issues and trends, and in 

establishing consensus on good practice in safety case development. The IGSC holds 

Safety Case Symposia on a regular basis in order to share its work, discuss emerging themes 

and trends in safety case development and identify areas for future work. 

The IGSC Symposium 2018 was open to all who wished to attend but was particularly 

targeted at those interested in the work of the IGSC, including waste management 

organisations, regulators and the wider technical community involved or interested in 

safety case development for geological repositories. Particularly welcome were the non-

technical stakeholders who attended; their contributions to the session on the safety case 

and non-technical stakeholders were extremely valuable. 
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Synopsis 

Background 

Between 2013 and 2018, major developments took place in a number of national 

programmes for the geological disposal of radioactive waste. Significant experience was 

obtained both in preparing and reviewing safety cases for the operational and long-term 

safety of deep geological repositories (DGRs). Some countries are approaching the 

industrial implementation of geological disposal and are, therefore, increasingly focusing 

on the feasibility of constructing and operating a repository that is safe and secure in the 

short and long term. New insights are also available concerning the basis for regulations 

and the challenge of communicating highly technical information to a wide range of 

stakeholders. 

The OECD Nuclear Energy Agency (NEA) Integration Group for the Safety Case (IGSC) 

has been organising a series of symposia focusing on the development of a competent and 

robust safety case since 2007, in co‑operation with other international organisations. The 

first symposium, “Safety Cases for the Deep Disposal of Radioactive Waste: Where Do 

We Stand?”, and the second, “The Safety Case for Deep Geological Disposal of 

Radioactive Waste: 2013 State of the Art”, took place in 2007 and 2013, respectively. The 

purpose of the IGSC Symposium 2018 was to determine and document achievements since 

2013, to share good practices and consider future direction. 

Objectives 

The main objective of the IGSC Symposium 2018 was to share practical experiences on 

preparing, developing, documenting and reviewing a safety case from both the 

implementers’ and reviewers’ perspectives. Other objectives included: 

 to learn from national programmes about issues concerning the siting, construction, 

operation and post-closure phases; 

 to identify potential challenges that may arise as a repository programme matures 

and the safety case moves to represent an actual facility and inventory; 

 to understand different players’ perspectives on safety case communication, 

i.e. implementers, regulators and communities; 

 to exchange useful information for developing work programmes through 

international co‑operation. 

Programme overview 

“Current Understanding and Future Direction for the Geological Disposal of Radioactive 

Waste” was the theme of the IGSC Symposium 2018, which took place in Rotterdam, 

Netherlands, on 10-11 October 2018. The main sessions of the symposium are listed below. 
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Day 1 – Wednesday, 10 October 2018 

1. Opening remarks 

2. Keynote lecture on safety case development in the Netherlands 

3. Safety case and siting 

4. Safety case and licensing 

5. Keynote lecture on safety case for non-nuclear radioactive waste management facilities 

6. Safety case and non-technical stakeholder 

Poster session and symposium dinner 

 

Day 2 – Thursday, 11 October 2018 

7. International developments since 2013 

8. Parallel sessions 

8.1a. Regulatory challenges in safety case review 

8.1b. Safety case and R&D 

8.2a. International co-operation for research: Role and added value 

8.2b. Information management 

8.3a. Operational safety and its influence on post-closure safety 

9. General discussion 

10. Symposium closure 

 

In the opening session, attendees were first welcomed by Jan Boelen, Managing Director 

of the Central Organisation for Radioactive Waste (COVRA). Mr Boelen was followed by 

Gloria Kwong, the Nuclear Energy Agency’s (NEA’s) Acting Head of the Division of 

Radioactive Waste Management and Decommissioning (RWMD), who introduced 

William D. Magwood, IV, Director-General of the NEA, for a welcome address on behalf 

of the NEA, the European Commission and the International Atomic Energy Agency 

(IAEA). The Symposium Chair, Lucy Bailey, also gave welcoming remarks and 

summarised IGSC activities since 2013. 

Two keynote lectures were provided during the IGSC Symposium 2018, by Ewoud 

Verhoef, Deputy Director of COVRA, and by Wolfgang Weiss, Member of the Committee 

on Radiological Protection and Public Health (CRPPH) bureau in Germany. In a plenary 

session on international developments since 2013, attendees were first given an update on 

IAEA initiatives on safety case developments by Andrew Orrell, Section Head of Waste 

and Environmental Safety at the IAEA, followed by a presentation on the developments 

regarding the European Joint Research Programme on Radioactive Waste Management 

(EURAD) by Christophe Davies, Project Officer at the European Commission. 

Conference papers were presented in three plenary sessions and five parallel sessions. The 

themes of the plenary sessions were safety case in the context of siting, licensing and 

non-technical stakeholder, respectively. Each of these sessions concluded with general 

discussions. In all, 46 conference papers were presented in the plenary and parallel sessions. 

The IGSC Symposium 2018 also included a poster session, during which 30 posters  

were displayed. 

Highlights of the keynote lectures, conference papers and posters presented in each of the 

sessions are provided below. 

In the closing session, Lucy Bailey, Symposium Chair, summarised the highlights of the 

IGSC Symposium 2018 and thanked all participants for their contributions. 
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Keynote lectures 

During the first day of the IGSC Symposium 2018, the following presentations were given 

as keynote lectures: 

 “Development of a safety case in the Netherlands” by E. Verhoef (COVRA, the 

Netherlands); 

 “Safety case for non-nuclear radioactive waste management facilities” by W. Weiss 

(CRPPH bureau, Germany). 

In the first keynote lecture, an overview was given of the Dutch programme for radioactive 

waste management. In the Netherlands, all radioactive waste is managed and owned by 

COVRA, and the waste will be stored for at least 100 years prior to disposal. Developments 

in the Dutch research programme, OPERA, were shared, along with an overview of how a 

geological disposal facility eventually may be constructed. The focus of OPERA has been 

on Boom Clay, but much of the information and methodology of COVRA’s present safety 

case is applicable to rock salt and other clay formations as well. 

The second keynote lecture focused on the issue of non-nuclear radioactive waste 

management. Non-nuclear radioactive waste is generated by many applications of 

radionuclides in everyday life, e.g. radiotherapy, non-destructive testing and smoke 

detectors. In May 2017, the IGSC organised a workshop to discuss the regulatory and 

operational aspects of non-nuclear waste. The workshop was attended by more than 

100 experts from 31 countries. The presentations and discussions during the workshop 

addressed and discussed both technical aspects and national frameworks. One conclusion 

reached by the participants was that small producers and non-nuclear countries could 

discuss and consider joint approaches to the disposal of radioactive waste.  

Safety case and siting 

This session encompassed papers on the siting processes for national deep geological 

repositories in seven countries: 

 “Implementing deep geological disposal for Canada’s used nuclear fuel – Status” 

by N. Hunt (NWMO, Canada); 

 “The ongoing Swiss site selection process: Current status, recent achievements and 

outlook, with special emphasis on the prominent role of safety” by J. Schneider 

(Nagra, Switzerland) and P. Zuidema (Zuidema Consult GmbH, Switzerland); 

 “Site selection process in the Czech Republic – Post-closure safety overview” by 

A. Vokál (SÚRAO, Czech Republic); 

 “Development of a generic safety case for the UK geological disposal facility” by 

L.E.F. Bailey (RWM, United Kingdom) and T.W. Hicks (Galson Sciences Limited, 

United Kingdom); 

 “Development of pre-siting SDM-based safety case in Japan – Overview” by T. 

Fujiyama, K. Ota, S. Kubota, S. Suzuki, K. Fujisaki and H. Umeki (NUMO, Japan); 

 “Deep geological disposal programme and the safety case development in China” 

by S. Liu, J. Li, J. Li and J. Huang (CIAE, China); 
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 “A safety case report (AKRS-16) for the deep geological disposal of pyro-processing 

waste in Korea” by J. Jeong, M.H. Baik, N.Y. Ko and D.K. Cho (KAERI, Korea). 

In Canada, the Nuclear Waste Management Organization (NWMO) initiated a phased site 

selection process in May 2010, with the intent to find a safe site with an informed and 

willing community to host a deep geological repository for spent nuclear fuel. At the same 

time, engineering design and proof testing activities were ramped up, resulting in a 

Canadian container design, a new conceptual repository design and a new placement 

approach. Conceptual pre- and post-closure safety assessments for hypothetical repository 

designs have also been created. Research and development activities continue to be 

performed in areas important to site characterisation and the safety case.  

The Swiss site selection process for geological repositories is a stepwise approach, defined 

by the federal government in 2008. Stage 1 was completed in 2011 with the approval by 

the federal government of three potential siting regions for a repository for high-level waste 

and six such regions for a repository for low- and intermediate-level waste. In Stage 2, the 

focus was selection of at least two potential sites for each type of repository. At the end of 

Stage 2, Opalinus Clay was designated as host rock for both repositories. The safety 

analyses performed so far have shown that in Switzerland, the repository system with 

Opalinus Clay as host rock and its confining units has many advantages. In Stage 3, the 

remaining siting regions will be investigated in depth with a view to selecting one site for 

each repository type and prepare an application for general licences. 

In the Czech Republic, two comprehensive projects commenced in 2014 aimed at evaluation 

of the long-term safety of candidate sites and determination of the design of a deep 

geological repository for spent fuel. A further aim of the projects was to gather information 

in order to reduce the number of potential sites from nine to four. It is planned that a site 

for the construction of the repository will be selected by 2025. 

In 2016, RWM published a generic disposal system safety case for geological disposal of 

higher activity radioactive waste in the United Kingdom. The generic safety case is based 

on an understanding of barrier system environmental safety functions and how they are 

impacted by the features, events and processes (FEPs) of relevance to safety. RWM is using 

a series of generic total system models, representing different generic geological settings, 

together with insight models exploring how the different barriers in a range of disposal 

concepts work together to contain different radionuclides to support the siting phase. RWM 

has also developed a digital safety case tool that enables the visualisation of the safety 

arguments and underpinning evidence to aid the communication of safety. 

The Nuclear Waste Management Organization of Japan (NUMO) has developed a safety 

case for geological disposal at the pre-siting stage. The geological environments of various 

potential host rocks are developed as site-descriptive models, which are, as realistically as 

possible, based on the current best understanding of the geology. A practical methodology 

for tailoring repository design to volunteer siting environments and advanced safety 

assessment models and data has been developed and applied for demonstration of technical 

basis. The preliminary results of the design and safety assessment would underpin the 

feasibility and safety of geological disposal in Japan. 

In China, the Beishan area in Gansu Province has been identified as the preferred 

preselected area for a high-level waste repository. To improve relevant regulations, the 

Ministry of Ecology and Environment is currently organising the compilation of a nuclear 

safety technical document, “Safety Case for the Disposal of Radioactive Waste”. In addition, 

the Nuclear Technology Innovation Joint Fund of National Natural Science Foundation of 
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China and China National Nuclear Corporation plan to support the research of technologies 

in the safety case for a high-level waste repository during 2019-2022. The major technologies 

that need to be developed urgently in China include robustness assessment of the system 

and components, probabilistic evaluation, uncertainty management, and long-term evolution 

analysis of climate, geosphere and biosphere. 

Since 2007, the Korea Atomic Energy Research Institute (KAERI) has developed a 

conceptual system for the disposal of radioactive waste resulting from pyro-processing of 

spent fuel. The conceptual disposal system consists of tunnels at a depth of 200 m and 

boreholes at a depth of 500 m. In 2016, KAERI published a safety case report of the system, 

with data and information obtained from the KAERI Underground Research Tunnel 

(KURT) as a reference disposal site. The report can be used to provide technical data and 

information for validity demonstration of deep geological disposal. In addition, it can be 

used as the technical basis for safety assessment of a repository and confidence building  

of high-level waste disposal. Furthermore, the development plan and future research, 

development and demonstration items for the safety case are suggested.  

Safety case and licensing 

In this session, updates on the licensing process and associated challenges in Sweden, 

Finland and France were presented: 

 “Current and next steps of the licensing of a KBS-3 repository in Sweden” by 

A. Hedin, J. Andersson and K. Skagius (SKB, Sweden); 

 “Life cycle of a spent fuel disposal facility project – Licensing and authority actions 

in Finland” by A. Luukkonen (STUK, Finland); 

 “French Safety Options Dossier Cigéo-2015 and its review – A key milestone 

towards the safety case for the licensing of the future French DGR” by S. Voinis, 

L. Griffault, M. Rabardy and S. Thabet (Andra, France); 

 “The Safety Options Dossier of the French Cigéo project: Overview of the review 

by the IRSN” by F. Marsal, D. Pellegrini and M. Rocher (IRSN, France). 

In 2011, the Swedish Nuclear Fuel and Waste Management Co (SKB) applied for a permit 

to build a repository for spent nuclear fuel in Forsmark. The safety concept for the planned 

repository is primarily based on complete containment of spent fuel in copper canisters, 

surrounded by a clay buffer at around 500 m depth in granitic rock. The application has 

been tried by the Swedish Radiation Safety Authority (SSM) and a Swedish Land and 

Environmental Court. After issuing their respective statements, the Swedish government 

has requested supplementary material from SKB regarding issues identified in the Court 

statement. In parallel, assessments and analyses are under way to prepare the preliminary 

safety assessment report needed in an application for a permit to start the construction of 

the repository. There is also some initial planning on how to prepare the updated safety 

assessment report needed as a basis to start emplacement. 

In Finland, Posiva Oy was granted a common construction licence in November 2015 for 

a spent fuel disposal facility, a disposal facility for operational and decommissioning 

wastes and a spent fuel encapsulation plant. The construction licence included general 

conditions set by the Finnish government. Along with the government decision, the Radiation 

and Nuclear Safety Authority (STUK) made its decisions on the licensee’s preliminary safety 

analysis report and post-closure safety case. The decision on the preliminary safety analysis 

report contained 30 requirements, and the decision on the post-closure safety case contained 
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34 requirements – to be fulfilled before starting construction, before identified milestones 

during construction or by the operation licence application, by the latest. Currently, both 

Posiva Oy and STUK are preparing themselves for the operation licensing stage. Posiva Oy 

is expected to deliver its operation licence application by the end of year 2021.  

The French National Radioactive Waste Management Agency (Andra) continues to prepare 

the authorisation process of a deep geological repository. Since 2011, the project has 

entered an industrial design development phase and has become the Industrial Centre for 

Geological Disposal (Cigéo), designed for all high-level waste and intermediate-level 

long-lived waste that has and will be produced by existing nuclear facilities in France. 

Preceding the future licence application, Andra has submitted the safety options dossier 

Cigéo 2015 to the Nuclear Safety Authority (ASN) for review. The safety options and its 

review constitute a key milestone towards the licence application. It is a preliminary safety 

case but does not present the overall safety demonstration that will be presented in the 

safety case to support the future licence application of Cigéo. The safety options cover both 

operational and post-closure phases and the overall installations.  

The review of the Cigéo 2015 safety options dossier was conducted from mid-2016 to 

mid-2017. This regulatory process gave the possibility for Andra to get advice from ASN 

in advance of the licence application, in view of the safety demonstration and the detailed 

development of the technical design solutions. 

In May 2016, the ASN’s technical support organisation (IRSN) provided its advisory report 

on Cigéo 2015. The review involved 14 IRSN units of specialists from nine departments 

and required a specific preparation that included independent research and development 

programmes and building of numerical models for counter-calculations. IRSN concluded 

in its review that the overall project achieved satisfactory technical maturity for the safety 

options dossier stage. Regarding the analysis of hazards related to the operational and 

reversibility phase as well as long-term hazards, IRSN has identified a set of additional data 

to bring up. In this respect, IRSN considers that Andra will be able to collect the elements 

of demonstration for most of these hazards within the framework of the construction licence 

application. Nevertheless, four major points, which could lead to substantial changes in the 

disposal design, were identified as needing to be improved. 

Safety case and non-technical stakeholders 

The following papers were presented in the session on safety case in the context of 

non-technical stakeholders: 

 “The Belgian partnership approach, also for the safety case for surface disposal” by 

E. Hooft, G. Sannen, S. Eeckhout, W. Cool and E. Vermariën (ONDRAF/NIRAS, 

Belgium); 

 “Applying the optimisation principle to the choice of the host rock for geological 

disposal: Epistemological and ethical dimensions” by C. Kermisch (ULB, Belgium) 

and C. Depaus (ONDRAF/NIRAS, Belgium); 

 “Safety case and transdisciplinary research: Assessing safety by numbers, multiple 

lines of evidence and collective actors” by K.J. Röhlig (TUC, Germany), P. Hocke 

(KIT-ITAS, Germany) and A. Eckhardt (risicare GmbH, Switzerland); 

 “National consultations of licence application for construction and operation of a 

repository for spent nuclear fuel in Sweden: Overview of viewpoints and role in 

regulatory review” by B. Strömberg, M. Egan and C.H. Pettersson (SSM, Sweden); 
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 “An anthropological perspective on the siting process for a GDF in England: Values 

and worldviews amongst stakeholders in West Cumbria” by P.T. Kalshoven 

(University of Manchester, United Kingdom). 

The Belgian National Agency for Radioactive Waste and Enriched Fissile Materials 

(ONDRAF/NIRAS) is preparing the construction of a surface disposal facility in Dessel, 

Belgium, for low- and intermediate-level short-lived waste. The local population is closely 

involved in the project through a unique partnership approach. The inhabitants of Dessel 

and Mol have co-designed the facility, while numerous societal projects ensure broad  

local support. In a co-design process, all decisions regarding the implementation of the 

conditions, including safety, are taken jointly. While this is a labour-intensive working 

method, it creates a project that is supported by all, as well as a strong sense of ownership 

among the various partners. Writing and assessing the safety case is the work of specialists, 

and ONDRAF/NIRAS is responsible for the safety of the repository. Nevertheless, the 

partnerships wish to make a personal assessment of the facility’s safety, even if the subject 

matter is complex. Prior to the submission of the safety case in 2013, all aspects were 

extensively discussed in the appropriate working groups of the partnerships, since 

confidence in the safety of the installation cannot be established by superficial one-way 

communication. 

Regarding long-term management of low- and intermediate-level long-lived waste and 

high-level waste and spent fuel, there is currently no national policy in Belgium. In the 

absence of such a policy, ONDRAF/NIRAS is developing a methodological and 

non-decisional safety case with, as a reference option, a geological disposal facility for the 

management of these wastes in the Boom Clay or the Ypresian Clays at a depth between 

200 m and 600 m. Besides, the Federal Agency for Nuclear Control (FANC), the Belgian 

regulatory body, has required ONDRAF/NIRAS to apply the optimisation principle to the 

choice of host rock, and hence to consider other types of geological formations, before 

recommending a specific host rock for a geological disposal facility. To assess its relevance, 

the epistemological limitations and ethical impacts associated with the application of the 

optimisation principle to the choice of host rock have been analysed. The results of the work 

are twofold. First, it shows that, at least at the generic level, epistemological limitations 

prevent the application of the optimisation principle to the choice of the host rock itself. 

Secondly, the ethical analysis highlights that, from an ethical perspective, the choice 

between the reference option and the application of the optimisation principle to the host 

rock can be reduced to a value conflict between, on the one hand, the safety of present and 

close future generations and, on the other hand, the safety of remote future generations. 

Eventually, this choice falls beyond the scope of scientific expertise and becomes a matter 

for a choice of society. 

In the third presentation in this session, a transdisciplinary approach aiming at further 

improvement of the safety case tool was proposed. Given the role of the safety case as an 

instrument to support decision-making, the necessity to communicate its basic ideas and 

results to non-specialists is obvious. In several projects and initiatives, efforts are undertaken 

to develop and improve safety case communication. However, the question arises whether 

such (one-way) communication is sufficient when decisions have to be made in a societal 

environment characterised by controversial debate and even conflict, given that specialists’ 

views on paradigms and approaches of the safety case are not necessarily shared by other 

stakeholders. It is, therefore, suggested to go one step further and possibly strengthen the role 

of the safety case by applying a transdisciplinary approach, i.e. involving non-specialists 

and actors from practice in related research and accounting for their knowledge and 

expectations. 
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Stakeholder involvement in the elaboration of a safety case promises some advantages: The 

diversity of knowledge and opinions in professional communities specialised in the safety 

case on one hand and civil society on the other might be able to contribute to better solutions 

for safety-relevant issues. Public participation often entails better acceptance. Thereby, 

public participation in the safety case may ultimately enable a faster, and therefore safer, 

implementation of the disposal of radioactive waste. Conflicts in society, which elicit 

security risks, might be mitigated. An active stakeholder involvement may contribute to 

maintaining competence for the disposal of radioactive waste and fosters the exchange of 

knowledge and experiences with other disciplines. Foremost, important decisions regarding 

safety are not prepared and taken over the heads of concerned groups in society. Challenges 

associated with such involvement are mainly caused by the long time span of disposal 

projects, by changing notions of safety and risk and by the question of ultimate 

responsibility for safety. 

In Sweden, national consultations have been an important basis for the licensing review of 

SKB’s application for a spent fuel repository at the Forsmark site. The work associated 

with these consultations has been co-ordinated by SSM. The consultations started with an 

invitation in 2011 to 70 organisations to comment on the completeness of the application 

and to identify required complementary information. In a second call, the same organisations 

were invited to comment on the factual content of the application. After SSM’s public 

announcement of SKB’s licence application, the general public was also invited to submit 

comments. The scope of the comments received was broad, covering questions such  

as research needs, ambiguities in SKB’s reporting and operational issues related to 

implementation of the repository programme. The input from the national consultations was 

mainly addressed by requests to SKB for complementary information and identification of 

items that need to be further addressed in a future repository programme. 

In the United Kingdom, West Cumbria is an area closely associated with the country’s 

nuclear history. It is home to Sellafield, the nuclear site that, for three-quarters of a century, 

has sparked the imagination as a place of human engagement with explosive and fissile 

materials. Building on previous research on perceptions of “the nuclear” in West Cumbria, 

issues of a social and affective nature that are likely to come to the fore in the area during the 

geological disposal facility consultations are explored from an anthropological perspective. 

Regulatory challenges in safety case review 

In this session, different aspects of the regulatory experiences related to deep geologic 

repositories were highlighted through the following papers: 

 “Developing a joint safety case review framework: Achievements within the 

SITEX-II EC project” by F. Bernier, J.-P. Wouters, K. Mannaerts, M. Surkova 

(FANC, Belgium), D. Pellegrini, M. Rocher, M. Tichauer (IRSN, France), 

J. Miksova, L. Nachmilner (CVŘ, Czech Republic), J. Mecke (CNSC, Canada), 

C. Castel (ASN, France), P. Janssen (Bel V, Belgium), N. Zeleznik (EIMV, 

Slovenia), J. Grupa (NRG, the Netherlands), G. Hériard-Dubreuil (MUTADIS, 

France), D. Ilett (EA, United Kingdom), M. Sentis (ENSI, Switzerland); 

 “Regulatory research in support of the review of safety cases for geological disposal” 

by T.S. Nguyen, J.L. Brown, E. Dagher, R. Goulet, M.N. Herod, G. Su and 

Q. Zheng (CNSC, Canada); 
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 “Selected regulatory challenges of the safety case at the Waste Isolation Pilot Plant 

(WIPP)” by R.T. Peake, I. Rosencrantz, D. Schultheisz, E.-F. Santillan, J. Walsh 

and E. Feltcorn (EPA, United States); 

 “Conceptual intercourse: Experiences in communicating an environmental safety 

case for an operational facility” by S. Stead (LLW Repository Ltd, United Kingdom). 

The EC H2020 project SITEX-II (Sustainable Network for Independent Technical 

Expertise of Radioactive Waste Disposal – Interactions and Implementation) has resulted 

in the establishment of a network to ensure sustainable capacity for developing and 

co-ordinating joint and harmonised activities related to the independent technical expertise 

function regarding the safety of a deep geological repository for radioactive waste. In work 

package WP2, entitled “Developing a joint review framework”, a common understanding 

among regulators, technical support organisations and civil society has been developed, on 

the interpretation and proper implementation of selected high-level safety requirements 

issued by international entities. The outcome of the discussions was reported in position 

papers providing a reference to national regulatory bodies and waste management 

organisations. Guidance on reviewing the safety case has also been developed. 

The Canadian Nuclear Safety Commission (CNSC) has performed independent regulatory 

research on the safety of geological disposal since the late 1970s. This research is an 

important component of pre-licensing regulatory involvement with waste disposal projects, 

allowing the regulator to build independent and objective knowledge. Keeping abreast of 

scientific and technical knowledge allows the CNSC to make well-informed, science-based 

regulatory recommendations and decisions. To optimise the resources allocated to its 

regulatory research programme, the CNSC has adopted two strategies. First, focusing on 

key safety aspects as inferred from the proponents’ safety cases. Second, leveraging 

national and international collaborations while retaining in-house expertise. There are two 

initiatives for the geological disposal of radioactive wastes in Canada. In 2005, Ontario 

Power Generation submitted a project description to the CNSC for the site preparation and 

construction of a deep geological repository for low- and intermediate-level waste, and the 

NWMO currently anticipates applying for a site preparation and construction licence for a 

selected site in 2028. 

The Waste Isolation Pilot Plant (WIPP) in New Mexico is a deep geological repository for 

disposal of atomic defence waste contaminated with transuranic radionuclides. In the past, 

the US Department of Energy (DOE) has demonstrated that WIPP is a robust system in 

which there are no issues with containing wastes in the undisturbed scenario. However, the 

WIPP is in an area with oil and gas drilling and that needs to be accounted for in the safety 

case. As part of the periodic recertification process, the DOE is required to update data used 

in performance calculations; the DOE has generally done this, but the US Environmental 

Protection Agency (EPA) has identified some areas for improvement and some areas have 

been challenging for the EPA and the DOE. 

A major challenge for both the DOE and the EPA is the set of design changes that will be 

necessary for the WIPP to continue its mission. The DOE has to develop a design that 

continues to meet the operational requirements and which the DOE can demonstrate will 

continue to meet the EPA’s radioactive waste disposal requirements. The EPA needs to 

make sure that it can respond to the changes and provide the necessary review to ensure 

that the changes the DOE makes to the design adhere to regulatory requirements. Moving 

forward, both the EPA and the DOE will need to examine issues related to changes at the 

WIPP that could affect the safety case. 
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The Low-Level Waste Repository (LLWR) is the United Kingdom’s primary facility for 

disposal of low-level radioactive waste. The most recent environmental safety case was 

submitted in 2011, and a programme of work is ongoing to produce an updated safety case 

for LLWR in 2021. As part of that work, a strategy has been developed to improve the way 

the environmental safety case is communicated, primarily aimed at the Environment Agency 

review team, but underpinned by a philosophy that, if implemented successfully, will be 

equally applicable to a range of technical and non-technical audiences. The strategy entails 

conducting a “communication audit” by consulting with key audiences to identify weak 

points in both conceptual understanding and information flow, and develop proposals for 

addressing these; developing “communication tools” to explain such concepts, implemented 

within a range of presentational formats; addressing the structure and information flow of 

documentation in response to the findings to the communication audit; and improving 

accessibility and functionality by transitioning to web-based documentation. 

Safety case and R&D 

This session showcased a variety of active areas of research and development that contribute 

to development of a safety case through improved conceptual models, model inputs, 

simulation methods and/or analysis methods: 

 “OPERA – Vision from the Dutch technical support organisation” by A.D. Poley 

and J. Hart (NRG, the Netherlands); 

 “OPERA – Prediction of Kd values for radionuclides in Boom Clay with an 

independent multi-surface model” by J.C.L. Meeussen, T.J. Schröder and J. Grupa 

(NRG, the Netherlands); 

 “Methodological safety case for the Belgian geological disposal facility for 

Category B and C waste” by W. Wacquier, M. Capouet, M. Van Geet and X. Sillen 

(ONDRAF/NIRAS, Belgium); 

 “R&D support for the development of the Czech safety case” by V. Havlová (ÚJV 

Řež, Czech Republic) and A. Vokál (SÚRAO, Czech Republic); 

 “Safety case for deep borehole disposal of spent nuclear fuel and high-level waste” 

by G. Freeze and B. MacKinnon (SNL, United States); 

 “GDSA Framework: High-performance safety assessment software to support the 

safety case” by S.D. Sevougian, G.E. Hammond, P.E. Mariner, E.R. Stein,  

J.M. Frederick and R.J. MacKinnon (SNL, United States); 

 “Improving deep geological repository system understanding by probabilistic 

sensitivity analyses” by T.U. Kaempfer (Nagra, Switzerland), A. Poller and G. Mayer 

(CSD Engineers, Switzerland); 

 “Development of a probabilistic insight model for assessing post-closure safety of 

a UK geological disposal facility” by D.S. Rackstraw, L.E.F. Bailey and M.J. Poole 

(RWM, United Kingdom); 

 “Andra’s approach for definition of post-closure scenarios in the 2015 French 

Safety Options Dossier of Cigéo” by L. Griffault, S. Voinis, S. Thabet and S. Soulet 

(Andra, France); 
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 “Special features of the Russian research programme in underground research 

laboratory” by A. Dorofeev (ROSATOM, Russia), I. Linge, S. Utkin, E. Saveleva 

(RAS, Russia) and V. Krasilnikov (NO RAO, Russia); 

 “The NEA International FEP List and FEP Database” by A.J. Carter and 

M. Ciambrella (on behalf of the NEA/IGSC FEP TG). 

The Dutch OPERA research programme was performed to collect and further develop the 

necessary scientific, technical, methodological and contextual aspects to build a safety case 

for the geological disposal of radioactive waste within the Dutch context. (OPERA is a 

Dutch acronym for Research Programme into Geological Disposal of Radioactive Waste.) 

Compared to national programmes on geological disposal in neighbouring countries, 

OPERA was relatively small. The programme focused on Boom Clay as a host rock but 

the option of disposal in salt remains open, as well as the possibility of a joint repository 

shared with other countries. 

Radionuclide migration rates in Boom Clay in the Dutch underground, for which no 

experimental data were available, were estimated from data on Belgian Boom Clay. An 

independent mechanistic multi-surface model was used to predict the distribution of 

nuclides over aqueous, adsorbed and colloidal fractions, as a function of physical and 

chemical clay parameters. The performance of this model was first evaluated by comparing 

independent calculations with Belgian data. Subsequently the model was used to predict 

nuclide migration rates for a range of conditions expected in the Netherlands. 

For more than 40 years, ONDRAF/NIRAS has been studying geological disposal in poorly 

indurated clays as an option for long-term management of low- and intermediate-level long-

lived waste and high-level waste and spent fuel in Belgium. In the absence of a political 

decision and legal framework, geological disposal in poorly indurated clays remains the 

current reference option. In line with international practice, ONDRAF/NIRAS intends to 

produce a series of safety and feasibility cases. The first case aims to test the methodological 

tools developed and illustrate the safety and feasibility of a geological disposal facility in 

poorly indurated clays. Generic cases (representative geological environments) are considered 

sufficient at this stage of the programme to test methodological tools and guide future 

research, development and demonstration activities. The generic methodology also allows 

the minimum requirements for the safe and feasible disposal in poorly indurated clays to 

be identified, as well as the interdependences between them. 

The Czech deep geological repository concept assumes that waste packages containing 

spent nuclear fuel will be enclosed in steel-based canisters placed in vertical or horizontal 

boreholes at a depth of approximately 500 m. The ongoing site selection process will 

culminate in 2025 with the performance of a site-specific safety assessment, concerning 

which the inclusion of site-specific data will be essential. A complex safety assessment 

process has been developed in the GoldSim software environment so as to provide for the 

evaluation of long-term safety of the repository at the finally selected site. A trial site-specific 

safety assessment has been conducted by applying input data parameters obtained from a 

detailed and comprehensive research and development programme. 

The concept of deep borehole disposal consists of drilling a deep, large-diameter borehole 

into competent rock, placing waste packages in the lower, waste emplacement zone portion 

of the borehole, and sealing and plugging the upper portion. A preliminary safety case of 

the concept focuses on the generic feasibility of deep borehole disposal, based on potential 

system designs, waste forms, engineering and geologic conditions; no specific site or 

regulatory framework exists. The reference case considers the disposal of caesium and 
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strontium capsules currently stored at the Hanford Waste Encapsulation and Storage 

Facility in the United States. The reference concept for the capsules consists of a borehole 

drilled to a depth of 5 000 m into crystalline basement rock. 

In the US repository programme, development of an enhanced performance assessment 

capability for geologic disposal of spent nuclear fuel and high-level waste has been ongoing 

for several years. Its Geologic Disposal Safety Assessment (GDSA) framework software 

is intended to be flexible enough to evolve through the various stages of repository 

activities, beginning with generic performance assessment activities in the current concept 

evaluation stage to site-specific performance assessment modelling in the repository 

development stage. The safety assessment framework utilises modern software and 

hardware capabilities by being based on open-source software architecture and being 

configured to run in a massively parallel, high-performance computing environment. It 

consists of two main software components: PFLOTRAN for multi-physics domain 

simulation and Dakota for uncertainty quantification and sensitivity analyses. 

In the last stage of the Swiss site selection process for deep geological repositories, one site 

per repository type will be selected from three remaining sites that are of similar geological 

characteristics. As site-discriminating factors become more subtle there is a need to  

refine existing site selection criteria and gather more detailed relevant site-specific data. 

Probabilistic sensitivity analyses on dose calculations improve system understanding and 

help to guide the geological exploration campaign so that uncertainty in the most relevant 

parameters can be reduced. Moreover, aspects can be checked with respect to relevance, 

correlation and discriminating power. 

RWM has developed analytical models, termed insight models, for assessing the risk from 

the groundwater pathway from a geological disposal facility for radioactive waste. The 

analytical insight models approximate the numerical models and are very fast to run. When 

run probabilistically, they have been shown to give good agreement with the numerical 

models, and they are useful for comparing the contributions to safety for different options 

for waste packaging, disposal concepts and geology. To make uncertainties clear, a graphical 

method of visualising the results was developed such that when comparing different 

calculation cases, it can be clearly seen when differences in results are significant given the 

uncertainties – and when they are not. 

In line with guidance from ASN, Andra has structured its approach for overall performance 

and potential radioactive impact of the waste disposal facility on humans and the environment 

on the evaluation of scenarios. In the case of post-closure safety assessment in the Cigéo 

2015 safety options dossier, Andra accounted for some peculiarities in the definition of 

scenarios. One objective in that framework was to present a preliminary assessment of 

post-closure impacts and performances based on a series of key scenarios defined to include 

the safety requirements and some margins. Methodological developments considered 

declination of scenarios into “situations” or “calculation cases”, which offered the possibility 

to account for requirements applicable to Cigéo, to introduce some margins and to account 

for some uncertainties. 

In 2016, the formal site selection process was finalised and the relevant siting and 

construction licence was issued for a Russian underground research laboratory in the 

Archean gneisses of the Nizhnekansky Massif (Krasnoyarsk Region). The associated 

research programme involves activities such as monitoring (ground and underground), 

development of technologies, field studies in the geosphere, the engineered barrier system 

as well as laboratory studies on selected samples. The range of different studies provides 

both data for models, and verification of models from complementary data. The programme 
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was developed and structured so that the results of relevant investigations are used as 

arguments as part of repository safety case development, its international peer review and, 

if necessary, to adjust particular stages of repository construction. 

The NEA International FEP List is a comprehensive and structured FEP list that has been 

developed by the IGSC through international collaboration. The list is generic, meaning 

that it does not favour any disposal concept, site or host rock. Version 3.0, which is the 

newest version, has been revised in terms of its structure and content in light of improvements 

to scientific understanding and developments in safety assessment methodologies in recent 

years. Among the new content, Version 3.0 includes information on the relevance of each 

FEP to the performance and safety of the disposal system, together with bibliographic 

references (or web links) for further information. Countries in the early stages of a 

geological disposal programme can use the new list as a starting point for the development 

of generic conceptual models for safety assessment. Countries with more developed 

programmes can use it to develop their own project-specific FEP lists and to provide an 

audit to check their completeness, together with the conceptual models and scenarios used 

for performance assessment. 

International co-operation for research: Role and added value 

Four papers addressed the importance and value of international co-operation on research 

related to safety cases: 

 “Reference thermodynamic data for modelling of deep geological repositories: The 

NEA Thermochemical Database Project” by M.-E. Ragoussi and J. Martínez (NEA); 

 The IGSC “Crystalline Club: Finding innovative solutions for deep geological 

repositories  

in crystalline rocks” by L. Vondrovic, J. Fluegge, M. Yamada, P. Mariner,  

A. Talitskaya, S. Hirshorn, A. Ionescu, T. Missana and I. Blechschmidt (on behalf 

of the NEA Crystalline Club); 

 “GEOSAF II – Task Group on Operational Safety” by C. Depaus, K. Skagius,  

G. Buckau, F. Svensson and T. Fass (on behalf of the IAEA Task Group on 

Operational Safety); 

 “Sensitivity analysis in performance assessment: Towards a joint approach” by  

K.-J. Röhlig, E. Plischke (TUC, Germany), D.-A. Becker (GRS, Germany), E.R. Stein 

(SNL, United States), J. Govaerts (SCKCEN, Belgium), B.J. Debusschere (SNL, 

United States), L. Koskinen, P. Kupiainen (Posiva Oy, Finland), C.D. Leigh,  

P. Mariner (SNL, United States), O. Nummi (Fortum, Finland), B. Pastina 

(Posiva Oy, Finland), S.D. Sevougian (SNL, United States), S. Spießl (GRS, 

Germany), L.P. Swiler (SNL, United States), E. Weetjens (SCKCEN, Belgium), 

T. Zeitler (GRS, Germany). 

Since its initiation in 1984, the NEA Thermochemical Database (TDB) Project has unfolded 

in five phases. The project came as a response to recommendations of the international 

radioactive waste management community to set a point of reference for high quality and 

consistency in thermodynamic data employed for performance assessments of deep 

geological repositories. Thermochemical values for a vast number of compounds related to 

long-term disposal of high-level waste have been selected, and the NEA TDB has become 

the worldwide standard in the field of geological disposal. Considering that the project 

continues to be relevant, a sixth phase is anticipated, starting in 2019. 
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The Crystalline Club is an expert group operating under the auspices of the 

OECD/NEA/IGSC. The key objective of the club is to promote the exchange of information 

and share state-of-the-art approaches and methods aimed at improving the understanding of 

crystalline rocks as a potential host environment for deep geological repositories. 

Established in 2017, the Crystalline Club currently constitutes 36 senior technical experts 

from nine countries. The countries involved include those in the early stages of the siting 

process and concept development, as well as those with more mature disposal programmes. 

The IAEA initiated GEOSAF II to reach a joint understanding and work towards 

harmonisation of views and expectations regarding the safety of the operational phase for 

geological disposal and its inter-relation with post-closure safety. In the final year of the 

project, a task group was launched to examine to what extent guidance is required on 

operational safety of geological disposal facilities, in particular whether such guidance 

already exists, and if so, whether or not such information is readily accessible in a small 

number of well identified documents. As a tool for performing the gap analysis, a matrix 

was developed. The analysis indicates that much information already exists on operational 

safety. This information can be used to frame the reflection about operational safety for 

geological disposal. There are, however, several topics specific to geological disposal 

facilities for which the development of specific guides may be necessary. 

Since 2015, a network of several waste management, consultant and research organisations 

has evolved to collaborate in addressing issues related to treatment of uncertainties in 

performance assessments. In 2017, several of the organisations decided to initiate an 

exercise aimed at identifying advantages and drawbacks of various methods vis-à-vis the 

characteristics of the model(s) under scrutiny and exploring the possibilities for joint or 

shared approaches to sensitivity analysis dependent on the models’ specifics. 

Information management 

In the context of safety case information management, the following papers were presented: 

 “Production of a digital safety case” by A.J. Carter, L.E.F. Bailey and O.A. Hall 

(RWM, United Kingdom); 

 “Developing safety case content management systems – from traditional 

documentation towards a database” by H. Reijonen (Geological Survey of Finland), 

D. McKie (DMMultimedia Ltd, Finland) and B. Pastina (Posiva Oy, Finland); 

 “Challenge on development of the JAEA knowledge management system” by 

H. Makino, T. Semba and M. Shibata (JAEA, Japan); 

 “Metadata and its use in the development of robust safety cases for geological 

disposal” by M. Ciambrella and A.J. Carter (on behalf of the NEA RepMet initiative); 

 “Preservation of Records, Knowledge and Memory (RK&M) – Supporting the 

safety of radioactive waste disposal facilities across generations” by J. Schröder 

and A. Berckmans (on behalf of the NEA RK&M initiative). 

RWM has set up a project to explore future enhancements to its environmental safety case 

and its production process by making the links between environmental safety claims and 

underpinning evidence more transparent, and using digital technologies to make the safety 

case easier to assemble, maintain and communicate in the future. To define the project goal 

and activities needed to realise it, a roadmap has been assembled. A key output of the 

roadmap is a plan for a new information system called Visualisation of System Information 
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(VISI). VISI is currently at a prototype stage and is under active development with a 

dedicated software company on behalf of RWM. 

Posiva shared recent developments in the implementation of a web-based content 

management system for their safety case work. The main differences compared with 

traditional, document-based reporting are that the safety case content is treated in a modular 

way and is accessible as a database, allowing connections from safety case reports to other 

databases. The hierarchical structure of Posiva’s digital safety case allows readers to start 

with high-level conclusions and dig deeper into the details. The system also provides 

flexible ways of browsing topics of interest throughout the safety case, since all contents 

are easily accessible and searchable. 

The Japan Atomic Energy Agency (JAEA) summarised the challenges associated with 

developing a knowledge management system. The aim of the system is to support the 

development and update of the safety case in an iterative fashion throughout the long-term 

disposal programme. In contradiction with numerous applications in other industries, 

applying the concept of a knowledge management system to research and development in 

a multidisciplinary project such as geological disposal requires a totally different set of 

functionalities: it is vital to expedite knowledge creation for solving emerging new 

problems through the process of integrating different expertise and resolving competing or 

contradicting claims. 

A special characteristic of radioactive waste repository programmes is the long timescales, 

typically in excess of one hundred years, between facility planning, construction and closure. 

Over such timescales, metadata are anticipated to be particularly important in ensuring that 

safety cases remain robust and do not lose their scientific integrity. To better understand 

the implementation of metadata in the field of radioactive waste management including 

geological disposal, the NEA Radioactive Waste Repository Metadata (RepMet) initiative 

was launched by the IGSC in 2014. 

To address the issue of how to continue to remember and understand where, why and how 

radioactive waste is disposed, the NEA Radioactive Waste Management Committee 

(RWMC) launched an initiative on the preservation of records, knowledge and memory 

(RK&M) across generations. The initiative, which concluded in 2018, determined that 

RK&M preservation, aimed at avoiding inadvertent human intrusion and supporting 

informed decision-making over time, is an integral part of responsible radioactive waste 

management, in line with a prudent approach to safety and a conscious attitude to ethics. 

Considering the multidisciplinary, participatory nature of RK&M preservation, the results 

of the initiative should be shared well beyond the radioactive waste community alone. 

Continued international co-operation is also recommended. 

Operational safety and its influence on post-closure safety 

With regard to operational safety and its influence on post-closure safety, the following 

papers were presented at the IGSC Symposium 2018: 

 “WIPP performance assessment: Effects of an operational incident on long-term 

repository performance” by B.A. Day, T.R. Zeitler, J. Bethune and R. Sarathi (SNL, 

United States); 

 “Operational safety impacts on the design of the Belgian geological disposal 

facility for Category B and C wastes” by D. Léonard, W. Wacquier and  

D. Raymaekers (ONDRAF/NIRAS, Belgium); 
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 “Demonstration of operational and long-term safety of geological disposal: The 

IAEA’s GEOSAF project” by T.S. Nguyen (CNSC, Canada), A. Luukkonen (STUK, 

Finland), A. Guskov (IAEA, Austria), C. Depaus (ONDRAF/NIRAS, Belgium),  

C. Espivent (IRSN, France), B. Hedberg (SSM, Sweden), M. Tichauer (IRSN, 

France) and J. Wollrath (BGE, Germany); 

 “WIPP events and the lasting impact” by S. Dunagan (SNL, United States); 

 “Performance monitoring and retrievability of emplaced high-level radioactive 

waste and spent nuclear fuel in geologic repositories” by B. Leslie and R. Pabalan 

(US Nuclear Waste Technical Review Board, United States); 

 “Development of a pre-siting SDM-based safety case – Operational hazard 

assessment and an application to vehicle fire in underground facilities” by S. Suzuki, 

N. Katsumata (NUMO, Japan), D. Riechelmann, S. Kawakami (IHI Corporation, 

Japan) and S. Kubota (NUMO, Japan); 

 “Investigation of the impacts of the operational phase on post-closure safety  

by a FEP analysis” by J. Wolf (GRS, Germany), N. Bertrams, W. Bollingerfehr  

(BGE, Germany), D. Buhmann, C. Fahrenholz (GRS, Germany), W. Filbert,  

A. Lommerzheim (BGE, Germany), U. Noseck (GRS, Germany), S. Prignitz (BGE, 

Germany). 

In February 2014, two separate events occurred at the WIPP in New Mexico, United States: 

an underground mine fire involving a salt haul truck and an underground incident that 

resulted in release from one or more transuranic waste containers. Since then, the path to 

resume limited operations has been successful, giving rise to many learning opportunities 

along the way. As pointed out in the Accident Investigation Board reports, there were many 

operational deficiencies precipitating the events, some of which developed over the 

operational period of the facility. 

Limited operations have now successfully resumed and continue to increase with 

efficiencies gained. A path to full operations has been identified with progress being made 

at the WIPP, but the facility will always have the reminder of lessons learnt which have 

forever changed the way the facility is operated and maintained. 

The WIPP consists of ten waste panels, which have historically been designed to be isolated 

from one another by panel closure systems. Due to the events in February 2014, operational 

constraints were placed on the repository that delayed and ultimately prevented the ability 

to employ the requisite amount of ground control processes necessary to ensure personnel 

safety in affected areas. Because of subsequent roof fall events, an operational safety 

determination was made to abandon the south end of the repository and not emplace panel 

closures and waste in specific areas. An assessment of the effects of these changes on 

long-term repository performance concluded that the predicted total releases increase but 

remain below regulatory limits. 

In March 2018, the US Nuclear Waste Technical Review Board met to hear the views of 

international repository experts on challenges intrinsic to performance monitoring and 

retrievability of emplaced high-level waste and spent fuel in geologic repositories. Based 

on the presentations given at the meeting, the Board recorded its observations, with the 

objective to inform the DOE’s activities when it moves forward with a programme for 

geologic disposal of high-level waste and spent fuel. 

In 2008, the GEOSAF project was established by the IAEA to compare and harmonise 

approaches to demonstrate safety of geological disposal through the development of safety 
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cases. The second part of the project, GEOSAF II, ran from 2012 to 2015 and was focused 

on operational safety and its impact on long-term safety. GEOSAF II proposed that the 

concepts of safety envelope, design target and as-built state be used as tools to help the 

development and review of safety cases. These concepts could help provide reasonable 

assurance to proponents, regulators and other stakeholders that operational and post-closure 

safety would be met. It would also help determine mechanisms to verify that the geological 

disposal facility, during its operational stage, was constructed and operated in such a 

manner that, at the beginning of the post-closure period, the facility would be on the right 

track to provide post-closure safety. 

In Japan, NUMO has been developing a comprehensive approach for tailoring the repository 

concept to a given siting environment at candidate sites, taking into account a range of design 

factors that include pre- and post-closure safety. Following this approach, a methodology 

is under development to assess pre-closure safety as an essential part of a comprehensive 

safety case for building confidence among stakeholders. Abnormal operation scenarios have 

been developed as event trees, which describe the transition of the abnormal operation to 

reach the damage of waste forms. The robustness of the waste package was assessed under 

conservative conditions based on the repository design. As a result, even if an abnormal 

event such as a fire is assumed, the robustness of the waste package may mitigate damage 

causing radionuclide release. 

In a German project, the impacts of the operational phase on post-closure safety have been 

investigated using a FEP analysis. 

ONDRAF/NIRAS also discussed the operational safety impacts on the design of the Belgian 

geological disposal facility for low- and intermediate-level long-lived waste, high-level 

waste and spent fuel. 

Posters 

The topics of the posters at IGSC Symposium 2018 largely coincided with the presentations 

in the plenary and parallel sessions, but with further details on specific aspects. However, 

additional topics were also covered in the poster session, such as the new site selection 

procedure in Germany and corresponding evolving safety cases; an update on research and 

development for direct disposal of dry storage dual-purpose canisters in the United States; 

and the safe closure of the Nuclear Power Demonstration (NPD) site in Rolphton, Canada. 

Given the host country of IGSC Symposium 2018, a significant number of the posters 

related to developments in the Dutch disposal programme: 

 “An initial safety case for a geological disposal facility in the Boom Clay of the 

Netherlands” by E.V. Verhoef, E.A.C. Neeft (COVRA, the Netherlands), 

N.A. Chapman (Chapman & Co. Consulting, Switzerland) and C. McCombie 

(McCombie Consulting, Switzerland); 

 “Research planning: The Dutch OPERA safety case for disposal in clay” by 

J. Grupa and T.J. Schröder (NRG, the Netherlands); 

 “Safety assessment: The Dutch OPERA safety case for disposal in clay” by 

J. Grupa and J. Hart (NRG, the Netherlands); 

 “Scenario development: The Dutch OPERA safety case for disposal in clay” by 

J. Grupa (NRG, the Netherlands) and T. Wildenborg (TNO, the Netherlands); 
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 “Interaction between process-level modelling and performance assessment: The 

Dutch OPERA safety case for disposal in clay” by J.C.L. Meeussen, J. Grupa, 

J. Hart and T.J. Schröder (NRG, the Netherlands); 

 “OPERA performance assessment results for disposal in Boom Clay” by J. Hart, 

J.C.L. Meeussen, J. Grupa, E. Rosca-Bocancea and T.J. Schröder (NRG, the 

Netherlands); 

 “OPERA – Assessment of long-term radiological impact of disposed depleted 

uranium” by T.J. Schröder, E. Rosca-Bocancea and J. Hart (NRG, the Netherlands); 

 “Evaluation of current knowledge for building the Dutch safety case for a disposal 

concept in rock salt” by J. Hart, J. Prij, T.J. Schröder (NRG, the Netherlands), 

G.-J. Vis (TNO, the Netherlands), D.-A. Becker, J. Wolf, U. Noseck and D. Buhmann 

(GRS, Germany); 

 “Communicating safety case results: The Dutch OPERA safety case for disposal in 

clay” by E. Jelgersma (Sherpa & De Fries, the Netherlands) and T.J. Schröder 

(NRG, the Netherlands); 

 “Retrievability and surveillance of radioactive waste disposals” by T.J. Schröder, 

J. Hart and E. Rosca-Bocancea (NRG, the Netherlands); 

 “EU projects: The Dutch OPERA safety case for disposal in clay” by J. Grupa and 

J. Hart (NRG, the Netherlands); 

 “Integration of CAST results into safety assessment – probabilistic uncertainty/ 

sensitivity analysis of 14C release and transport” by J. Hart, J.J. Dijkstra and 

J.C.L. Meeussen (NRG, the Netherlands); 

 “Towards a Dutch rock salt safety case” by J. Bartol and E. Verhoef (COVRA, 

the Netherlands). 

The posters relating to other national and international developments were as follows: 

 “The new site selection procedure in Germany and corresponding evolving safety 

cases” by N. Schubarth-Engelschall and J. Wollrath (BGE, Germany); 

 “Development of a pre-siting SDM-based safety case – Site characterisation and 

synthesis into SDMs” by K. Ota, H. Saegusa, H. Kondo, J. Goto, T. Kunimaru and 

S. Yamada (NUMO, Japan); 

 “Development of pre-siting SDM-based safety case in Japan – Post-closure safety 

assessment” by K. Fujisaki, K. Ishida, T. Hammoto, S. Shibutani, K. Ishiguro and 

H. Umeki (NUMO, Japan); 

 “Current and next steps of the licensing of a KBS-3 repository in Sweden – Some 

details” by A. Hedin, J. Andersson and K. Skagius (SKB, Sweden); 

 “The geological-hydrogeological and transport modelling of potential Czech DGR 

sites” by L. Vondrovic, A. Vokál and M. Vencl (SÚRAO, Czech Republic); 

 “Radionuclide source term intercomparison study: GDSA Framework and 

RepoTREND” by J.M. Frederick, E.R. Stein and S.D. Sevougian (SNL, 

United States); 
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 “Natural analogue studies: A strategy for bridging the spatial-temporal gap in 

demonstrating long-term safety” by J.L. Brown (CNSC, Canada), M. Fayek 

(University of Manitoba), M.N. Herod and T.S. Nguyen (CNSC, Canada); 

 “GDSA Framework: Comparison of sensitivity analysis methods applied to a 

reference case repository in shale” by E.R. Stein, L.P. Swiler and S.D. Sevougian 

(SNL, United States); 

 “Performance assessment of a reference nuclear waste repository in crystalline 

rock: Effects of variability in fracture network realisations” by P.E. Mariner, 

E.R. Stein E. Basurto and M. Nole (SNL, United States); 

 “Update on R&D for disposal of dual-purpose canisters” by E.L. Hardin, 

P.V. Brady, P.N. Swift and E.J. Bonano (SNL, United States); 

 “US EPA’s 2017 recertification of the Waste Isolation Pilot Plant” by R.T. Peake, 

E.-F. Santillan, I. Rosencrantz, D. Schultheisz, K. Economy, E. Feltcorn, R. Joglekar 

and J. Walsh (US EPA, United States); 

 “Requirements for safe closure of the deep disposal facilities for liquid radioactive 

waste in the Russian Federation” by A.V. Ponizov and D.A. Boldyreva (SEC NRS, 

Russia); 

 “Regulatory development for intermediate-depth disposal of radioactive waste in 

Japan” by H. Aoki, N. Yamada (NRA, Japan) and T. Maeda (JAEA, Japan); 

 “The VISI system” by O. Hall, L.E.F. Bailey, A.J. Carter (RWM, United Kingdom) 

and T. Hicks (Galson Sciences Ltd, United Kingdom); 

 “The safe closure of the NPD disposal facility” by M. Vickerd and G. Porter 

(Canadian Nuclear Laboratories, Canada); 

 “Sensitivity analysis and performance targets as a tool to guide RD&D of a geological 

disposal in poorly indurated clay” by M. Capouet, C. Depaus, H. Van Baelen and 

E. Dorado (ONDRAF/NIRAS, Belgium); 

 “A comparison between Posiva’s FEP list and the updated NEA IFEP list” by 

A. Kontula (Posiva Oy, Finland), P.-G. Åstrand, T. Hjerpe (ÅF Consult, Finland) 

and B. Pastina (Posiva Oy, Finland). 

Conclusions 

Since 2013, significant progress has been achieved in a number of national programmes 

for geological disposal of radioactive waste. A construction licence was issued in Finland 

in 2015, and regulatory review of the licence application in Sweden is ongoing. France is 

preparing to submit its construction licence application. Both Canada and Switzerland have 

made good progress in their site selection processes. In Japan and the United Kingdom, 

new site selection processes have been initiated, and in Germany, a new siting procedure 

has been launched. 

There was consensus that major R&D activities for elemental technology development had 

almost completed for some programmes, and the next phase would be information 

integration in the safety case and its application. Future directions include addressing 

effective communication of the safety case, further discussing uncertainty management and 

its communication, enhancing confidence building in deep geological repositories, 
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highlighting operational technologies that include the emplacement of engineered barriers, 

and finally, promoting new approaches and technologies for communication and 

knowledge management. 

A highlight from the IGSC Symposium 2018 was the inclusion of social scientists 

(sociologists and anthropologists) as presenters and participants. This area of research has 

been identified as a gap in deep geological repository programmes and should be 

considered as a part of any long-term radioactive waste disposal project, given the 

challenges faced by numerous programmes around the world in terms of social licence, 

safety case communication and incorporation of non-technical views. 

The IGSC is a unique and beneficial platform for implementers, regulators and researchers 

to gather, share and discuss ongoing challenges. Since its inception it has played a key role 

in supporting technical development of safety cases and underpinning activities in member 

countries. The IGSC will continue to promote dissemination of experience and know-how 

in all matters of safety case development, in collaboration with other groups in the NEA 

and other international organisations, especially the NEA Forum on Stakeholder 

Confidence (FSC). 
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Session 1: Opening remarks 

 

Welcome on behalf of the NEA, the EC and the IAEA 

William D. Magwood, IV 

Director-General 

OECD Nuclear Energy Agency (NEA) 

Paris, France 

As Director-General of the OECD Nuclear Energy Agency (NEA), it is my pleasure to 

welcome you to the third IGSC Safety Case Symposium. This is a conference that we put 

together every five years in co-operation with the European Commission (EC) and the 

International Atomic Energy Agency (IAEA) to bring experts from around the world 

together to advance discussions regarding the safety case for deep geological repositories. 

Since we’ve been holding these conferences, tremendous progress has been made around 

the world, particularly in countries like France, Sweden, Switzerland, and perhaps most 

particularly Finland, where the Radiation and Nuclear Safety Authority (STUK) has issued 

a license for the first deep geological repository. 

We believe the development of the safety case, which was a principal accomplishment of 

the Integration Group for the Safety Case (IGSC), has greatly advanced this work.  

We also recognise that it is very important to bring in society as part of the conversation, 

and that communications with public stakeholders is an essential element of this work. That 

is why the NEA formed the Forum on Stakeholder Confidence (FSC), representatives of 

which will be participating at the conference. Also present are members of the Working 

Group on Public Communications that operates under the Committee on Nuclear Regulatory 

Activities (CNRA). These experts in public communications will engage in conversation 

and discuss how to communicate these complex issues to the public.  

We recognise that the process of establishing a deep geological repository is a lengthy one, 

no matter the country. It is a lengthy, stepwise process that requires a lot of communication 

with the public. Bringing the technical and sociological aspects together is an important 

aspect of this work. I believe that you’ll will find there are people in the room today that 

have achieved tremendous success and good progress in all those areas.  

I thank our hosts at the Central Organisation for Radioactive Waste (COVRA) for putting 

this together with us in co-operation with the EC and the IAEA, and I hope that you’ll have 

a very successful few days of conversation. Wishing you all the best, and as they say in the 

Netherlands, “Veel geluk!”, best of luck. 
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Welcome from COVRA 

Jan Boelen 
Managing Director 

Central Organisation for Radioactive Waste (COVRA) 

Nieuwdorp, the Netherlands 

On behalf of the Central Organisation for Radioactive Waste (COVRA), it is an honour 

and privilege to host this IGSC Safety Case Symposium 2018 here in Rotterdam. This is 

an important subject, as you are well aware. 

But let me start by making a personal confession. 

When I was asked five years ago to join the nuclear field when my background was in the 

“normal” waste business, I hesitated whether to accept. Yes, I could see the technical interest 

of the field, but I imagined that taking care of long-term storage with the objective to put it 

away for even longer even longer times would be quite boring. But curiosity won out, and 

I decided to take the leap. I can assure you it has never been boring for a single day since. 

These are fascinating times. We are at a turning point in nuclear technology development. 

We see new, intrinsically safe technologies emerging, nuclear medicine taking flight, in 

parts of the world nuclear power being used a solution to carbon reduction (even in the 

Dutch newspapers this week the possibility of new nuclear power is mentioned, albeit 

reluctantly) and the first geological disposal facilities are actually taking shape. 

On the other hand, public concerns for safety and waste are ongoing. Safety should always 

be a given. 

These developments will only continue if there is a firm solution to waste management 

issues. Therefore, ladies and gentlemen, it is up to you to come up with solutions, practical 

solutions. 

Where better than in these unique historical surroundings. This ship, the SS Rotterdam,1 

has for many years transferred people from one world to another, from the Old World to 

the New World, connecting people across continents. If you take a stroll outside during 

lunch you will perhaps see the original headquarters of the Holland America Line, or better 

still, take a water taxi to explore the harbour, a long-time hub of international commerce 

and development. 

As I said earlier, this symposium addresses an important subject. It is my hope that the 

experts gathered here from around the world will be marking progress toward achieving 

those practical solutions. 

With that, ladies and gentlemen, I wish you a very productive symposium and, again, 

welcome to Rotterdam. 

  

                                                      
1. The IGSC 2018 Symposium venue was the SS Rotterdam, a stationary former cruise ship. 
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Session 2: Keynote lecture 1: Safety case development in 

the Netherlands 

Dr Ewoud Verhoef 

Deputy Director 

Central Organisation for Radioactive Waste (COVRA) 

Nieuwdorp, the Netherlands  

 

In the Netherlands, there are some 1 000 licences to work with radioactive materials, 

varying from nuclear power plants, research establishments, all sorts of industries and 

hospitals. All radioactive waste resulting from these nuclear applications is managed by 

COVRA, the central organisation for radioactive waste. The policy is that all radioactive 

waste is stored for at least 100 years at one site, above ground in engineered structures, 

which allows retrieval at all times. After the period of long-term storage, a geological 

disposal facility (GDF) within the Netherlands or within an international framework is 

foreseen. COVRA is responsible for preparation and realisation of the GDF that according 

to Dutch policy should be in operation in 2130. To prepare the GDF, even when realisation 

is still decades away, research is executed.  

 

In 2011, the third national research programme, OPERA, started and will run for six years 

(2011-2017). The programme was co-ordinated by COVRA and financed by regulator 

(ANVS) and utility (EPZ). The programme with a budget of EUR 10 million had three 

goals: enhance confidence in the solution, increase knowledge about disposal in the 

Netherlands and steer future research. The programme studied the feasibility of safe generic 

disposal in the Netherlands; generic because no choice for location or host rock was made. 

Although the programme focused mostly on Boom Clay, it acknowledged that rock salt 

and other clay formations are potentially suitable for disposal as well. In order to develop 

a safe GDF, information on the behaviour of radionuclides, on the processing of waste, on 

the evolution of the engineered barrier systems, on the geological settings and on the 

construction of a GDF is needed. The internationally accepted method for presenting this 

information is by means of a safety case. In OPERA, a safety case was developed for 

disposal in the Netherlands for the first time.  

 

The safety case is a integration of arguments and evidence that describes, quantifies and 

supports the safety and the level of confidence in the safety of GDF for a specific stage in 

the disposal programme. As the disposal programme in the Netherlands is in an early stage, 

the safety case is not used for licensing. Instead, the safety case is used by COVRA to steer 

and structure the research, to include the costs for disposal in the waste fees and support its 

operations by ensuring optimised and disposal-compatible processes throughout the 

radioactive waste chain. The safety case considers both a national as well as a shared or 

multinational repository option (dual track). It should provide valuable scientific and 

technical information for the decision-making on a GDF for Dutch radioactive waste and 

will form the basis for future research programmes.  
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Session 3: Safety case and siting 

Implementing deep geological disposal  

for Canada’s used nuclear fuel – Status 

Neale Hunt 
Nuclear Waste Management Organization (NWMO) 

Toronto, Canada 

Abstract2 

The Nuclear Waste Management Organization (NWMO) is responsible for implementing 

Adaptive Phased Management, the approach selected by the government of Canada for the 

long-term management of used nuclear fuel generated by Canadian nuclear reactors. 

In May 2010, the NWMO initiated a phased site selection process, the intent of which is to 

find a safe site with an informed and willing community to host Canada’s deep geological 

repository. At the same time, engineering design and proof testing activities were ramped 

up, resulting in a Canadian container design, a new conceptual repository design and a 

new placement approach. Additionally, conceptual pre- and post-closure safety assessments 

for hypothetical repository designs have been created, and research and development 

(R&D) activities continue to be performed in areas important to site characterisation and 

the safety case. 

This paper will provide summary information on the siting programme, key aspects of the 

engineering design and proof testing programme, key aspects of the related R&D 

programme, and the development of the most recent post-closure safety assessment. The 

presentation will include a discussion of how the NWMO will continue to build confidence 

as the NWMO programme becomes more site focused. 

2. The full text of the presentation was unavailable at the time of publication.
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The ongoing Swiss site selection process: Current status, recent achievements 

and outlook, with special emphasis on the prominent role of safety 

Jürg Schneider,1 Piet Zuidema2 
1National Cooperative for the Disposal of Radioactive Waste (Nagra),  

Wettingen, Switzerland 
2Zuidema Consult GmbH, Würenlos, Switzerland 

Abstract 

The Swiss site selection process for geological repositories is a stepwise approach defined 

by the Sectoral Plan for Deep Geological Repositories issued by the federal government in 

2008. The narrowing down process began with the selection of broad geological siting 

regions (Stage 1). 

The evaluation of the various potential regions was performed based on geological criteria 

related to safety and engineering feasibility explicitly defined in the Sectoral Plan. Stage 1 

was completed in 2011 with the approval by the federal government of the three [for the 

high-level waste (HLW) repository] and six [for the low/intermediate-level waste (L/ILW) 

repository] potential siting regions proposed by Nagra. All three siting regions for the 

disposal of HLW are also suitable for the disposal of L/ILW, as well as for implementing a 

so-called combined repository for both waste categories. 

The narrowing down process continued with Stage 2, the focus of which is the selection of 

at least two potential sites for each type of repository. Criteria addressing spatial planning 

and environmental aspects were also considered in Stage 2 for the siting of the surface 

facilities within each siting region. Nagra proposed that two out of the six potential siting 

regions defined in Stage 1 should be further investigated. Nagra’s proposals were published 

in early 2015. In April 2017, the regulator (ENSI) published their review report. ENSI 

agreed to six out of seven proposals made by Nagra. However, ENSI stated that in their 

view, Nördlich Lägern (one of the siting regions identified in Stage 1 as being potentially 

suitable for both the HLW and the L/ILW repository or for a combined repository), which 

Nagra proposed to put into reserve, should also be further investigated in Stage 3 as the 

reasons provided by Nagra to put that region into reserve were not considered to be 

sufficiently justified by the currently available geological information. It is expected that 

the federal government will issue its decision after a broad consultation at the end of 2018. 

Stage 3 has as a goal the selection of one site for each type of repository (or one site for a 

combined repository). For each repository a general licence application will be submitted 

which must be approved by the federal government, ratified by parliament, and is subject 

to a facultative national referendum. In contrast to Stages 1 and 2, a safety case is required 

for each repository as part of the general licence application. 
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In addition to giving an overview of the Swiss site selection process, this paper discusses 

the different roles of performance assessment and dose calculations and presents an 

example for supplementary “insight calculations” not required by the Sectoral Plan but 

performed by Nagra to have confidence in safety for the HLW and the L/ILW repository at 

the siting regions to be selected in Stage 3. 

Current status, recent achievements and outlook 

Introduction 

Swiss nuclear energy legislation requests that all types of radioactive wastes (L/ILW as 

well as HLW) must be disposed of in deep geological repositories (KEG, 2003). The Swiss 

concept foresees two separate repositories (one for L/ILW and one for HLW), with 

different requirements on geology. In principle, a so-called combined repository for both 

waste categories is also an option if a siting region fulfils the requirements for both types 

of repository. According to the associated Nuclear Energy Ordinance (KEV, 2004) the site 

selection process for geological repositories is a stepwise approach defined by the Sectoral 

Plan for Deep Geological Repositories, which was approved by the Swiss federal 

government in 2008 (SFOE, 2008). The Sectoral Plan is a spatial planning instrument that 

clearly defines the selection criteria, the role of the various stakeholders in the three stages 

of the process and the input needed for decision-making at the end of each stage. 

The procedure is led by the Swiss Federal Office of Energy (SFOE), with Nagra being the 

implementer and the Swiss Federal Nuclear Safety Inspectorate (ENSI) the safety authority 

and involving several other committees and expert groups. 

Starting with a “white map of Switzerland” (nothing is a priori excluded from site selection), 

the stepwise narrowing down process began with the selection of broad geological siting 

regions (Stage 1); following their approval, the process continued with the identification of 

siting areas for the surface facilities within each of the siting regions. This was followed by 

narrowing down to at least two potential siting regions for each type of repository (Stage 2); 

and, following the approval of those, one site for each type of repository will be selected 

(Stage 3). For each repository a general licence application will be submitted which must 

be approved by the federal government and ratified by parliament. The parliament’s 

decision is subject to a facultative national referendum. 

Results of Stage 1 

Stage 1 was completed in 2011 with the approval by the federal government of the three 

(for the HLW repository) and six (for the L/ILW repository) potential siting regions 

proposed by Nagra (Figure 1). All three siting regions for the disposal of HLW are also 

suitable for the disposal of L/ILW, as well as for constructing a combined repository. 

In the selected regions there are geological formations with favourable properties for 

construction, operation, closure and long-term safety of a deep geological repository 

according to the geological criteria related to safety and engineering feasibility defined in 

the Sectoral Plan (SFOE, 2008).  
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Figure 1: The selected siting regions (cantons are  

given in brackets) and the respective host rocks 

 
 

Results of Stage 2 

In Stage 2, the first goal was to identify siting areas for the surface facilities within each of 

the siting regions. The second goal was to narrow down the number of siting regions to at 

least two for each type of repository. 

For the selection of siting areas for the surface facilities, Nagra developed 20 proposals; 

they were published in 2012 as a starting point for the discussions with the siting regions 

(Nagra, 2011). The proposals were based on a conceptual design of the surface facilities 

and took into account the following primary objectives proposed by Nagra: 

 ensure safety and engineering feasibility of the surface facilities and of the access 

to the underground facilities of the geological repository; 

 ensure compatibility with spatial and environmental planning in order to minimise 

environmental impact; 

 ensure an optimal integration of the facilities into the region. 

The publishing of Nagra’s 20 proposals marked the start of an intense phase of interaction 

with the regions. By applying a different weighting on the criteria and indicators, the 

regions identified additional siting areas for the surface facilities, which they requested 

Nagra to evaluate. A total of 32 potential siting areas were considered. This process resulted 

in seven siting areas designated by Nagra on the basis of the views expressed by the siting 

regions as input to Stage 2 (Figure 2). 

Following the identification of the siting areas for the surface facilities within each of the 

siting regions, Nagra had to narrow down the number of siting regions to at least two for 

each repository type. This was done based on the guidance set forth by authorities for 

Stage 2 and according to a methodology developed for this purpose by Nagra (Nagra, 

2014a), taking into account the outcome of Stage 1. As result of applying this methodology, 

Nagra proposed that two out of the six potential siting regions defined in Stage 1 should be 

further investigated, with Opalinus Clay as host rock for both types of repository. Nagra’s 

proposals were published in early 2015 (Nagra, 2014a and references therein). In 

April 2017 the regulator (ENSI) published their review report (ENSI, 2017). ENSI agreed 

to six out of seven proposals made by Nagra. However, ENSI stated that in their view, 

Nördlich Lägern (one of the siting regions identified in Stage 1 as being potentially suitable 
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for both the HLW and the L/ILW repository or for a combined repository), which Nagra 

proposed to put into reserve, should also be further investigated in Stage 3 as the reasons 

provided by Nagra to put that region into reserve were not considered to be sufficiently 

justified by the currently available geological information. Thus, there will likely be three 

siting regions as a basis for Stage 3 (Figure 2). It is expected that the federal government 

will issue its decision after a broad consultation at the end of 2018. 

Figure 2: The three siting regions at the end of Stage 2 

The federal government is expected to deliver a decision by the end of 2018. 

 
 

Outlook on Stage 3 and beyond 

Stage 3 has as a goal the selection of one site for each type of repository (or one site for a 

combined repository). In Stage 3, the remaining siting regions will be investigated in depth 

with a view to site selection and preparation of an application for general licences. 

Three-dimensional (3D) seismic campaigns took place in the three siting regions under 

consideration (Figure 2) between October 2015 and February 2017. Later in the process, 

drilling of deep (800-1 300 m) boreholes will also take place (expected to start in 2019). 

General licence applications will be submitted for the L/ILW and the HLW (or a combined) 

repository around 2024. The decision by the federal government on general licences is not 

expected before 2027. It will be followed by a debate in Parliament and an optional 

referendum at the national level. 

After the construction and operation of facilities for underground geological investigations, 

applications for a construction licence and ultimately for an operating licence for each 

repository will follow, both of which will be granted by the relevant federal department. 

According to the current schedule, the L/ILW repository should be operational around 2050 

and the HLW repository around 2060. 

The role of safety in the Swiss site selection process 

Introduction 

According to the Sectoral Plan for Deep Geological Repositories, the focus of the site 

selection process is on safety-based criteria, with land use and socio-economic aspects 

playing a secondary role (SFOE, 2008). More specifically, the Sectoral Plan lists 

13 geological criteria for site evaluation from the viewpoint of safety and engineering 

feasibility, grouped into four criteria groups. For the application of the criteria, Nagra has 
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further defined for each criterion corresponding indicators and, for each indicator, the 

minimum (indispensable) requirements that have to be met as well as, in many cases, more 

stringent ones, which if they were met would have a further favourable impact on long-term 

safety and engineering feasibility (Nagra, 2008). An overview of the safety-based stepwise 

narrowing down methodology (including the role of dose calculations) developed by Nagra 

for Stages 1 and 2 and its application is given in Zuidema and Vomvoris (2017) and is not 

discussed further in the present paper. Instead, some more general thoughts on the role of 

safety (and safety analysis) in site selection are discussed. 

Safety and the role of safety analysis 

Safety is provided by a well-chosen system; i.e. a well-selected site with “good” geology 

(host rock with favourable properties, large enough blocks of host rock with the required 

properties and a setting ensuring long-term stability) and suitable engineered barriers taking 

the properties of the waste into account and complementing the geological barrier. One key 

role of safety analysis is to provide input to the design concept through a balanced safety 

concept and to make the quality of the chosen system visible. More specifically, the quality 

of the system is assessed by looking both at the phenomena contributing to safety as well 

as at those with the potential to undermine safety in order to identify measures to further 

improve the system and finally to confirm the quality of the system in an iterative, stepwise 

refinement process. 

Next, the broad steps involved in a typical safety analysis used to compile a safety case 

according to the authors’ current understanding based on, e.g. NEA (2013) and on previous 

and ongoing work at Nagra are briefly discussed. These steps will be further refined while 

preparing the safety case(s) for the general licence application.  

The “starting point” is the requirements, which are documented in a Requirements 

Management System. These include principles (safety principles, principles related to land 

use and the environment, principles related to the economic use of resources) as well as 

boundary conditions and constraints [waste to be disposed of, available geology (host rock, 

size of host rock “blocks” with required properties, stability), legal and regulatory 

requirements, etc.]. Next, a description of the system that meets the requirements is 

provided (the “system concept”), followed by a description of how the system provides 

safety (the “safety concept”). The safety concept is based on information from field studies 

(e.g. isotope profiles, see e.g. Wersin et al., 2018 and references therein) and is illustrated 

by safety analysis, including so-called “insight calculations”. The “safety functions” play 

an important role in the safety concept: they are key functions provided by the system that 

ensure that the safety principles are met and that the system provides the required safety.  

Performance assessment is then used to provide the arguments that the system will work as 

assumed. This includes an analysis of repository-induced effects such as the role of the 

excavation-damaged zone around access tunnels and emplacement rooms, of the backfill 

and seals of underground structures, of thermal effects, of gas generation and of chemical 

interactions as well as an analysis of the impact of the geological evolution (including 

changes in climate). Performance assessment typically starts with a phenomenological 

analysis of the system, followed by a quantitative analysis of specific aspects, e.g. by using 

process models. It is important to involve representatives of the scientific community 

(“science”) from an early stage such that they are part of the team and fully support the 

process and its results. Specifically, the authors found it valuable to involve “science” when 

developing the phenomenological analysis of the system and discussing specific process 

models. Another important aspect is to ensure that a broad enough spectrum of analysis 
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cases is analysed to adequately capture all reasonably conceivable uncertainties. From this 

point of view, early involvement of “science” is essential. 

Once the arguments are put together that the performance of the system for the expected 

evolution as well as all credible deviations is captured by the spectrum of assessment cases, 

the “classical” dose calculations are still an important part of a safety case because it has to 

be shown that calculated doses, for each future evolution classified as likely, the release of 

radionuclides may not lead to an individual dose or risk exceeding the relevant protection 

criteria (ENSI, 2009). 

The final steps involve the compilation of further arguments (e.g. the use of natural 

analogues) and the synthesis into a safety case. It must be pointed out that although this 

description of the broad steps involved in a typical safety analysis may give the impression 

of a sequential procedure, in reality this is a highly iterative, often non-linear process. 

The system considered in Stage 3 

Figure 3 schematically shows the system (i.e. the engineered and geological barriers) 

considered in Stage 3. The disposal canisters are placed in disposal tunnels and are 

completely surrounded by a bentonite buffer. The tunnels are placed in the approximately 

100 m thick Opalinus Clay host rock with its confining units above and below. The 

modelling of measured natural isotope profiles shows that diffusion is the main transport 

mechanism in Opalinus Clay and its confining units (see, e.g. Wersin et al., 2018 and 

references therein). In such a system typical dose curves for a HLW repository show the 

excellent properties of Opalinus Clay. With an effective migration distance of 50 m, the 

calculated dose curves show releases only for longer-lived non-sorbing or very weakly 

sorbing isotopes; all other isotopes are not released for times up to 10 million years. This 

is also the case for the assumption of a poorly performing near-field – also then only long-

lived non-sorbing nuclides can escape (Zuidema and Schneider, 2017). 

Figure 3: The system (engineered and geological barriers) considered in Stage 3 (spent fuel) 

 
 

Insight models 

There are many different types of insight models (see e.g. Nagra, 2002, Chapter 9). 

Figure 4(a) shows an example of a simple insight calculation, performed for the system 

shown in Figure 3 (host rock with confining units, see Nagra, 2014b). The figure shows the 

diffusive transport time (for a definition see Nagra, 2002, Chapter 9) in relation to half-life 
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plotted against half-life for a number of “typical” nuclides. The horizontal line separates 

regions with transport times greater than (upper part) and less than (lower part) 30 times 

the half-life. The diagonal line separates regions with transport times greater than 

(right-hand side) and less than (left-hand side) 108 years. This was chosen to capture most 

of the release integrated over time. Thus, we expect to see the nuclides in the white 

(non-shaded) region in “full” dose calculations for the period of 1 million years. This is 

confirmed by Figure 4(b), which shows “full” dose calculations for the same system. 

Figure 4: Example of a simple insight model (a) and  

the corresponding “full” dose calculations (b) 

 

 
 

Conclusions 

The Swiss site selection process is well established, with broad involvement of all 

stakeholders, and with roles and responsibilities as well as information flow clearly defined. 

It is well on the way, with two of the three stages (almost) completed, and the third stage 

well prepared. The overriding principle “first priority to safety” has been found crucial for 

a wide acceptance of the process. At the end of Stage 2, Opalinus Clay has been designated 

as host rock for both the HLW and L/ILW repository. Safety analysis (involving a number 

of well-defined steps) is used to illustrate the quality of the system. In these so-called 

“insight calculations” using “insight models” may be helpful. In many cases even rather 

simple insight models can capture broad system behaviour quite well (e.g. transport time/ 

half-life vs. dose curves). Performance assessment is a vital part of safety analysis to 

provide the arguments that the performance of the system is captured by the calculations 

performed (expected evolution, credible deviations) and taking into account all reasonably 

(a) 

(b) 
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conceivable uncertainties by analysing a sufficiently broad spectrum of analysis cases. The 

safety analyses performed so far have shown that in Switzerland the repository system with 

Opalinus Clay as host rock and its confining units has many advantages: 

 Opalinus Clay and its confining units are a powerful barrier to radionuclide 

migration (diffusion-dominated system). 

 The system shows relative insensitivity of total system performance to uncertainties 

in near-field performance. 

 The self-sealing capacity of Opalinus Clay ensures that the permeability of natural 

or construction-induced disturbances are low. 

 The system provides long-term geological stability in the siting region(s) considered. 
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Site selection process in the Czech Republic – Post-closure safety overview 

Antonín Vokál 
Radioactive Waste Repository Authority (SÚRAO) 

Prague, Czech Republic 

Abstract 

The paper summarises the results of a comprehensive research and development 

programme involving in excess of 200 researchers from various Czech research institutions 

and universities, the aim of which was to collect data on, and to prepare geological, 

hydrogeological, transport and safety assessment models of, nine candidate sites and to 

provide expert judgements on these sites concerning their suitability for the siting of a deep 

geological repository. 

Introduction 

The Czech Republic operates four nuclear reactors of the VVER-440 type at the Dukovany 

Nuclear Power Plant and two of the VVER-1000 type at the Temelín Nuclear Power Plant 

(abbreviated in Czech as ETE). Further, the Czech national energy policy foresees the 

construction of new nuclear reactors in the complexes of both the currently operational 

nuclear power plants. The spent fuel assemblies from Czech nuclear power plants are 

currently stored at dry storage facilities within the complexes of the respective nuclear 

power plants and it is planned that they will finally be disposed of in a deep geological 

repository (DGR) by 2065. It is further planned that the site for the construction of the DGR 

will be selected by 2025 to provide proof that the development of a site for the final disposal 

of spent fuel assemblies is under way. 

The systematic development of a DGR programme in the Czech Republic commenced 

following the termination of a contract which provided for the free transportation of spent 

nuclear fuel to the former Soviet Union in 1989. In 1992 the Czech Geological Institute 

selected 27 localities deemed potentially eligible for the siting of a DGR. The number was 

reduced to just six sites following a detailed geological review of available archive 

information and the consideration of a range of conflicts of interest at the sites, primarily 

concerning the protection of the local environment. All the sites selected were located 

above granitoid rock massifs. In 2004, the Czech government agreed to the suspension of 

all geological investigation work at the selected six sites until 2009, the reason for which 

consisted of the negative attitude of the communities concerned with regard to activities 

relating to DGR siting. Meanwhile, new sites were investigated concerning which it was 

envisaged that the acceptance of the local communities would be more assured. A number 

of military areas were investigated; however, none of these areas turned out to be suitable 
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for the siting of a DGR. Following the further examination of archive geological data, the 

Kraví hora site, regarding which a more positive public attitude to DGR investigation work 

was anticipated due to local experience with uranium mining, was added to the list of 

potential sites. For the same reason, the geological and technical investigation of areas 

situated in the vicinity of the Czech Republic’s two nuclear power plants commenced in 

2015. Following the obtaining of favourable results, these sites were also added to the list 

of nine potential sites for the construction of the DGR (Figure 1). 

Two comprehensive projects commenced in 2014 aimed both at the evaluation of the 

long-term safety of the candidate sites and the determination of the design of the DGR. 

A further aim of the two projects was to gather information on the basis of which it would 

be possible to reduce the number of potential sites from nine to four. A total of around 

250 researchers from more than 20 organisations were involved in the two projects. 

Moreover, advice was sought on the site selection methodology and research work from 

the Posiva Solutions company, which includes experts from both Posiva and the Swedish 

Nuclear Fuel and Waste Management Company (SKB). The research work was based 

solely on archive data and data obtained from geological survey work conducted from the 

surface, since the Radioactive Waste Repository Authority (SÚRAO) has not yet been 

granted permission from the Czech Ministry of the Environment for borehole drilling 

research work at the sites. 

The evaluation of DGR post-closure safety in crystalline rock massifs in the early phases 

of the siting process is severely disadvantaged by the lack of data from the deeper parts of 

the rock massif in which the repository will be located. Data from the deeper parts of the 

rock environment must, therefore, be estimated based exclusively on predictive modelling 

and expert judgement. This contribution provides a summary of the lessons learnt from the 

site selection process from the viewpoint of the post-closure safety assessment.  

Figure 1: Geological map of the Czech Republic with DGR candidate sites 

 
 

Site selection methodology 

A wide range of safety, feasibility, environmental, socio-economic and public acceptance 

requirements and criteria have been drawn up aimed at supporting the selection of suitable 
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sites based on a comprehensive analysis of Czech legislation as well as international 

recommendations (Vokál et al., 2017). In accordance with SSG-14 recommendations, 

(IAEA, 2011), DGR post-closure safety criteria were divided into the following groups:  

 geological characteristics; 

 hydrogeological characteristics; 

 transport characteristics; 

 the stability of the sites; 

 compatibility with the proposed engineered barriers; 

 future human activities.  

The evaluation of the nine potential sites was performed by experts who have been involved 

in SÚRAO projects since 2014 and who enjoy a wealth of experience with concern to the 

construction of geological, hydrogeological, transport and geochemical models of the sites. 

Meetings between SÚRAO personnel and the various experts were organised on a monthly 

basis for the purpose of co-ordinating the research work and the discussion of the results 

and their relevance to the assessment of safety. Thus, the experts were provided with the 

required amount of available information on the sites and the degree of relevance of the 

information acquired with respect to the evaluation of long-term safety. 

The first stage of the evaluation process involved the investigation of whether any of the 

sites featured characteristics that preclude the construction of a DGR, the conclusion of 

which was that none of the potential sites have any such characteristics. The subsequent 

comparison of the sites was based on the determination of deviations with concern to the 

characteristics of the sites from average values determined from all the sites. In cases where 

the value accorded to a site was within the standard deviation of the average value, it was 

considered to be average and was awarded three points. In cases where the value of the 

relevant characteristic exceeded the confidence interval expressed by one standard 

deviation, the site was awarded one point more or less as applicable, and if the value 

exceeded two standard deviations two points more or less. 

With respect to the overall site evaluation, the safety criteria were accorded a higher priority 

than feasibility criteria and criteria concerning the influence of the DGR on the 

environment. The results of SÚRAO’s assessment of the candidate sites will subsequently 

be submitted to the government of the Czech Republic along with the results of 

socio-economic surveys and the conclusions drawn from public opinion surveys for a 

decision on the selection of four sites to be subjected to detailed geological investigation. 

Results 

Geological characteristics 

The geological characteristics of the sites were assessed by experts from the Czech 

Geological Survey (CGS) on the basis of 3D geological models of the sites to depths of 

1 km (Franěk and Bukovská, 2018). The geological characteristics were then divided into 

three sub-characteristics:  

 describability and predictability; 

 variability of the physico-chemical properties; 
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 availability of the data. 

The describability and predictability (weighting accorded 59%) of the sites were evaluated 

by the experts according to the degree of brittle damage of the host rock via faults, the 

degree of brittle damage of the host rock via fractures, the degree of ductile deformation 

and the simplicity of the regional-geological structure. A further important factor was the 

estimation of the plausibility of the generated models.  

Variability (weighting 25%) was assessed according to spatial variability, the degree of 

alteration of the rocks and minerals, petrological variability and the geochemical variability 

of the rocks.  

With respect to the availability of the data (weighting 16%), the assessment considered the 

quantity, quality and accessibility of the archive data and the potential for the use of 

standard methods to conduct additional survey work at the sites. Values for the weighing 

of the importance of the geological properties in relation to safety were determined by the 

experts who were involved in the geological survey and the preparation of the geological 

models. The experts rated the sites on a scale of 1 to 5 from the worst to the best; Figure 2 

presents the results of the evaluation. With respect to the geological characteristics, two 

sites were assessed as being slightly more, and only one site was assessed as less, 

advantageous than the other sites. 

Figure 2: Results of the evaluation of the geological characteristics 

The blue lines represent the lower and upper standard deviations from the average value for all the sites. 

See Figure 1 for full site names and locations. 

 
 

Hydrogeological and transport characteristics 

The evaluation of the hydrogeological characteristics of the nine sites was based on an 

estimate of the permeability of the various rocks present in the area, the presence and 

location of faults at the sites, the distance from the proposed sites to their drainage basin(s) 

and the prevailing geomorphological conditions. The hydrogeological model results were 

calibrated to the level of the water table at the sites. Due to the importance of the 

hydrogeological characteristics of the various locations, the hydrogeological description 

thereof involved three teams using three different modelling tools (MoldFlow, FEFLOW 

and FLOW123D). While the results of the modelling (Uhlík et al., 2016; Říha et al., 2017; 

Havlová et al., 2017) may not correspond exactly to reality due to the lack of data from 

depth, since the approach was the same for all the sites it was considered reasonable to 
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assume that the results reflect their relative suitability in terms of hydrogeological 

characteristics. 

The hydrogeological modelling results were employed for the modelling of the transport 

of radionuclides. The basic tool used in the transport models consisted of the “particle 

tracking” method which identifies the most likely paths for the transport of contaminants 

to the drainage base, the length of the paths and the retardation time of the particles 

progressing along the transport path (Říha et al., 2017). Table 1 presents selected 

hydrogeological and transport data, on the basis of which the concentration of 129I at the 

geosphere/biosphere interface was calculated for all the sites using the PAGODA code 

(Quantisci, 1990). 

The results of the expert evaluation based on the assessment of selected hydrogeological 

and transport parameters (Havlová et al., 2018) and the results of a SÚRAO evaluation 

derived from the conversion of the hydrogeological and transport parameter values to the 

concentration of the activity of 129I at the geosphere/biosphere interface are provided in the 

final column of Table 1. It is apparent that that the order of the sites according to 

hydrogeological and transport characteristics and the concentration of 129I are the same. 

Table 1: Principal hydrogeological and transport characteristics 

See Figure 1 for full site names and locations. 

Site Specific flow 
[m2/yr/km2] 

Dominant 
drainage [%] 

Length of 
paths [m] 

Delay time 
[years] 

Dilution  
factor 

Conc. of 129I 
[Bq/m3] 

Evaluation of 
experts/ 

Evaluation of  
129I conc. 

CIH 807 60 2 576 10 410 5.50E-04 3.90E+04 3.57/3.90 

BP 311 88 1 800 9 170 4.00E-04 6.40E+04 3.53/3.90 

ETE 322 100 1 204 8 010 3.60E-03 1.50E+06 3.28/3.10 

EDU 795 68 3 092 4 843 1.30E-03 2.50E+05 3.06/3.00 

HOR 779 57 2 618 7 495 3.40E-03 3.00E+05 3.06/3.00 

HR 725 94 1 034 2 800 2.30E-03 1.70E+06 3.00/3.00 

KH 1 198 82 1 456 3 273 9.10E-03 3.40E+06 2.87/2.80 

MAG 1 107 96 1 128 1 764 8.20E-03 8.10E+06 2.67/2.10 

CER 1 284 100 1 761 2 463 3.50E-02 3.30E+07 2.59/2.10 

 

Stability of the sites 

Site stability is an essential factor with concern to the estimation of the probability of the 

occurrence of alternative scenarios which may lead to events that could change the 

evolution of the repository. The stability of the sites was evaluated according to:  

 the probability of the occurrence of earthquakes of higher intensity and the presence 

of potentially active faults (seismic stability); 

 the subsidence or uplift of the earth’s surface (geodynamic/erosion stability); 

 the presence of post-volcanic phenomena; 

 the effects of climate change.  

With concern to post-volcanic phenomena and the effects of climate change, it was 

determined (Kaláb et al., 2015; Nývlt and Dobrovolný, 2015) that within a radius of 100 km 

of all the sites no manifestations of volcanic or post-volcanic activity could be identified 
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concerning the last 250 million years and that there was only a very slight probability of 

the occurrence of continuous glacial cover or permafrost in the Czech Republic. These two 

factors were, therefore, not considered in the evaluation.  

However, due to the very long assessment time period, it was decided that the seismic 

stability and changes to the surface of the sites due to geodynamic phenomena would be 

considered in the evaluation. The seismic stability indicators applied consisted of peak 

ground acceleration values calculated via neo-deterministic analysis (Kaláb et al., 2015) 

and the probabilistic method for a repetition period of 105 years (Málek et al., 2018) based 

on data on previous earthquake activity in the wider Central European region.  

With respect to the geodynamic characteristics of the area of interest, the evaluation 

considered the geomorphological analysis of the area taking into account the presence of 

aligned surfaces and the accumulation of terraces and their positions relative to the level of 

the current erosion base, the assessment of manifestations of “young” cycles of backward 

erosion and the visual interpretation of fault structures including the visual assessment of 

indications of the activity of movements (Hroch and Pačes, 2015). With respect to 

geodynamic phenomena indicators at the sites, the evaluation considered data on elevation 

differences between the levels of individual aligned surfaces and the level of the local 

erosion base, and the percentage of the relief area affected and converted by young cycles 

of backward erosion and slope deformation. The results of the evaluation are provided in 

Table 2. With the exception of one site (KH), the evaluations of all the sites were found to 

be within a range of one standard deviation. 

Table 2: Site stability indicators 

See Figure 1 for full site names and locations. 

Site Peak ground 
acceleration (1) 

[ms–2] 

Peak ground 
acceleration (2) 

[ms–2] 

Elevation difference 
[m] 

Percentage of the 
area modified via 

young cycles 

Evaluation 

BP 0.025 1.21 100 5.00 3.40 

CIH 0.103 1.59 20-150 21.56 2.89 

MAG 0.044 0.97 100-150 26.94 3.25 

HR 0.171 0.95 150-240 32.33 3.00 

ETE 0.044 1.61 50-200 37.72 2.91 

Note: (1) Neo-deterministic evaluation, (2) Probabilistic evaluation. 

 

Future human activities 

The following characteristics were investigated with respect to the evaluation of sites in 

terms of the potential impact of future human activities: 

 mineral deposit conditions at the sites (mining areas, protected deposit areas, 

prediction of the presence of mineral raw materials); 

 undermined areas; 

 the degree of exploration involving drilling; 

 groundwater resources; 

 geothermal energy resources. 
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Factors that might affect the DGR with respect to future human activities were determined 

at only two sites, i.e. the presence of abandoned uranium deposits in the vicinity of the 

Kraví Hora (KH) site and that of polymetallic deposits near the Hrádek (HR) site.  

Compatibility with the engineered barriers 

The effect of the host rocks on the safety functions of the engineered barriers is of particular 

importance with respect to DGR concepts which consider crystalline rock massifs. Clearly, 

the engineered barriers must be compatible with the host rock properties. Thus, the thermal, 

hydrogeological, mechanical, chemical and microbiological properties of the rocks at all 

the candidate sites were investigated and assessed with respect to their potential influence 

on the safety functions of the engineered barriers. 

With the exception of samples from the Kraví Hora site, which were available from the 

deeper parts of the rock massif (extracted from the nearby Bukov Underground Research 

Facility), the only samples available from the sites were those extracted from surface or 

near-surface locations; thus, the reliability of the values ascertained is very low. Moreover, 

a substantial variance was observed with respect to the properties of the samples taken from 

surface locations. Hence, a weighting of only 5% was accorded to this criterion with 

concern to the assessment of the sites at this stage of the siting process. The importance of 

this factor will, however, increase in the further stages of the DGR development project. 

Conclusion 

The results of the comprehensive evaluation of the nine potential sites are shown in 

Figure 3. In accordance with expert consensus, the highest weighting (40%) was accorded 

to geological characteristics since these characteristics are based on clearly observable and 

verifiable data. The second highest weighting (25%) was accorded to hydrogeological 

characteristics, the determination of which is influenced by the requirement to interpret the 

results via modelling, and the third highest weighting (15%) was accorded to the transport 

characteristics, which correlate significantly to the hydrogeological characteristics. The 

evaluation of the stability of the sites is subject to a significant level of uncertainty, in 

particular due to difficulties concerning the interpretation of the results; hence a weighting 

of only 10% was accorded to this category. The lowest weightings were accorded to 

characteristics related to future human activities (5%) and the compatibility of the host rock 

with the engineered barriers (due to the lack of data from depth) (also 5%). 
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Figure 3: The results of the overall evaluation of the sites 

The blue lines represent the lower and upper standard deviations from the average value for all the sites. 

See Figure 1 for full site names and locations. 

 
 

The overall uncertainty of the evaluation of the sites from the long-term safety point of 

view is considerable. Nevertheless, as can be seen from Figure 3, the differences between 

seven of the nine sites according to the evaluation lie in the range of just one standard 

deviation from the average value for all the sites. One site is slightly more and one site 

slightly less advantageous according to the criteria applied.  

The results will subsequently be complemented by the evaluation of operational safety, the 

feasibility of DGR construction at the nine sites, which will consist primarily of the 

estimation of the capacity of the rock blocks to accept all the radioactive waste expected to 

be produced by Czech nuclear power plants, and by the evaluation of the impact of DGR 

construction on the environment. Importantly, all the comparative studies will be 

subsequently assessed by independent experts. The results of the evaluations will then be 

submitted to the Czech government together with the results of socio-economic studies on, 

and public opinion surveys conducted at, the sites for the purpose of deciding on the 

selection of four of the nine sites to be subjected to more detailed geological investigation 

work including the drilling of deep boreholes. 

References 

Franěk, J., Z. Bukovská et al. (2018), 3D Structural-Geological Models of Deep Repository 

Potential Localities, SÚRAO Technical Report No. 229/2018. 

Havlová, V. et al. (2017), Estimate of the Transport Characteristics of Czech Crystalline 

Rocks, SÚRAO Technical Report No. 102/2017. 

Havlová, V. et al. (2018), Expert Evaluation of the Long-Term Safety of Potential Sites, 

SÚRAO Technical Report, forthcoming. 

Hroch, T., T. Pačes et al. (2015), Erosion Stability of DGR Potential Sites, SÚRAO 

Technical Report 25/2015. 

International Atomic Energy Agency (IAEA) (2011), Geological Disposal Facilities for 

Radioactive Waste, IAEA Safety Standards Series No. SSG-14, IAEA, Vienna. 



68  NEA/RWM/R(2018)7 
 

 CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE 
  

Kaláb, Z. et al. (2015), Seismic Stability of DGR Potential Sites, SÚRAO Technical Report 

26/2015. 

Nývlt, D. and P. Dobrovolný (2015), Climate Stability of DGR Potential Sites, SÚRAO 

Technical Report 20/2015. 

Málek, J. et al. (2018), Probabilistic Assessment of Seismic Stability of Sites Selected for 

DGR Siting, SÚRAO Technical Report 223/2018. 

Quantisci (1990), PAGODA, Version 3.3. 

Říha, J. et al. (2017), Transport Models – Progress Report, SÚRAO Technical Report 

270/2018. 

Uhlík, J. et al. (2016), Regional Hydrogeological Models of Sites, SÚRAO Technical 

Report No. 100/2017. 

Vokál, A. et al. (2017), Requirements, Suitability Indicators and Criteria for the Selection 

of Potential DGR Repository Sites, SÚRAO Methodological Guide MP.22. 
  



NEA/RWM/R(2018)7  69 
 

CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE  
  

 

Development of a generic safety case  

for the UK geological disposal facility 

LE.F. Bailey,1 T.W. Hicks2 
1Radioactive Waste Management Ltd, Harwell, United Kingdom 

2Galson Sciences Limited, Oakham, United Kingdom 

Abstract 

Radioactive Waste Management Ltd (RWM) published a generic disposal system safety 

case for a geological disposal facility in the United Kingdom in 2016. However, it is a 

challenge to present a meaningful safety case when the location and hence the design of a 

geological disposal facility are not known. This paper describes some key methodological 

aspects of our generic safety case, explaining how we can have confidence in the long-term 

safety of a geological disposal facility even at the generic stage. 

The generic safety case is based on an understanding of barrier system environmental 

safety functions and how they are impacted by the features, events and processes (FEPs) 

of relevance to safety. The highest level environmental safety functions required for a 

geological disposal facility are isolation and containment. By isolation we mean removal 

of the wastes from people and the surface environment. By containment we mean retaining 

the radioactivity from the wastes within various parts of the disposal facility for as long as 

required to achieve safety. Beneath these top-level environmental safety functions we have 

identified generic environmental safety functions associated with each of the key safety 

barriers within a geological disposal facility, namely: the waste form, the container, the 

local buffer or backfill, the mass backfill (in the access tunnels and service ways), the plugs 

and seals and the geosphere. 

The paper will discuss how this understanding of environmental safety functions was used 

to build “insight” models to explore total system behaviour and its dependency on key 

parameters. (A companion paper presents the models and their results in more detail.) We 

explain how safety can be discussed with reference to different “safety states” and present 

proposals for dealing with the inevitable uncertainties associated with the evolution of a 

system over long timescales. 

Finally, RWM implemented improved procedures for data handling and model quality 

assurance for the 2016 generic disposal system safety case. These approaches will be 

presented in the context of providing an information audit trail and underpinning 

confidence in the safety case. 
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Introduction 

RWM has been established as the delivery organisation responsible for the implementation 

of a safe, sustainable and publicly acceptable programme for geological disposal of the 

United Kingdom’s higher activity radioactive waste. As yet, no site has been identified for 

a geological disposal facility (GDF) and, in order to progress the programme for geological 

disposal, RWM has developed illustrative disposal concepts for host rocks representative 

of the range of geologies that may be considered for a GDF in the United Kingdom. 

Each illustrative disposal concept is defined by descriptions of the multiple barrier system 

and the safety concept upon which environmental safety is based. Sufficient waste isolation 

and containment is achieved according to such concepts by ensuring that the disposal 

facility’s engineered and geological barriers in combination provide an appropriate set of 

environmental safety functions. Each environmental safety function infers specific 

requirements on the properties of barrier materials that would be provided in GDF design 

specifications. 

Assessment of environmental safety states 

In general, the performance of a GDF after closure can be described in terms of three 

different environmental “safety states” in which there is: 

 containment in the engineered barrier system; 

 containment in the geological barrier; 

 return of residual waste materials to the accessible environment at regulated, 

acceptable levels. 

The timescales of these three safety states will be radionuclide- and disposal concept-specific. 

For example, the activities of the majority of radionuclides are likely to become 

insignificant as a result of radioactive decay while they are contained in the waste form or 

engineered and geological barrier system. Also, long-lived, relatively insoluble actinides 

will be contained in the barrier system for longer periods than more soluble and mobile 

radionuclides such as chlorine and iodine, and gaseous releases of radionuclides have the 

potential to occur on much shorter timescales than releases to groundwater. 

By considering the different illustrative disposal concept designs, the environmental safety 

functions that the respective barrier systems provide, and the different post-closure safety 

states, RWM’s generic environmental safety case (ESC) (RWM, 2016) presents an 

understanding of how long-term environmental safety of geological disposal can be 

achieved. Such analysis requires consideration of the features and processes that contribute 

to providing isolation and containment. These features and processes form part of the 

description of a GDF’s natural evolution, termed the “base scenario”, which includes all 

features, events and processes (FEPs) that are considered more likely than not to occur. 

FEPs that may or may not occur are termed “probabilistic FEPs” and these define variant 

scenarios of system evolution if they have the potential to challenge one or more of the 

barrier system’s environmental safety functions for a particular disposal concept. The 

generic ESC includes evaluation of the base scenario for illustrative disposal concept 

designs as well as a number of variant scenarios in order to demonstrate how geological 

disposal can be shown to meet radiological safety standards. 

The contributions that different barriers make to containment can be demonstrated and 

evaluated by consideration of the key processes governing radionuclide transport in the 
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disposal system. It is possible to express these processes in such a way that analytical 

solutions can be implemented to evaluate the modelled behaviour. This is often termed 

“insight modelling” and the approach is particularly helpful at the generic stage of GDF 

development because it does not rely on the availability of large amounts of data, but can 

provide insights into the safety states and their duration for a GDF. When site-specific data 

are available, insight modelling will continue to support understanding of specific processes 

associated with the behaviour of radionuclides (and non-radiological species) under 

disposal conditions. A companion paper provides an example of RWM’s insight modelling 

approach applied to evaluations of the radiological risk impacts associated with different 

waste packages, disposal concepts and geological environments (see Rackstraw et al.). 

Insight modelling complements probabilistic modelling of the behaviour of radionuclides 

and non-radiological species in a disposal system that takes account of uncertainty in 

system evolution. At this generic stage of GDF development, RWM has developed total 

system models that are more detailed than insight models and specifically address the 

relevant uncertainty in order to undertake probabilistic evaluations of post-closure safety 

for the illustrative disposal concepts. The total system models involve relatively simple 

hypothetical, but credible, representations of potential transport pathways (particularly via 

groundwater) to biosphere receptors. 

For example, the assessment of the base scenario for radioactive waste disposal in a lower 

strength sedimentary host rock involved specification of an illustrative geological 

environment on a post-closure timescale of 300 000 years during which conditions were 

assumed to remain stable (Figure 1) (RWM, 2016). In the model for spent fuel disposal, 

carbon steel waste containers degrade and are assumed to be breached over a period 

commencing some tens of thousands of years after GDF closure. Once water penetrates a  

 

Figure 1: A possible transport pathway from a GDF to  

the surface environment where a lower strength sedimentary host  

rock (mudstone) is overlain by a sequence of sedimentary formations 

CGW is chalk groundwater, MPW is mudrock porewater,  

MW is meteoric water and a well and a river are receptors. 
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disposal container, a component of the remaining activity is released instantly, after which 

time the spent fuel matrix dissolves slowly, gradually releasing any remaining radionuclides. 

Radionuclides are released into and diffuse through a surrounding bentonite buffer, before 

entering the host rock, where transport is diffusion-dominated. Mean radionuclide activity 

fluxes (Bq/yr) entering the host rock from the buffer are shown in Figure 2 for an example 

calculation involving disposal of pressurised water reactor (PWR) spent fuel. The greatest 

activity fluxes on the assessment timescale are calculated for 59Ni, 14C, 135Cs, 36Cl, 129I  

and 226Ra. 

In this illustration, the host rock provides a significant radionuclide containment function 

as indicated by Figure 3, which shows the calculated mean of the total radionuclide activity 

fluxes entering the cover rocks from the host rock (for comparison with Figure 2). Only the  

 

Figure 2: Mean radionuclide activity flux from backfill to the host rock  

for PWR spent fuel disposed of in lower strength sedimentary rock 

 
 

Figure 3: Mean radionuclide activity flux from the host rock to the cover  

rocks for PWR spent fuel disposed of in lower strength sedimentary rock 
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most mobile and long-lived radionuclides reach the cover rocks on the assessment 

timescale, with 129I, 36Cl, 94Nb and 79Se dominating contributions to radionuclide activity 

flux. Radionuclides that diffuse to the top of the host rock are assumed to be advected to 

the surface environment through cover rocks. In this illustration there is a long travel time 

to the biosphere, where terrestrial and well exposure pathways are assumed. 

The aim of these generic models is to illustrate the extent to which the different barriers are 

able to contain different radionuclides and to indicate which radionuclides may eventually 

be returned to the environment. By running the models probabilistically and also for 

different scenarios we can explore the sensitivities to different parameters and gain 

confidence in the containment properties of the multi-barrier GDF system for a variety of 

environmental settings. 

Model and data management 

This insight and total system modelling capability has been developed according to model 

quality assurance procedures and has been accompanied by the implementation of a 

systematic approach to data and model parameter value recording. Technical experts in 

different areas of disposal system understanding are responsible for providing the model 

inputs according to data handling procedures that ensure high levels of reliability, 

transparency and traceability. The development of this quality-assured approach to 

modelling and data management will provide a firm foundation for the future development 

of site-based quantitative safety assessments to support RWM’s siting process. The 

procedures also ensure traceability of inputs as assessments are progressively refined as 

site characterisation data and GDF design information become available.  

ESC development 

As GDF development moves from the generic phase to site-specific programmes of 

activities, the ESC will need to be refined in response to the acquisition of information on-

site characteristics, as well as new research findings on waste form and barrier 

performance, to support disposal concept optimisation and the development and 

communication of safety arguments. In order to facilitate this progression, RWM is in the 

process of developing a digital system for presenting the information that underpins an 

ESC. This system is known as Visualisation of System Information (VISI) and provides a 

framework for managing the claims, arguments and evidence that underpin the ESC (see 

Hall et al.). To achieve this, the generic ESC has been expressed in terms of a set of claims 

against regulatory requirements for demonstrating environmental safety, and arguments 

and evidence to support those claims. VISI thus provides transparent links between 

environmental safety claims, arguments and evidence, which will facilitate the future 

updates of the ESC. The implementation of VISI is discussed in a companion paper (see 

Carter et al.). 

Conclusions 

Producing a meaningful generic ESC is a challenge due to the uncertainties and lack of 

data. RWM believes that its series of generic total system models, representing different 

generic geological settings, together with insight models exploring how the different 

barriers in a range of disposal concepts work together to contain different radionuclides, 

and the visualisation of the safety arguments and underpinning evidence provide a firm 

basis to support the siting phase. 
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The VISI tool facilitates our communication of safety and enables us to identify those areas 

where uncertainty has a significant impact on our safety case and hence where further 

research is required. VISI is therefore a strategic tool to enable RWM to develop a 

needs-driven research and development programme that provides maximum benefit to the 

safety case. 

RWM is also exploring the role VISI can play in regulatory and stakeholder interactions. 
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Abstract 

The Nuclear Waste Management Organization of Japan (NUMO) has developed a safety 

case for geological disposal at the pre-siting stage in Japan. This safety case provides 

multiple lines of arguments and evidence to demonstrate the feasibility and safety of 

geological disposal, which will enhance stakeholder confidence in the safe implementation 

of geological disposal and will provide a basic structure for a safety case which will be 

applicable to any potential site. This paper will provide a brief overview of this safety case, 

emphasising practical approaches and methodology which will be applicable for the 

conditions/constraints during an actual siting process. The geological environments of 

various potential host rocks are developed as site-descriptive models (SDM), which are, as 

realistically as possible, based on the current best understanding of geology in Japan.  

A rigorous and flexible methodology for tailoring repository design to SDM has been 

developed. Safety assessment models and data also have been developed and applied for 

demonstration of the technical basis of the safety assessment. 

Introduction 

Background 

The H12 report published in 2000 by the Japan Nuclear Cycle Development Institute [now 

the Japan Atomic Energy Agency (JAEA)] demonstrated the feasibility of safe and 

technically reliable geological disposal of high-level radioactive waste (HLW), based on a 

generic study (JNC, 2000). On the basis of this report, the Act on Final Disposal of 

Designated Radioactive Waste (“Final Disposal Act”) came into force and NUMO was 

established as the implementing body in 2000. Intermediate-level waste generated from 

reprocessing of spent nuclear fuel and mixed-oxide fuel fabrication (termed “TRU waste” 

in Japan) was also included in the inventory for geological disposal in 2007, based on the 

feasibility demonstrated by a collaborative JAEA and Federation of Electric Power 

Companies of Japan (FEPC) report (2007). These wastes are to be disposed of in stable 

rock at depths greater than 300 m. NUMO initiated the process by open solicitation of 

volunteer municipalities in 2002 and has been developing key technologies required for the 

safe implementation of the geological disposal project. So far, however, no volunteer 

municipality has appeared and no candidate host rock type has been specified. 
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The Fukushima Daiichi nuclear power plants accident in 2011 increased nationwide 

concerns about the feasibility and reliability of safe geological disposal in Japan. Based on 

the discussion on the implementation process by advisory expert groups organised by the 

Ministry of Economy, Trade and Industry (METI), the “Basic Policy on the Final Disposal 

of Specified Radioactive Waste” was amended in 2015, so that the government plays a 

leading role in the site selection by presenting the outputs of the nationwide scientific 

screening. Under the revised basic policy, the advisory expert groups of METI have 

examined the requirements and criteria for geological disposal from the viewpoints of 

geological environment and its long-term stability, pre-closure safety, safety of the waste 

transportation, in order to define scientific features with which all areas are classified in a 

nationwide map. Based on these requirements and criteria, METI published the Nationwide 

Map of Scientific Features Relevant for Geological Disposal (Nationwide Map for short) 

in 2017, which classifies the land of Japan into four areas with defined categories. The 

Nationwide Map does not intend to indicate deterministically specific areas as a candidate 

site for a geological repository. Stepwise investigations and assessments should be 

conducted by NUMO, with the acceptance of local communities. 

Purpose of developing the NUMO safety case at pre-siting stage 

Publication of the Nationwide Map would bring a new stage to the siting process and need 

more convincing explanation of the technical confidence of geological disposal. Taking 

such changes in boundary conditions into account, it is important for NUMO to integrate 

required technologies, including the latest research, design and development (RD&D) 

output, in order to demonstrate the feasibility and insist technical confidence to implement 

safe geological disposal in Japan since the H12 report. NUMO thus developed the 

“Pre-siting SDM-based safety case”, which, with the SDM recently developed, provides a 

more advanced site-specific basis than the generic safety case in the H12 report. This has 

been developed in a manner that will allow it to provide the basic structure of future safety 

cases that would be applicable to any site that might arise from the site selection process. 

This paper provides a brief overview and the approach for development of the “Pre-siting 

SDM-based safety case” (hereinafter called the “NUMO safety case”). More detailed 

discussions are presented in a series of associated papers (see Suzuki et al.; Ota et al.,; 

Fujisaki et al.) in these proceedings. 

Premises of developing the NUMO safety case 

Boundary conditions and basic approach of developing the NUMO safety case 

The NUMO safety case has developed considering the current constraints that include legal 

requirements and the current situation of the Japanese disposal programme, i.e. candidate 

sites have not yet been specified and safety regulations are still under development, as well 

as the basic policies mentioned above. 

Under these boundary conditions, goals of the NUMO safety case at the current stage can 

be defined as below: 

 demonstration of tools and capability to capture site-specific features that are 

important to safety for geological settings in Japan within SDM; 

 illustration of a framework for the safety case for potential Japanese sites; 

 illustration of modification and tailoring designs to potential volunteer sites; 
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 demonstrating that the process is in line with international practice for this stage of 

the programme and Japanese boundary conditions; 

 supporting the conclusion that NUMO is ready to initiate the literature survey and 

move further towards siting stages. 

The NUMO safety case has developed detailed geological and hydrogeological models for 

potential host rock environments, which are based on field data accumulated at Horonobe 

and Mizunami underground research laboratories (URL) operated by JAEA since the H12 

report and current best understanding of geological environments in Japan. Repository 

design and safety assessment have thus been performed for these geological models, 

thereby providing underpinning evidence to demonstrate the technical feasibility and the 

safety for the various types of Japanese geological environments. 

Features of radioactive waste 

The highly radioactive liquid residue separated in the reprocessing of spent fuel is mixed 

with glass in a glass melter, poured into stainless steel canisters and cooled to form vitrified 

HLW. The specification of the reference HLW form is shown in Figure 1. TRU waste 

includes spent silver absorbent, compressed hull and end pieces, etc., generated as a result 

of the reprocessing of spent fuel. They are grouped into five groups according to their 

features as shown in Figure 1. Group 1 includes highly soluble and little sorptive 129I. 

Group 2 also includes highly soluble and little sorptive 14C. Group 2 and some of Group 4 

(Group 4H) have significant heat output and Group 3 contains nitrate, which may require 

special consideration in terms of potential chemical perturbations. 

Figure 1: HLW and TRU waste groups and their characteristics 

 
 

It is currently difficult to estimate the total amount of radioactive waste to be disposed of 

by geological disposal, as such numbers depend on future nuclear power policies. 

Therefore, in the NUMO safety case, a repository with capacity for the following volume 

of waste was assumed, based on the latest Disposal Plan for Final Disposal of Specified 

Radioactive Waste developed by METI in 2008: 

  

 Weight: 500 kg 

 Thickness of steel 
canister: 6 mm 

 Heat generation: 
350 W 

 Surface dose: 
160 Sv/h (50 years 

after production) 

319 [m3] 5 792 [m3] 5 228 [m3] 5 436 [m3] 1 309 [m3] 
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 HLW: 40 000 canisters of vitrified waste (disposal of 1 000 canisters per year); 

 TRU waste:19 000 m3. 

Co-disposal of HLW and TRU waste was considered in the NUMO safety case. 

Safety strategy and main outputs of the NUMO safety case 

Site characterisation and synthesis into SDM 

After identifying investigation sites with acceptance of local municipalities, possibly from 

“light green” or “green” areas assumed to be favourable for geological disposal in the 

Nationwide Map, the stepwise site selection process involving stages of literature survey 

(LS), preliminary investigation (PI) and detailed investigation (DI) will be conducted. 

Through the investigation process information on geological environments in and around 

the proposed sites will be acquired in order to develop repository designs and associated 

safety assessments that verify the proposed sites possess the required safety functions. 

NUMO must prepare and synthesise reliable investigation and evaluation methodologies 

to identify suitable repository sites where the key safety functions (isolation and 

containment) of the host geological environment will persist for a long period of time.  

In the NUMO safety case, the technical basis for investigation and evaluation to identify 

suitable repository sites was documented and a demonstration of the capacity to model 

relevant geological environments at a level appropriate for site are described as follows: 

 Fundamental information and basic concepts for staged repository site selection were 

presented, including safety functions and factors affecting safety. Siting factors, 

tools and methodology to characterise sites in a structured fashion, compatible with 

the stepwise siting process, were prepared and compiled as manuals, e.g. for 

planning LS and PI, quality management guidelines during PI, etc. 

 Advanced methodologies for precluding the potential impacts of natural disruptive 

events and processes were shown. Key concepts, technical knowledge bases and 

basic methodology for geosynthesis of relevant information into representative 

spatial and temporal models of site evolution were also documented. 

 Applicability of PI/DI technologies have been demonstrated within the JAEA URL 

programmes, which demonstrated that uncertainty of the spatial distribution of 

geological characteristics and understanding of their temporal changes could be 

reduced by stepwise application of such investigation and evaluation technology. 

 Following the categorisation of rock types by identifying key characteristics/ 

properties relevant to geological disposal, plutonic rocks, Neogene sedimentary 

rocks and pre-Neogene sedimentary rocks were examined to develop the SDM for 

subsequent repository design and safety assessment. 

 Geological and hydrogeological models were developed for reasonably 

representative geological settings of the three types of host rocks on the basis of 

Japanese field observations, considering key characteristics such as distribution of 

faults and fractures. It shows the technical basis of site characterisation and 

integration within a SDM is established. 

Based on above evidences/studies, it would be concluded that there is now a good basis to 

implement survey and evaluation technology appropriate to Japanese geological conditions 

to assure selection of sites with suitable geological environments for geological disposal.  
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Repository design and engineering 

In a repository design, the specifications of the repository (engineered barriers, surface 

facilities, underground layout, etc.) are determined so that the safety functions of the 

repository are assured for the defined SDM. The repository will be designed in detail and 

optimised in a stepwise manner, based on the progress of site investigation and input from 

associated safety assessments. NUMO has therefore developed a methodology incorporating 

multiple requirements as design factors and prepared repository design options to be 

tailored to the variety of geological environments and to respond to the progress of science 

and technology during the implementation period. 

In the NUMO safety case, methodologies of repository design were described and 

repository designs tailored to SDM of the three rock types (plutonic rocks, Neogene 

sedimentary rocks and pre-Neogene sedimentary rocks) were demonstrated as follows: 

 A systematic design methodology has been developed to maintain flexibility in the 

design system for a range of site environments and expected changes in other 

relevant boundary conditions. This involves application of design factors, which 

include multiple aspects to be considered in the design process and selection of 

design options. 

 Based on the disposal concepts of H12 report (JNC, 2000) and the JAEA/FEPC 

report (2007), design requirements were specified for the HLW and TRU facilities, 

which include operational safety, long-term safety, engineering feasibility, 

retrievability, economic aspects, etc. 

 Starting from the repository concept developed in reports referenced above, 

repository design specifications tailored to the SDM of three types of potential host 

rock environments were illustrated, which meet pre- and post-closure safety 

requirements and demonstrate engineering feasibility. Specific features of SDM, 

such as major faults, were specifically assessed to determine their impacts on 

different disposal concepts (see Figure 2). 

 The robustness of the engineered barrier system (EBS) was evaluated based on 

state-of-the-art materials science, with consideration of a wide range of geological 

environments. 

 Feasibility of some key engineering technologies for construction, operation and 

closure of repositories, including waste retrieval, were shown in both domestic and 

international large-scale demonstration tests. 

Based on above evidences/studies, it would be concluded that there is now a good basis of 

methodology and technology to develop geological repositories applicable to a wide range 

of geological environments, fulfilling all required safety functions. 

Pre-closure safety assessment 

Evaluation of radiological safety is generally based on regulations that govern nuclear 

reactors and other nuclear facilities. Pre-closure safety assessment considers not only the 

expected operations, but also the impact of perturbations due either to operational 

disturbances (e.g. equipment failure) or external events (earthquakes, tsunami, flooding, 

etc.). Credible scenarios for such perturbations must be developed, their potential 

consequences assessed and where appropriate, potential countermeasures introduced. 
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Figure 2: An example of the nested SDM for plutonic  

rocks with a tailored underground panel layout (bottom left) and  

corresponding near-field scale solute transport model (bottom right) 

 
 

At present, regulations and criteria for geological disposal facilities in relation to the 

programme licensing rule have not been formulated. Further, in the absence of a specific 

disposal site, the extent to which the surface environmental conditions in which the facility 

will be constructed is very limited. This in turn constrains sensible evaluation of the impact 

of site-specific external perturbations such as earthquakes or tsunami. On the other hand, 

evaluation of safety is possible for maximum design base accidents. Therefore, the NUMO 

safety case shows: 

 illustration of the concepts and methodology for radiation safety assessment for both 

workers and local residents around the facility, focusing on operational processes 

and with reference to the safety regulations for other relevant nuclear facilities; 

 results of the illustrative pre-closure safety assessment, while concurrently 

verifying the compatibility of potential countermeasures to reduce risks with 

long-term post-closure safety of the repository. 

Based on these preliminary assessments, there are no serious pre-closure safety concerns 

that need to be addressed before commencing the LS phase. In preparation for more 

detailed, site- and concept-specific analyses, the background information required that will 

allow a rigorous and comprehensive pre-closure safety case to be prepared is under 

development. 

Post-closure safety assessment 

For long-term post-closure safety assessment, the methodology used internationally has 

been evaluated. For the repository designs tailored to geological environments at selected 

sites, such assessments should confirm that the repository meets safety standards and will 

not have a significant impact on the living environment at any time in the future. 

NUMO has been involved in technology development related to fundamental components 

of the safety assessment: scenario development, modelling and development of a dataset. 

With a view to subsequent site selection, the preparation of this safety assessment 
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methodology and confirmation of its applicability is necessary. Preparation of an 

appropriate safety assessment analysis toolkit is especially important to allow objective 

comparison and evaluation of the performance of alternative disposal concepts, where the 

methodology must also handle different uncertainties in terms of site conditions and 

repository specification. 

The framework of the safety assessment (scenarios to be considered, time frame of the 

safety assessment, radiological standards, etc.) is to be presented by the regulatory bodies. 

Until then, the safety assessment would be conducted based on a temporary framework of 

dose standards referring to international guidelines such as ICRP recommendations (2013). 

Scenarios that include events that lead to the loss of the isolation function or a significant 

reduction of the containment function may not need to be considered if an appropriate site 

is selected, while the scenarios leading to radiation exposure via groundwater flow are the 

main focus of the assessment. In handling scenarios with significantly different occurrence 

probabilities, the risk-informed approach takes into account the likelihood of occurrence.  

Based on the above, the NUMO safety case assessed post-closure long-term safety for the 

SDM developed and the repository designs tailored to their post-closure safety involving: 

 A framework for safety assessment is set on the basis of international guidelines 

and other considerations. 

 A risk-informed approach was introduced to classify scenarios into likely scenarios, 

less-likely scenarios, very unlikely scenarios and human intrusion scenarios in 

order to appropriately deal with various kinds of uncertainties. 

 The safety assessment analysis method was developed to allow the objective 

comparison and evaluation of performance of different repositories, reflecting 

differences in geological environmental conditions and repository designs. The 

near-field scale radionuclide migration was assessed on the basis of 3D discrete 

fracture network (DFN) models incorporating designed geometry of the EBS, 

which indicate potentially high retardation and dispersion (see Figure 2.). 

The calculated dose results for the likely scenarios and for less-likely scenarios for all 

options were lower than our selected target. The results of the very unlikely scenarios and 

human intrusion scenarios were also lower than the dose target set. The preliminary results 

of the safety assessment would underpin the feasibility and safety of geological disposal in 

Japan. Overall, the safety assessment basis provided in the NUMO safety case is considered 

to be sufficient at the present stage and will form the basis for that applied to the next 

LS phase. 

Conclusions 

This paper describes the overview and development approach of the NUMO safety case 

considering the current boundary conditions, including general purposes and context. In 

the NUMO safety case, the geological environments of various types of potential host rock 

are being developed as SDM, which have been developed as realistically as possible based 

on the current best understanding of Japanese geological environments. A practical 

methodology for tailoring repository design to volunteer siting environments and advanced 

safety assessment models and data has been developed and applied for demonstration of 

technical basis. The preliminary results of the design and safety assessment would underpin 

the feasibility and safety of geological disposal in Japan. NUMO and relevant research and 

development (R&D) organisations have been conducting research, design and development 
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(RD&D) activities in accordance with the mid-term RD&D plan for geological disposal in 

Japan, based on the technological issues extracted through the development of this safety 

case. The NUMO safety case will form a significant step on the pathway towards repository 

implementation. 
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Abstract 

In China, the high-level radioactive waste and spent fuel that is not expected to be 

reprocessed will be disposed of in deep geological repositories. The National Research and 

Development Planning Guide on Geological Disposal of High-Level Radioactive Waste 

divides the engineering construction of research and disposal facilities into three phases: 

research and development in laboratories and siting of the disposal facility (2006-2020), 

underground research (2021-2040), and verification of the prototype disposal facility and 

construction of the disposal facility (2041-2050). At present, the Beishan area in Gansu 

Province has been identified as the preferred preselected area for the high-level waste 

disposal repository. The underground research laboratory (URL) is located in Xinchang 

in the Beishan area, with a depth of 560 m, and is under construction. According to Chinese 

regulations, the operating organisation of the radioactive waste disposal facility shall 

submit safety analysis reports and environmental impact assessment reports at different 

stages as necessary documents for license application. Considering that the existing safety 

analysis and environmental impact assessment in China cannot meet the requirements of the 

safety case for the disposal of radioactive waste, the Ministry of Ecology and Environment 

is currently organising the compilation of a nuclear safety technical document “Safety 

Case for the Disposal of Radioactive Waste” to improve relevant regulations. In addition, 

the Nuclear Technology Innovation Joint Fund of National Natural Science Foundation of 

China and China National Nuclear Corporation also plans to support the research of 

technologies in the safety case for high-level waste repository during 2019-2022. The 

major technologies that need to be developed urgently in China should include robustness 

assessment of the system and components, probabilistic evaluation, uncertainty 

management, and long-term evolution analysis of climate, geosphere and biosphere. 

Introduction 

In 2017, a revised version of “Classification of Radioactive Waste” (MEP, MIIT and 

SASTIND, 2017) was published in China, which set up the classification criteria of 

radioactive waste based on the disposal options and has made clear the landfill disposal of 

                                                      
3. This presentation was cancelled. 
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very low-level waste (VLLW), near-surface disposal of low-level waste (LLW), 

medium-depth disposal of intermediate-level waste (ILW) and deep geological disposal of 

high-level waste (HLW). 

According to the Law of the People’s Republic of China on Prevention and Control of 

Radioactive Pollution (PRC, 2003), the Law of the People’s Republic of China on 

Environmental Impact Assessment (PRC, 2016) and the Nuclear Safety Law of the 

People’s Republic of China (PRC, 2017), safety analysis reports and environmental impact 

reports shall be submitted in the process of siting, construction, operation and closure of 

radioactive waste disposal facilities. However, at present, only the Format and Content of 

the Environmental Impact Report of Radioactive Solid Waste Shallow Land Disposal 

(HJ/T 5.2-1993) has been published in China, which lacks guidance for the format and 

content of evaluation reports for the other kinds of disposal facilities as well as the 

requirements on the establishment and screening of features, events and processes (FEPs) 

list and quantitative uncertainty analysis. 

The safety case is a collection of scientific, technical, administrative and managerial 

arguments and evidence in support of the safety of a disposal facility or activity. In recent 

years, France, the United States, the United Kingdom, Finland, Sweden, Switzerland and 

other countries have adopted the “safety case” documentation system as regulatory 

requirements and licensing conditions. SSG-23 was published by the International Atomic 

Energy Agency (IAEA) to provide guidance on the safety case for the disposal facilities 

for all kinds of radioactive waste (2012). The Nuclear Energy Agency (NEA) published a 

series of important reports on radioactive waste inventory, engineered barrier systems 

(EBS), FEPs, radionuclide migration, uncertainties management, stakeholder involvement 

and regulatory review which constituted a fundamental scientific basis for the development 

and review of a safety case (2017). 

This study compared the safety analysis reports and the environmental impact assessment 

reports of the existing LLW and ILW disposal facilities in China with the international 

guides and the safety case in other countries, analysed the deficiencies in the existing 

evaluations, and raised the future research priorities in order to further improve the level of 

safety demonstration for radioactive waste disposal facilities and increase public 

confidence in the safety management of radioactive waste. 

Deep geological disposal programme and research progress of its safety 
evaluation in China 

The Beishan area in Gansu Province was chosen as the preferred preselected area for a 

HLW repository in China. The URL is expected to be completed in 2020. The location of 

the deep geological repository will be determined in 2040, and it will be completed in 2050. 

The host rock at the Beishan site is granite, and the buffer and backfill material of the 

repository is initially selected as Gaomiaozi bentonite from Inner Mongolia Province. 

The safety of a high-level radioactive waste repository relies mainly on the beneficial 

properties of natural barriers and engineered barriers. One of its important characteristics 

is its long-term robustness. The CIAE has established a research platform for the simulation 

of geological disposal of high-level radioactive waste in order to simulate the corrosion 

process of HLW-glass and packages and radionuclide leaching behaviour under different 

conditions (Yang et al., 2017). Experiments on some key components have been carried 

out in China, but evaluation of the robustness of the whole system has not been carried out. 

In general, the evaluation methodology for the systematic robustness has not yet been 

formed. Therefore, it is still necessary to improve experimental conditions and design for 
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the research on the failure of the whole system and components to simulate and analyse the 

long-term behavioural characteristics and demonstrate their robustness in the future. 

The study of migration behaviour of radionuclides includes simulation of migration 

behaviour of radionuclides in engineered barriers, natural barriers and biospheres, involving 

radionuclide leaching models and radionuclide migration models. There are few studies on 

the leaching of radionuclides in China. Zhang and Luo (2007) and Gan et al. (2011) from 

the CIAE studied the chemical stability of high-level radioactive waste glass with the 

PHREEQC model to simulate the leaching process of the simulated HLW-glass. In general, 

the corrosion behaviour and leaching model of HLW-glass are still at an early stage. It 

remains necessary to fully understand the corrosion mechanism of HLW-glass, and then 

establish mathematical models and test them to predict the corrosion behaviour and 

radionuclide leaching. 

Liu et al. (2013) from the China Institute for Radiation Protection simulated the migration 

of radionuclides in the near-field region using GoldSim for the initial conceptual design of 

HLW geological repository in China; Chen et al. (2009) from the CNNC Beijing Research 

Institute of Uranium Geology established a conceptual model of the repository based on 

the granite site in the Beishan area, and applied GoldSim to predict and evaluate its 

performance of the repository. Moreover, different adsorption mechanisms discovered by 

the latest research should be integrated with the radionuclide migration model. It is thus 

necessary to establish a complete radionuclide migration model which includes radionuclide 

leaching, as well as near-field and far-field migration behaviours. 

Zu et al. (2011) carried out the uncertainty evaluation based on the Monte Carlo method. 

The uncertainty analysis of the radionuclide migration model and the sensitivity analysis 

of the parameters are of great significance for accurately predicting radionuclide migration 

behaviour and improving the effectiveness of the safety assessment. 

Therefore, the Nuclear Technology Innovation Joint Fund of National Natural Science 

Foundation of China and China National Nuclear Corporation plan to support the research 

of technologies in the safety case for HLW repository from 2019 to 2022, which will focus 

on the evaluation of robustness and the simulation of radionuclide migration. 

Current safety analysis and environmental impact assessment in China 

According to the Law of the People’s Republic of China on Prevention and Control of 

Radioactive Pollution (PRC, 2003), environmental impact assessment reports shall be 

submitted in the siting, and the application for obtaining the permit for construction and 

operation of nuclear facilities, and for approval of decommissioning. According to the 

Nuclear Safety Law of the People’s Republic of China (PRC, 2017), safety analysis reports 

shall be submitted in the siting process, preliminary safety analysis reports and 

environmental impact assessment reports for the application of construction permits, final 

safety analysis reports and environmental impact assessment reports for operation permits, 

and safety analysis reports and environmental impact assessment reports for the approval 

of decommissioning of nuclear facilities. The safety analysis focuses on the analysis of 

accepted waste inventory, safety features of disposal facilities, occupational exposure, 

accidents and emergency response measures, while the environmental impact assessment 

focuses on the release inventory of radionuclides, far-field migration of radionuclides and 

the impact of release on the environment and public. 

With regard to the form, the collection of safety analysis reports and environmental impact 

reports at every stage of radioactive waste disposal facilities in China is equivalent to the 
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safety case. Whereas from the perspective of content, compared with the requirements of 

IAEA No. SSG-23 and the content of safety cases in other countries, current safety analysis 

and environmental impact assessment in China are still lacking some content. Main issues 

include: 

 Lack of systematic scenario analysis. Previous safety analysis and environmental 

impact assessments of near-surface disposal facilities in China have not established 

a systematic FEPs list, and have not conducted FEPs screening. Only a limited 

number of scenarios were conducted, such as the release of radionuclides under a 

normal scenario, quantitative analysis of accidents such as transportation accidents, 

groundwater immersion, falling of waste packages, human intrusion (drilling, 

dwelling and well drilling), and qualitative analysis of impacts of earthquakes, wind 

erosion, floods, groundwater and projectiles. 

 Lack of research on the long-term evolution of disposal system. The safety analysis 

reports and the environmental impact assessment reports of the near-surface 

disposal facilities in China calculated and analysed the long-term stability of the 

facilities and disposal facility structures. For example, the seismic design was 

carried out with the peak acceleration of the ground motion exceeding the probability 

of 10% over 50 years, and flood protection trenches were designed according to the 

flood intensity of once in a millennium. The above calculations provide technical 

guarantees for long-term stability from the perspective of design, but the prediction 

of the possible evolution in the future and its impact on the overall performance of 

the disposal system was lacking. For medium-depth disposal, the evaluation is at 

an early stage. For the deep geological repository, research has been done in the 

leaching of radionuclides from wastes and analysis of site characteristics, and there 

is a lack of systematic evolution analysis. 

 Lack of thorough robustness assessment. Safety analysis reports and environmental 

impact assessment reports of near-surface disposal facilities in China did not 

perform systematic and in-depth analysis on the robustness of the disposal system 

and safety assessment. They demonstrated the robustness of individual barriers 

(such as sites, disposal units and slopes) and their safety functions, but did not 

evaluate other components and overall performance. It demonstrated the possibility 

and feasibility of engineering practice (such as shaking table tests). Passive 

characteristics were considered in the design, but there is a lack of relevant analysis 

and arguments. Experimental research on some key components has been 

conducted in China, but systematic robustness assessment has not yet been carried 

out. It remains necessary to improve the conditions and designs of experiments in 

the future, to simulate and analyse the long-term behavioural characteristics of the 

system and components, and to demonstrate their robustness. 

 Limited uncertainty management with qualitative analysis and no application of 

probabilistic assessment. A deterministic approach is used in the safety analysis 

and environmental impact assessment of radioactive waste disposal facilities in 

China. This commonly used method adopts conservative assumptions and only 

qualitatively analyses the uncertainties in the process of waste disposal, such as 

uncertainties of models, as well as uncertainties in choosing parameters and solving 

equations. It does not take into account probability and variability with sufficient 

consideration for uncertainty and sensitivity analysis, therefore it is difficult to 

explain the reason for choosing the best estimations or conservative values of these 

parameters. 



NEA/RWM/R(2018)7  87 
 

CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE  
  

 Lack of necessary iteration between safety evaluation and engineering design. The 

design and safety demonstration of near-surface disposal facilities in China are 

often separated. The design is completed first, followed by safety analysis and 

environmental impact assessment, and the latest results of safety demonstration 

cannot be reflected in time for the updates and iterations of safety designs of the 

facilities. 

The Ministry of Ecology and Environment is currently supporting the draft of a nuclear 

safety technical document “Safety Case for the Disposal of Radioactive Waste” to improve 

relevant regulations. In the new framework, the safety analysis report for the disposal of 

radioactive waste in China would be equivalent to the safety case proposed by the IAEA 

and should meet all relevant requirements of SSG-23 so as to reach the international 

advanced level. 

The new safety analysis and environmental impact assessment of radioactive waste 

disposal facilities reflect the following characteristics: 

 It should be noted that the period of disposal facilities to preserve the safety 

functions is long, at least 300-500 years for the disposal of LLW and ILW and more 

than 10 000 years for HLW disposal. Therefore, safety analysis and environmental 

impact assessment of disposal facilities should focus on issues and knowledge 

management in timescales of more than a few hundred years. 

 To dispose the wastes with long-term safety risks in the natural environment, their 

environmental impact and the reliability of safety barriers must be carefully 

evaluated not only from the perspective of containment of the artificial engineered 

barrier, but also from the perspective of the long-term isolation of natural barriers. 

 Considering the current cognitive level of science and technology, not only scientific 

predictions and judgements on unknown issues are required, but more importantly, 

research and decision-making on safety strategies should be conducted. 

 The implementation of basic principles for the safe disposal of radioactive waste 

requires that contemporaries be responsible for future human and environmental 

safety. Therefore, it is necessary to make appropriate arrangements for the safety 

issues after the closure of the disposal facility, such as the retrievability of the 

disposed waste and the institutional control of the site. 

 The safety of waste disposal involves public acceptance issues. Consequently, 

based on the concept of the life cycle safety of disposal facilities, it is necessary to 

actively involve stakeholders in the process of siting, design, construction, operation 

and closure of disposal facilities, as well as safety analysis and regulations on 

technologies. Stakeholders include local government, local residents, national 

safety regulatory authorities and national industry authorities. 

 The scientific safety concept should be established that all of society is responsible 

for the safety of the nuclear industry, and social development and community 

interests should be organically integrated in order to realise the core values of 

common development and joint responsibility for the whole society. 

Future research strategies 

China will continue to increase its efforts to build near-surface disposal facilities, 

medium-depth disposal facilities and deep geological repositories. It is necessary to 

strengthen the development of technologies and the safety case. The National Nuclear 
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Safety Administration requested that a safety case should be conducted at the Feifengshan 

Low- and Medium-Level Waste Disposal Site as a pilot. Judging from the current state of 

technologies in China, the four major technologies that need to be highlighted in the future 

include robustness assessment, probabilistic evaluation, uncertainty management and 

long-term evolution analysis. 

Robustness assessment 

For the evaluation of the robustness of components, based on the site characteristics and 

the expected safety functions of the barriers, the key indicators for evaluating the safety 

functions of various components and the parameters to which they are sensitive should be 

analysed so as to establish the methodology for assessing the robustness of components. 

Taking the leaching resistance of the waste form as an example, a functional failure process 

in the disposal environment should be simulated, and accelerated experiments and analysis 

should be conducted, so as to verify the validity of the proposed method for assessing the 

robustness of the waste form. 

For the evaluation of the robustness of the disposal system, based on the research results of 

component robustness, “what if” scenarios should be developed, and a series of studies for 

assessing the robustness of the disposal system should be conducted, including studies on 

the evaluation of defence in depth and passive safety, the verification of good engineering 

practices, and the natural analogy. 

Probabilistic evaluation 

By referring to the probabilistic evaluation of nuclear power plants, the probabilistic 

evaluation of disposal facilities should be conducted in the safety analysis and 

environmental impact assessment of disposal facilities. The evaluation indicators based on 

the evaluation of a probabilistic approach should be established. In conducting the 

radiological impact assessment, the uncertainties of the parameter values can be described 

by probability density distribution, which can be obtained through observing data or based 

on expert judgement, so as to derive the probabilistic distribution of the evaluation results. 

Uncertainty management 

Uncertainties in the performance evaluation of the repository at every stage should be 

analysed, so as to identify the scenarios, models and parameters that have a big impact on 

the accuracy of evaluation. This includes the containment and isolation of radionuclides, 

long-term stability of the repository system, and prediction of radionuclide release and 

migration. The uncertainty management strategy for each stage of the repository should be 

constructed on this basis, including methods to evaluate and reduce uncertainties. 

Long-term evolution analysis 

The long-term evolution analysis focuses on the evolution of climate, geosphere and 

biosphere of the area where the disposal system is located. The long-term evolution of 

climate and climate-related factors is the key input for the evolution of hydrogeology, 

engineered structures and the biosphere. Sea level changes and weathering effects caused 

by climate change have significant effects on the integrity of the barriers of near-surface 

disposal facilities; for medium-depth disposal facilities and deep geological repositories, 

the migration path of radionuclides in the biosphere will also change with the climate. 

Changes in precipitation conditions will also affect the characteristics of regional 

groundwater circulation. 
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The geosphere is an important component of the natural barrier of the disposal system. The 

structural distribution, hydrogeological and geochemical characteristics of the area where 

the site is located can affect the stability of the site. Therefore, combining with specific site 

conditions, the following research should be conducted:  

 Study on the evolution of hydrogeological characteristics, including analysis of 

changes in groundwater recharge, runoff and discharge caused by climate change, 

with a focus on the trend of groundwater flow rates and chemical composition in 

groundwater.  

 Research on the evolution of the mechanical properties of host rock for disposal, 

mainly including the research on the change of host rock stress conditions of 

disposal facilities caused by the development of ice cover, the depth of frozen soil, 

and the release of waste heat from disposal. 

 Evolution of geochemical conditions, which may be influenced by temperature 

changes, mineral precipitation, and groundwater recharge and excretion. Chemical 

processes related to the migration of radionuclides should be analysed to determine 

the key influential factors, such as convection, diffusion, adsorption, dissolution 

and precipitation of fissured minerals, dissolution of organic materials, ion 

transport, and microbiological activities. 

Conclusion 

The current regulations in China require that safety analysis and environmental impact 

assessment should be conducted to prove the safety of the disposal of radioactive waste; 

however, current safety analysis and environmental impact assessments cannot meet the 

requirements laid out in international guidelines on the safety case for the disposal of 

radioactive waste. The main problems are due to a lack of systematic scenario analysis, 

research on the long-term evolution of disposal systems, thorough robustness assessment, 

quantitative uncertainty analysis, probabilistic assessment, and necessary iteration between 

safety evaluation and engineering design. According to the safety case in the international 

guide and the best practices of other countries, four major technologies that need to be 

developed urgently in the future in China include robustness assessment of the system and 

components, probabilistic evaluation, uncertainty management, and long-term evolution 

analysis of the climate, geosphere and biosphere. 
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A safety case report (AKRS-16) for the deep geological  

disposal of pyro-processing wastes in Korea 
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Daejeon, Korea 

Abstract 

In 2016, the Korea Atomic Energy Research Institute (KAERI) published a safety case 

report (AKRS-16) of a disposal concept for the deep geological disposal of high-level waste 

(HLW) resulting from the pyro-processing of pressurised water reactor (PWR) spent fuels. 

The KAERI Underground Research Tunnel (KURT), which is an underground research 

facility within KAERI, is considered as a reference disposal site. The data and information 

obtained from KURT are used in this report. AKRS-16 consists of eight chapters and one 

synthesis report: design base and disposal facility, site description, waste type and 

characteristics, engineered barrier system, FEPs and scenarios, models and data, 

post-closure safety assessment, complementary considerations, and safety case synthesis. 

In each chapter, the context, purpose, strategy and future research, design and development 

(RD&D) items for the development of a safety case are described. The AKRS-16 report can 

provide stakeholders with information on the development of a safety case. 

Introduction 

Since 2007, KAERI has developed a conceptual system for the disposal of radioactive 

waste resulting from the pyro-processing of PWR spent fuels in Korea. The conceptual 

disposal system, the Advanced Korean Reference Disposal System (A-KRS), consists of 

tunnels at a depth of 200 m and boreholes at a depth of 500 m. KURT is considered a 

reference disposal site. Data and information obtained from KURT were provided for the 

design and safety assessment of the A-KRS. Based on the A-KRS and KURT environment, 

we published an AKRS-16 safety case report. For the AKRS-16 report, a portfolio was 

developed through an international joint study with Saanio & Riekkola (S&R, Oy, Finland), 

and the content was determined by analysing the safety case considered. The report consists 

of eight separate chapters and one synthesis report as follows:  

 Chapter 1: Design base and disposal facility; 

 Chapter 2: Site description; 

 Chapter 3: Description of waste types and characteristics; 

 Chapter 4: Engineered barrier systems; 
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 Chapter 5: FEPs and scenarios; 

 Chapter 6: Models and data; 

 Chapter 7: Post-closure safety assessment; 

 Chapter 8: Complementary considerations; 

 Safety case synthesis. 

The purposes of the AKRS-16 report are to: 

 assure the safety and confidence of the disposal system, A-KRS; 

 provide a research and development (R&D) perspective for confidence building of 

the national disposal programme for high-level waste (HLW) disposal; 

 compile and analyse research results carried out at KURT; 

 provide and propose necessary future RD&D items; 

 provide methodologies for the application and confidence building of the input data 

necessary for the safety assessment;  

 propose a scheme and guidelines of a safety case report for the confidence building 

of HLW disposal. 

Contents of AKRS-16 

Design base and disposal facility 

Domestic laws, regulatory requirements and the recommendation of international 

organisations are reviewed as bases for the concept development of a deep geological 

disposal system. In addition, a design methodology including the safety concept of a 

disposal system and safety function of each barriers was established. The disposal system 

is similar to the Swedish KBS-3 type and has a multi-barrier system composed of 

engineered barrier systems (EBS) and a natural barrier system. The concept of the surface 

facilities including an encapsulation plant and the subsurface facilities as the disposal area 

was developed using the KURT environment as the reference disposal site. In addition, the 

disposal system layout was established using geology, hydrology and related 

characterisation data of the KURT site. The conceptual design of A-KRS shown in Figure 1 

consists of two tunnels for the disposal of low- and intermediate-level metal waste, and 

eight disposal tunnels for the disposal of high-level ceramic waste. 

Site description 

In this chapter, the methodologies for KURT site characterisation, the characteristics of 

surface environment, the mechanical and thermal properties of the host rock, the 

geological, hydrogeological, geochemical and nuclide transport properties of the KURT 

site, and the influence of the construction are described. Figure 2 shows the process of the 

development of a solute transport model based on the site characterisation of KURT and 

an in situ solute migration experiment in KURT. The data and information obtained from 

KURT are used for the development of A-KRS and a safety assessment. 
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Figure 1: Conceptual design of A-KRS 

 
 

Figure 2: Development of transport model based on KURT environment 

 
 

Waste type and characteristics 

The amounts and source terms of pyro-processing waste are essential data for the design 

and safety assessment of a radioactive waste disposal system. They are estimated based on 

the amounts of spent fuel considering a national plan for electric power demand and supply. 

In the AKRS-16 report, we consider only ceramic waste to be disposed in a deep geological 

disposal system among the five waste streams resulting from the pyro-processing of PWR 

spent fuels. The major elements in ceramic wastes are rare earth and long-lived transuranic 

elements. The nuclide inventories and characteristics of decay heat and radioactivity for 

major nuclides are also described. 

Engineered barrier system 

Engineered barrier systems (EBS) considered in the AKRS-16 report include a disposal 

canister, buffer materials, backfill materials and plugging materials. These EBS are 

described in view of the barrier performances. As a disposal canister, a copper-cast iron 

double-layered canister was suggested for the disposal of pyro-processing waste. For the 

corrosion resistance of copper in the KURT environment, three-year corrosion tests were 
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evaluated and summarised. For the mechanical performance of a canister, the environmental 

stress due to a swelling pressure of the bentonite buffer and underground water pressure 

was evaluated, and the mechanical resistance of a canister was also evaluated using an 

analytical method. The performance requirements for buffer materials were summarised in 

view of the hydraulic, thermal and mechanical aspects, and the performance evaluation 

results were illustrated in detail using Gyeong-Ju Ca bentonite in Korea. For the backfill 

materials and plugging materials, their design premises were briefly introduced. Finally, 

the thermal and structural stability of A-KRS was estimated through a numerical analysis. 

FEPs and scenarios 

The FEP Database and nuclide release scenarios needed for the post-closure safety 

assessment of A-KRS are described in this chapter. The main categories of the FEP 

Database are waste, canister, buffer and backfill, host rock, biosphere, and environmental 

effects. In addition, the subcategories of each main category are developed. Historical 

activities for the establishment of the FEP Database are described for future stakeholders 

to trace documents relevant to the FEP Database. In addition, the procedures used for 

scenario development are described. Finally, a reference scenario and alternative scenarios 

for a post-closure safety assessment are described.  

Models and data 

Models and data for the development of a disposal system and a post-closure safety 

assessment are described in two parts: system evolution and radionuclide release and 

migration. The system evolution part contains models and data related to the radionuclide 

inventory, the corrosion and shear characteristics of a canister, the thermal, hydrological 

and mechanical (THM) characteristics of EBS, the geological structure, the hydrological 

domain, the distribution of fractures in a hydraulic rock domain, the flow and geochemical 

characterisation of groundwater, and a prediction of the radionuclide migration path. The 

radionuclide release and migration part includes models and data related to radionuclide 

release, solubility, and dissolution of radionuclides, the characteristics of the buffer and 

backfill, a natural barrier, interfaces between barriers and complementary considerations. 

The models and data listed in this chapter are mainly based on the KURT site with a depth 

of 120 m. Therefore, we suggested plans for the establishment of models and data with a 

depth of 500 m below the surface. In addition, future works to enhance the confidence and 

reduce uncertainties in the models and data to be used in the updated safety case report are 

described. 

Post-closure safety assessment 

In this chapter, the procedure and computer model for the post-closure safety assessment 

of a repository are described. We adopted a general procedure suggested by the International 

Atomic Energy Agency (IAEA) for the post-closure safety assessment of a repository. In 

addition, methodologies for the development and assessment of complex scenarios by 

combining various scenarios with aleatory uncertainty are described. For the post-closure 

safety assessment, we developed a KAERI Performance Assessment Model (K-PAM) by 

coupling MATLAB and GoldSim. The modules and calculation procedure of K-PAM are 

shown in Figure 3. The calculated exposure dose rate for the reference scenario and the 

complex scenario are shown in Figure 4. 
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Figure 3: Modules and calculation procedure of K-PAM 

 
 

Figure 4: Exposure dose rate for the reference scenario (a) and a complex scenario (b) 

 
 

Complementary considerations 

In this chapter, the complementary considerations to enhance confidence in the outcomes 

of the safety assessment of a repository are described. The quantitative complementary 

considerations are the comparison of the radiological hazards and use of complementary 

safety indicators. The qualitative complementary considerations are the suitability of a deep 

geological disposal of radioactive waste, the design of a disposal system and a safety 

concept, a review of the site suitability, and the use of natural analogue studies. 

Synthesis report 

In this chapter, an overview of the safety case, disposal system and post-closure safety 

assessment are summarised. In addition, as a future RD&D programme, the development 

of a quality assurance programme, and a future development plan for the development of a 

safety case are suggested for an enhancement in the confidence level.  

Conclusion 

We published an AKRS-16 report which is a safety case report of the conceptual disposal 

system for HLW generated from the pyro-processing of PWR spent fuels in Korea. The 

data and information obtained from KURT considered as a reference disposal site are used 

(a) (b) 
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in this report. This report can be used to provide technical data and information for a 

validity demonstration of the deep geological disposal of radioactive waste. In addition, it 

can be used as the technical basis for the safety assessment of a repository and confidence 

building of HLW disposal. Furthermore, the development plan and future RD&D items for 

the safety case are suggested. 
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Session 4: Safety case and licensing 

Current and next steps of the licensing of a KBS-3 repository in Sweden 

Allan Hedin, Johan Andersson, Kristina Skagius 
Swedish Nuclear Fuel and Waste Management Co. (SKB) 

Solna, Sweden 

Abstract 

In 2011, SKB applied for a permit to build a KBS-3 type final repository for spent nuclear 

fuel at the Forsmark site. The application has now been examined by the Swedish Radiation 

Safety Authority (SSM) under the Act on Nuclear Activities and by a Swedish Land and 

Environmental Court under the Environmental Code. On 23 January 2018, SSM and the 

court both issued their statements to the government.  

SSM recommends the government to grant permission for a final repository at the Forsmark 

site. It also points to issues that SKB needs to resolve in coming phases of the stepwise 

licensing process under the Act on Nuclear Activities. The Land and Environmental Court 

approved in its statement parts relating to the choice of Forsmark as the site for the 

repository, post-closure aspects related to the rock and the buffer, and the environmental 

impact assessment. It also considered that supplementary information regarding five issues 

related to the long-term integrity of the copper canisters be presented and evaluated before 

permission is considered. The five issues overlap in part with those pointed out by SSM as 

prioritised for the next licensing step.  

The matter now rests with the government. The government has requested supplementary 

material from SKB regarding issues identified in the court statement. The material is to be 

provided by SKB by 30 April 2019.  

While the licensing process of the planned final repository proceeds, assessments and 

analyses are under way to prepare the preliminary safety assessment report (PSAR) needed 

in an application for a permit to start the construction of the repository. There is also some 

initial planning on how to prepare the updated safety assessment report (SAR) needed as 

a basis to start emplacement of canisters. 

With respect to the previous approach for producing a safety case there are some new 

aspects to consider for a repository under construction. Key examples include access to 

detailed underground data, the relation between operational safety and post-closure safety, 

and the need for a proved quality control. 
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Introduction 

In March 2011, the Swedish Nuclear Fuel and Waste Management Co. (SKB), applied for 

a license to build a KBS-3 type final repository for spent nuclear fuel at the Forsmark site 

in the municipality of Östhammar. The safety concept for the final repository is primarily 

based on complete containment of spent fuel in copper canisters, surrounded by a clay 

buffer at around 500 m depth in granitic rock. 

The licensing procedure is ongoing and the key decision is to be made by the Swedish 

government. In the subsequent two licensing steps, SKB will, given that permits are granted 

in proceeding steps, apply for permits to start construction and operation of the repository, 

respectively. This paper describes the developments in the current licensing step and SKB’s 

plans for developing the safety case for the next two steps. 

SKB’s license application also encompasses an encapsulation plant in the municipality of 

Oskarshamn, but this paper’s focus is the final repository and its post-closure safety. 

The current licensing step 

Status 

In the current licensing step, the Swedish Radiation Safety Authority (SSM) submits SKB’s 

application under the Act on Nuclear Activities and a Swedish Land and Environmental 

Court examines it under the Environmental Code. After completing their reviews, each of 

the reviewing bodies makes a statement to the government, whereupon the government, 

having first consulted with concerned municipalities, makes a decision on permissibility. 

SSM’s review was based on exchange of written material with the applicant, with the 

opportunity for other stakeholders to challenge the application in writing. SSM has also 

engaged a range of internal and external experts for in-depth reviews of various scientific 

and technical issues. Based on the findings in these reviews, SSM has, for several issues, 

requested additional material from SKB, and this material has also been reviewed before 

SSM reached its conclusions in the current licensing step.  

The court’s review, after being based on written exchanges with SKB and other stakeholders 

in a preliminary step, consisted of a thorough, public hearing where the applicant presented 

its case and where other stakeholders could challenge it. 

On 23 January 2018, SSM and the court both issued their statements to the government, 

based on the findings in their respective reviews.  

SSM recommends that the government grant permission for the final repository. It also 

points to issues that SKB needs to resolve in coming phases of the stepwise licensing 

process under the Act on Nuclear Activities, among them some canister-related issues that 

SKB needs to resolve in the next phase, i.e. in the preliminary safety assessment report 

(PSAR). The PSAR is to be submitted by SKB and approved by SSM in order for SKB to 

obtain a construction license; this will be addressed later in this document. As an appendix 

to its review statement, SSM published a 900-page technical documentation of its review 

of the post-closure safety of the final repository (in Swedish). Both the statement and the 

review documentation were similar in content to documents provided by SSM to the court 

in June 2016 as part of the preparatory procedures for the court hearing. 
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The Land and Environmental Court approved in its statement large parts of the application 

for the final repository, relating to the choice of Forsmark as the site for the repository, 

post-closure aspects related to the rock and the buffer, and the environmental impact 

assessment. It also considered that supplementary information regarding five issues related 

to the long-term integrity of the copper canisters be presented and evaluated before a permit 

is considered. The five issues overlap in part with those pointed out by SSM as prioritised 

for the next licensing step.  

The matter now rests with the government. The government has requested supplementary 

material from SKB regarding issues identified in the court statement, and has also given 

SKB the opportunity to comment on the statement from SSM. The material is to be 

provided by SKB by 30 April 2019. It will then be submitted for comment to involved 

stakeholders, including SSM. SKB will thereafter be given the opportunity to provide its 

view on the received comments. 

Canister-related issues in the court statement 

The court pointed to the following canister-related issues where it assessed there to be 

“considerable uncertainties”: 

 corrosion due to reaction in oxygen-free water; 

 pitting due to reaction with sulphide, including the influence of the sauna effect on 

pitting; 

 stress corrosion cracking (SCC) due to reaction with sulphide, including the 

influence of the sauna effect on stress corrosion cracking; 

 hydrogen embrittlement; 

 effects of radiation on pitting, stress corrosion cracking and hydrogen embrittlement. 

SSM in its statement brought up issues related primarily to pitting due to reaction with 

sulphide, stress corrosion cracking due to reaction with sulphide, and hydrogen 

embrittlement as areas where SKB is required to provide additional material in the PSAR. 

SSM also assessed that the uncertainties associated with these three phenomena are such 

that it should be possible for SKB to demonstrate compliance in the coming steps of the 

stepwise licensing process and hence recommended that the government grant permission 

in the current step. Corrosion due to reaction in oxygen-free water and effects of radiation 

on pitting, stress corrosion cracking and hydrogen embrittlement are not particularly 

emphasised as significant uncertainties in SSM’s statement.  

SKB argued in the court hearing that, based on available knowledge, none of the five items 

jeopardises the safety of a KBS-3 repository at Forsmark. All the issues were included in 

SKB’s original application in 2011 and further results were provided by SKB for most of 

them in the exchange of written material in SSM’s review under the Act on Nuclear 

Activities, in particular during the period 2012-2016. SKB also expressed that further 

research is required before full resolution is reached for some of the issues. In SKB’s view, 

no new scientific information on the five issues was provided by any other actor during  

the hearing. 

SKB is currently conducting experimental and theoretical work to further address the issues 

brought up by the court. Some details regarding these efforts are provided in the paper and 

associated poster titled “Current and next steps of the licensing of a KBS-3 repository in 

Sweden – Some details” in these proceedings. 
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The implementer’s view of the two statements 

SSM’s recommendation to the government to grant permission for the final repository is 

important for the progress of SKB’s repository programme. Furthermore, the documentation 

of SSM’s in-depth review and its conclusions provides constructive feedback on SKB’s 

safety case and provides an important basis for ongoing and future research and 

development programmes, see also the following section. 

The court’s approval of large and essential parts of the application is also important for the 

progress of SKB’s repository programme. It was, however, unexpected for SKB that the 

court, without expertise in the field, concluded that there are “considerable uncertainties” 

regarding five corrosion issues, having heard opposition from two researchers and SKB’s 

detailed counterarguments. SSM, with access to internal and external in-depth expertise on 

copper corrosion, considered remaining uncertainties to be of such a nature that they can 

be addressed in the next step (the PSAR) of the licensing under the Act on Nuclear 

Activities. Two of the five issues identified by the court, SSM did not mention as 

particularly prioritised for the PSAR. SSM previously expressed its views in its written 

statement to the court in June 2016 and upheld this position throughout the court hearing, 

also in light of what was presented by other stakeholders. SKB notes in particular that the 

court judged there to be considerable uncertainties regarding copper corrosion in pure 

water, despite all the scientific evidence against this position presented during the hearing. 

The differences between the court’s and SSM’s statements can to some extent be explained 

by differences between the two legislations. For licensing under the Environmental Code, 

the current licensing step is essentially the only decision point, whereas under the Act on 

Nuclear Activities there is a stepwise approach to licensing.  

Developing the safety case for the KBS-3 repository when approaching construction 

and operation 

While the licensing process of the planned final repository for Sweden’s spent nuclear fuel 

proceeds, assessments and analyses are under way to prepare the PSAR needed in an 

application for a permit to start the construction of the repository. There is also some initial 

planning on the updated SAR needed in an application for a permit to start emplacement. 

With respect to the previous approach for producing a safety case there are some new 

aspects to consider for a repository under construction. 

Access to detailed data from the underground 

Once construction starts there will be new possibilities for characterisation and monitoring. 

Underground construction implies that volumes of the host rock that are hard to characterise 

from the surface will be accessible to mapping and (short) borehole investigation from the 

underground galleries being excavated. Furthermore, during operation parts of the repository 

will already have been constructed, characterised and filled with deposited canisters, 

whereas other parts have yet to be excavated.  

The detailed characterisation of the underground provides input both for: 

 confirmation that the host rock also has the expected (and suitable) properties among 

the usually quite few data points accessible from surface-based investigations; 

 high resolution data allowing for local adaptation of the repository like specifying 

the exact location of deposition tunnels and deposition holes. 
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The importance of detailed characterisation depends on host rock and repository concept. 

Crystalline formations are strongly spatially variable in the sense that they are intersected 

by fractures and deformation zones that never will be fully characterised. Data from 

detailed characterisation are essential for local adaptation of the repository galleries and 

ultimately to confirm site suitability since suitability would depend on the extent to which 

such local adaptation is possible. 

Underground construction will also disturb the host rock. Monitoring these disturbances 

and comparing them with the prediction of disturbances made from the understanding 

based on the surface data may provide essential information on the site properties and 

ongoing processes. Monitoring changes due to disturbances from excavation and operation 

both has characterisation aspects and provides input to the confidence in the safety case. 

Relation between operational safety and post-closure safety 

During operation, the links between operational safety, workers’ protection and post-closure 

safety must be addressed. Conflicts between workers’ protection and post-closure safety 

could be a reason to update designs such that these conflicts are resolved. Actions during 

operation should not only consider impacts on operational safety, but also how these actions 

might affect post-closure safety.  

Proved quality control as an essential part of the safety case 

Confidence in the post-closure safety assessment rests upon: 

 a sufficient understanding of the thermo-hydro-mechanical-chemical-biological 

(THMCB) processes determining the evolution of the repository system, thereby 

providing a necessary basis for demonstrating the repository’s ability to provide 

adequate containment and retention; 

 a demonstration that the installed engineered barriers and the underground 

construction work conforms to stated technical design requirements. 

For the former, the thorough process understanding achieved by decades of research will 

be complemented by a research programme tailored to the specific conditions at the chosen 

site and to the need to analyse the wealth of high-resolution rock data expected from the 

underground site characterisation. For the latter, a quality control programme is being 

developed. This implies possibilities to find potential manufacturing or installation errors 

or other deviations in material, equipment and handling. Before and during waste 

emplacement, quality control provides the main source for ensuring that the as-built stage 

complies with stated design requirements. 

The basis for the quality control is that there are well-defined technical design requirements 

against which compliance can be checked. Formulation of design requirements is not 

trivial. From the safety assessment perspective they should be sufficient to yield a safe 

repository. From the designer’s perspective they need to be possible to implement and 

verify. It is easy to formulate rules that would lead to safety but are impossible to implement 

and verify. Iteration and “negotiations” between safety assessment and design work is 

needed. 

An initial set of design requirements were specified in SKB’s license applications. These 

concern what mechanical loads the barriers must be able to withstand, limitations concerning 

the composition and properties of the barrier materials, acceptable deviations in the 

dimensions of the barriers and acceptance criteria for the various underground openings. 
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Together with Posiva, SKB has presented revised technical design requirements for the 

KBS-3 barriers (2017) based on the findings from the Swedish and Finnish safety cases on 

how the repository conditions affect the evolution of the safety functions, and experiences 

from the ongoing technology development. A technical design requirement concerns the 

characteristics an engineered barrier or underground opening shall fulfil to be approved as 

a part of a KBS-3 repository. If an as-built KBS‑3 repository fulfils all technical design 

requirements, then the demonstration of post-closure safety is facilitated. The requirements 

must be technically achievable and possible to verify at the latest at the time of final 

installation, deposition or backfilling. 

In addition, monitoring aspects of the evolution during operation may provide further 

insights. While monitoring results essentially never can relate to direct safety impacts, a 

management structure should be in place to handle situations when monitoring results 

deviate from expectations. 
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Life cycle of a spent fuel disposal facility project –  

Licensing and authority actions in Finland 

Ari Luukkonen 
Radiation and Nuclear Safety Authority (STUK) 

Helsinki, Finland 

Abstract 

The life cycle of a spent fuel disposal facility is more than a centennial project that can be 

divided into various stages of activities (e.g. pre-licensing) and licensing steps 

(e.g. construction license). At each stage and step authority actions have somewhat 

different focus areas, although all authority activities are to ensure that people, society, 

environment and future generations are protected from the harmful effects of radiation. 

The current paper summarises the context of the Finnish legislative framework and 

activities at each stage and step. 

Introduction 

The life cycle of a nuclear facility project is divided into pre-licensing, licensing, 

construction, operation and closure stages. The Finnish regulatory framework that governs 

these stages is written in the Nuclear Energy Act (NEA, 1987), Nuclear Energy Decree 

(NED, 1988) and the Radiation and Nuclear Safety Authority (STUK) regulations (2016a, 

2016b). To date, Finnish authorities have been active in most of these stages. The following 

will concentrate on an active spent fuel disposal facility project and how authority activities 

are implemented for a spent fuel disposal facility in Finland. 

Figure 1 illustrates the past pre-licensing siting stages, ongoing licensing stages, and expected 

future operational stages for the Olkiluoto spent fuel disposal facility. According to Finnish 

legislation, “a licensee whose operations generate or have generated nuclear waste shall be 

responsible for all nuclear waste management measures and their appropriate preparation, 

as well as for their costs”. To date, there have been two commercial companies in Finland 

that produce nuclear energy and consequently also spent nuclear fuel: Teollisuuden Voima 

Oyj (TVO) and Fortum Power and Heat Oyj. In 1995, the companies founded a joint 

company, Posiva Oy, and the spent fuel management obligations of the two companies 

were transferred to this joint company. However, the history of facility project began far 

before the founding of Posiva Oy. 
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Figure 1: An example of a Finnish spent fuel disposal facility project 

A project spanning more than a century, beginning with pre-licensing site investigations,  

continued with licensing steps, and will end up with final closure of the disposal facility. 

 

Note: Boxes outlined in cyan indicate licensee or license holder activities, cyan-filled boxes represent authority 

activities during the disposal facility life cycle triggered by licensee maturity review or licensing processes, and 

boxes outlined in red represent stepwise government activities (decisions or license grants). 

Pre-licensing stage 

The siting and site evaluation process for a spent fuel disposal facility was essentially 

outlined in a 1983 government decision. This decision defined that the site selection work 

to be implemented by licensees must aim for site selection by the end of the year 2000. 

This decision of 1983 also defined that a construction license application for the spent fuel 

facility should be submitted by the end of the year 2010 (this was later delayed by two 

years) and disposal operations should start around 2020 (this has been pushed back to the 

beginning of 2024). Pre-licensing planning and design activities are motivated by the NEA 

(1987), which requires consideration of the overall good of society and paying careful 

attention to: 

 project needs; 

 site suitability; 

 environmental issues. 

During the site selection period (1983-2000), STUK’s oversight was based on the NEA 

(1987), which states that STUK is entitled to issue proposals for general safety regulations, 

issue detailed regulations and supervise compliance. According to the NED (1988), a 

licensee shall, at three-year intervals, by the end of September, submit reports describing 

how the nuclear waste management measures are implemented. These measures include, 

e.g. overall plan and preparations for how the licensee plans to carry out its waste 

management obligation, an estimate of the current status of research and development 

(R&D), a detailed plan of measures intended for the next three years, an outline plan of 

measures planned for the next six years, and any other information considered necessary. 
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During the years of site selection, STUK reviewed the licensee’s achievements and plans 

from the viewpoint of long-term radiation safety. In practice, this meant review and STUK 

decisions on licensee’s R&D plans with three-year intervals. In between these decisions, 

STUK followed up and reviewed licensee’s R&D reports, and held feedback meetings with 

the licensee on the adequacy of their research work. In addition to STUK’s own inspectors, 

the organisation also employed external recognised senior experts in the R&D review. 

The early screening research phase during the 1980s is shown on the left side of Figure 1. 

The early pre-licensing stage investigations were strongly emphasised with general and 

local acceptability evaluations of Finnish bedrock. At the preliminary site characterisation 

stage in the late 1980s early 1990s, TVO concentrated on the locations at Eurajoki, 

Äänekoski, Sievi, Hyrynsalmi and Kuhmo (Figure 2). In 1993, TVO delivered its preliminary 

site investigation results and site suitability interpretations to the authority review. Based 

on TVO’s justifications, the detailed site characterisation stage was continued at three sites 

(Eurajoki, Äänekoski and Kuhmo). The NEA (1987) was amended in 1994 and export or 

import of spent fuel became prohibited. The power companies (TVO and Fortum) founded 

Posiva Oy the following year and Fortum’s nuclear power plants location (Loviisa) was 

included in the detailed site characterisation of sites in 1997. 

Figure 2: An illustration of the early siting and site evaluation process for  

a spent fuel disposal facility carried out in Finland during the years 1983-2000 

Eurajoki, Äänekoski, Sievi, Kuhmo, Hyrynsalmi and Loviisa denote areas (towns and municipalities) of 

research. Site selection ended with licensee’s application for government on DiP at the end of the year 2000. 

 

Source: Posiva (1999). 

Decision in Principle 

Government Decision in Principle (DiP) is a precondition for any construction of a nuclear 

facility of considerable general importance. DiP establishes that the construction project is 

compatible with the overall good of society. An application for DiP shall be accompanied 

by several documents including, e.g. the environmental impact assessment (EIA) report. 

The governmental consideration requires the input of the intended site’s municipality. The 

municipality must be in favour of constructing the facility (veto right). STUK is responsible 
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for verifying, according to available knowledge, that safety is not compromised (STUK’s 

veto right). A DiP is made by the government and subsequently ratified by Parliament (vote 

in Parliament). 

The DiP application 

Posiva Oy applied for the government’s DiP for construction of a spent fuel disposal facility 

and encapsulation plant at Eurajoki (Olkiluoto) in 1999, and further amended its application 

in 2000. Posiva Oy asserted that the planned disposal concept is applicable to Finnish 

bedrock, fulfils all necessary safety requirements, and that its environmental impacts are 

negligible even under the most pessimistic scenarios. The application also highlighted that 

the municipality of Eurajoki would probably favour siting of the facility in its municipal 

area. Before the DiP, government requested statements from several Finnish authorities 

and informed many other stakeholders. The Swedish government was also informed about 

the application. 

The Finnish government accorded the DiP on the planned spent fuel disposal facility at the 

end of the year 2000, and Parliament ratified the government’s decision in May 2001. The 

DiP licensed Posiva Oy to construct an underground research laboratory at Olkiluoto to 

allow data collection for the planning and design of the disposal rooms, and also to obtain 

additional research data for safety assessment purposes. The licensee’s plan was to annex 

the underground research laboratory as a part of the disposal facility rooms after the 

disposal facility construction license was granted. Therefore, STUK determined that 

construction of the underground research laboratory should be performed in accordance 

with the requirements and procedures outlined in the NEA (1987). 

Actions after the DiP 

As construction of the underground research facility started, STUK began to inspect the 

licensee’s organisation and activities regularly. Analogously with the nuclear power plants 

construction inspection programmes, an inspection programme for the underground 

research facility construction (RTOO) was developed (Figure 3).  

Figure 3: Inspection programme for underground research facility construction 

 
 

Note: Yellow boxes illustrate scheduled inspections, orange boxes indicate on-demand inspections for design 

and implementation, green boxes denote other inspections. 
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Regarding the research activities, STUK played its oversight role of Posiva’s confirming 

site investigations (Figure 1) by evaluating Posiva’s R&D reports, and by following up 

Posiva’s surficial and underground investigations. An important part of this follow-up was 

to evaluate disturbances caused to bedrock as a consequence of underground construction 

activities. STUK supported its own oversight activities by holding meetings with Posiva 

twice a year where bedrock characterisation and research issues were handled in detail. 

STUK’s oversight was supported by domestic and internationally recognised senior experts 

that gave support both to oversight and authority decisions. 

Construction 

There must be a preceding DiP that has deemed the construction to be in line with the 

overall good of society and Parliament has ratified this decision. The NEA (1987) also 

specifies further general requirements that need to be fulfilled in a successful application. 

Before construction can be licensed, government needs to receive a European Commission 

statement on the construction project and that the licensee has complied with the 

regulations of Chapter IV of the Euratom treaty (2012). 

Construction license application 

Toward the end of 2012, Posiva Oy applied for a common construction license for a  

spent fuel disposal facility, for a disposal facility for other nuclear waste (operational and 

decommissioning wastes), and for an encapsulation plant. The DiP for the spent fuel disposal 

facility required focusing updates to be made to the construction license application. 

Moreover, the NED (1988) issued detailed requirements regarding the application. In 

connection with the application, Posiva was obliged to deliver a post-closure safety case 

for the planned disposal facilities for STUK’s review.  

During the processing of the construction license application, the governmental authority 

arranged public hearings and requested statements from a group of stakeholders, including 

regional and municipal authorities. 

In order to review and evaluate the safety aspects related to the construction license 

application, STUK set up a project that was responsible for carrying out that work. A review 

plan was compiled to cover all areas from design, construction and operation plans through 

safety classifications and management and extending to long-term safety assessment. 

Post-closure safety case issues in particular consider extensive timescales of evolution and 

multiple qualitative uncertainties. It was clear that in long-term safety review specifically 

difficult and potentially biased views might crop up, and for this reason STUK prepared 

formal review templates for the work. In addition to STUK’s own inspectors, STUK also 

utilised multiple internationally acknowledged consultants in the review process. 

Actions after the construction license granted 

The granted construction license (November 2015, Figure 1) included general conditions 

set by the government. Along with the government decision, STUK made its decisions on 

the licensee’s preliminary safety analysis report (PSAR) and post-closure safety case. The 

former decision (PSAR) contained 30 requirements and the latter 34 requirements to be 

fulfilled before starting the construction of the waste facilities (encapsulation plant, 

operational and decommissioning waste facility, and spent fuel disposal facility), before 

identified milestones during construction of the facilities, or at the latest by the operation 

license application. 
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After the license grant, Posiva Oy organised its research, design and development (RD&D) 

work mostly to projects that aimed both to answer to their own RD&D needs, and to meet 

the safety requirements set by STUK. Other license holder obligations were also increased. 

Posiva Oy is obliged to provide monthly reports on its planning, design and construction 

activities, overall schedule of the construction project, open safety, security and licensing 

issues towards the next licensing stage, significant issues related to construction project 

progress, safety issues, subcontractor audits, quality management issues, updates on 

construction project organisation, deviations in construction, and violations of disturbance 

monitoring action limits.  

STUK regularly inspects Posiva Oy’s organisation and construction activities. STUK 

assesses the functionality of the licensee’s management system and the adequacy and 

appropriateness of procedures to control manufacturing, construction and installation with 

a construction inspection programme (RTO). In order to be convinced that safety and security 

requirements are taken appropriately into account in various phases of construction, STUK 

may also make control visits to the supplier’s premises. STUK also oversees Posiva Oy’s 

design planning and implemented outcomes with regular inspections. These inspections are 

graded with respect to safety and security. 

Operation 

A license to operate a nuclear waste facility may be granted if a license to construct the 

facility has been granted earlier and if the following conditions are met: 

 The ready for service nuclear facility meets all safety, population and environmental 

requirements laid down in legislation. 

 The applicant has shown that it has sufficient expertise and competent operating 

staff and organisation to operate the facility. 

 The applicant has clarified that it has the financial and other prerequisites to engage 

the operations safely and in accordance with Finland’s international contractual 

obligations. 

Moreover, operation of the nuclear facility shall not be started on the basis of a granted 

license until STUK has ascertained several safety aspects to be within required conditions 

(STUK’s veto right). 

According to current plans, Posiva Oy is about apply for the operating license for the spent 

fuel disposal facility by the end of 2021. However, additional application elements are 

planned to be delivered up to mid-2022. Posiva Oy plans to start the non-nuclear joint 

functional tests of final disposal of spent fuel by the beginning of 2023 and expects to 

receive the operating license by the end of 2023 (Figure 1). Posiva Oy will be able to start 

the nuclear joint functional tests only after receiving the operation license. With the current 

scheduling these tests could be started by the beginning of 2024. By the beginning of 2025, 

Posiva Oy expects to start the normal operation of the final disposal of the spent fuel. 

Currently, both Posiva Oy and STUK are preparing themselves for the operation licensing 

stage. Posiva Oy is running a series of projects and sub-projects that aim to fulfil the 

requirements presented by STUK after the construction license grant. At the same time, 

projects prepare and contribute documentation for Posiva’s final safety analysis report and 

post-closure safety case. Meanwhile, STUK has started to prepare its review plan and 

corresponding review templates for the operation license documentation. The follow-up of 

RD&D projects helps STUK in this end. 
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Decommissioning and closure 

Decommissioning and closure of spent fuel disposal facilities are far in the future. In spite 

of this fact, decommissioning plans for these facilities are already required according to the 

NED (1988). The decommissioning plan shall be updated at six-year intervals, and in each 

update the level of detail should increase. The updates should take into account recent 

developments in dismantling and closure technologies. However, decommissioning plans 

must always be based on existing technologies, and future technological developments 

should not be assumed. 

The recent update of the NED (1988) describes the required documentation specifically for 

the decommissioning license. These documents are similar to those for an operation license 

but with a focus on decommissioning. 

Conclusion 

A spent fuel disposal project spanning a period of over a century was launched with a 1983 

government decision that scheduled the essential steps for facility licensing. Posiva Oy is 

expected to deliver its operation license application by the end of year 2021. STUK is the 

primary regulatory authority in Finland that oversees and inspects all aspects to ensure that 

nuclear safety is not compromised at any stage of the facility life cycle. 
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French Safety Options Dossier Cigéo 2015 and its review – A key milestone 

towards the safety case for the licensing of the future French DGR 

Sylvie Voinis, Lise Griffault, Myriam Rabardy, Soraya Thabet 
National Agency for Radioactive Waste Management (Andra) 

Chatenay-Malabry, France 

Abstract 

Since the previous IGSC conference in 2013, the French National Agency for Radioactive 

Waste Management (Andra) has continued to prepare the authorisation process through 

the establishment of a safety case to support an authorisation application for the deep 

geological disposal of high-level waste (HLW), intermediate-level waste (ILW), as well as 

exchanges with stakeholders. As mentioned in 2013, since 2011, the project has entered an 

industrial design development phase and has become the Centre industriel de stockage en 

milieu géologique (Industrial Centre for Geological Disposal, Cigéo). As a response to the 

public debate of 2013, in early 2016 Andra established a “safety options dossier” (dossier 

d’options de sûreté, DOS) known as “Cigéo 2015” to precede the license application. 

Cigéo 2015 aims at presenting the safety strategy, safety requirements, safety methods, key 

safety and design options, list of safety scenarios and their classification, and the 

preliminary impact of selected key scenarios defined to include margins. The DOS does not 

aim to present the overall safety demonstration in the safety case supporting the licensing 

application. Andra has conducted in the frame of the DOS parallel and co-ordinated 

operation and post-closure safety analysis.  

In accordance with the French Act of 2007, Andra submitted Cigéo 2015 to the Nuclear 

Safety Authority (ASN). Its review was conducted from mid-2016 to mid-2017. This 

regulatory process gave the possibility for Andra to get the ASN’s input prior to the license 

application in view of the safety demonstration and the detailed development of the 

technical design solutions. This input was compiled into an opinion file, resulting from both 

a national review by the technical safety organisation Institute for Radiological Protection 

and Nuclear Safety (IRSN) and an international review organised by the International 

Atomic Energy Agency, based in particular on their technical review reports on the DOS 

that were provided at the request of the ASN. The presentation will focus on the main 

outcomes of the Cigéo 2015 DOS and the challenging issues in particular from the review 

towards the license application. Detailed information (files and review reports) is available 

on the Andra and ASN websites. 
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The Cigéo 2015 DOS – a key milestone according to the French Act procedure 

In 1991, the Act on management of high-level, long-lived radioactive waste (HLW-LL) 

tasked the French National Radioactive Waste Management Agency (Andra) with 

assessing the possibility of disposing of waste in a deep geological formation, primarily by 

means of developing underground laboratories (Section 2 of the Act). In 1992, the French 

Nuclear Safety Authority (ASN) issued a Basic Safety Rule (RFS III.2.f) setting out the 

long-term safety expectations with regard to the repository, design principles and criteria 

used to select suitable geological media and the terms of studies, as well as defining the 

fundamental objectives that must guide research on disposal. According to the 2006 French 

Act, reversible waste disposal in a deep geological formation and corresponding studies 

and investigations shall be conducted with a view to selecting a suitable site and to designing 

a repository. Since 2011, the project has entered an industrial design development phase 

and has become the Industrial Centre for Geological Disposal (Cigéo), designed to cater to 

all the high- and intermediate-level long-lived waste that has been produced and will be 

produced by existing nuclear facilities. 

Figure 1: Key milestones of Cigéo project development,  

an iterative process integrating safety stage by stage since 1991 

  

According to Article 6 of the 2007 French Decree, laying out the DOS was an opportunity 

for Andra to send a preliminary safety case to the ASN in order to stabilise the safety 

strategy, safety requirements, safety methods, key safety and design options, list of selected 

safety scenarios and a preliminary “bounding” impact. The main objectives are to:  

 stabilise the safety standards reference documents, approaches and input data, 

particularly the package design assumptions used; 

 stabilise the design and safety options and identify potential evolutions of the 

design; 
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 stabilise the various scenario categories (encompassing those used as the basis of 

design calculations, those not included in DOS-Expl, normal evolution scenarios 

and “what if” scenarios); 

 present an initial “bounding scenarios” impact assessment. 

The DOS and their review constitute a key milestone towards the licensing application. The 

DOS can be considered a preliminary safety case, though it does not present the overall 

safety demonstration that will be presented in the safety case to support Cigéo’s future 

license application according to the French Act of July 2016. 

Main DOS outcomes in 2015 

The DOS takes into account both the operational and post-closure phases and the overall 

installations. 

Within the framework of the DOS, Andra has conducted a parallel and co-ordinated 

operation and post-closure safety analysis (Figure 2). 

Figure 2: Overall approach for the safety case 

 
 

At that stage, two safety files describing the DOS were established (Andra, 2015, 2015a). 

The content is adapted to each phase (operating/post-closure). Following the scheme in 

Figure 2, each document includes an outlined strategy (approaches, regulatory aspects, 

requirements), a description (waste, site and design options), a safety analysis (risk and 

uncertainty, scenarios, consequences) and a conclusion (important elements, etc.). The 

descriptive volumes are similar in structure with common elements and specific in terms 

of content depending on the phase to be considered. The volumes on safety analysis are 

adapted to the phase to be considered. In addition, the classification of scenarios and the 

safety approach are adapted to the operational and post-closure context. The DOS identifies 

the links between the two phases. It might be noted that the last volume of the post-closure 

DOS document makes the link with the operational phase by focusing on the activities to 

be tackled at the building and operating phase according to the post-closure safety functions 

and key related post-closure components.  
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Additionally, Cigéo comprises both nuclear surface and underground facilities (Figure 3). 

The surface facility of Cigéo aims mainly to receive, control and handle waste packages 

before they are transferred to the underground disposal areas. This facility is considered a 

“classic” nuclear surface facility (similar safety functions, technical solutions similar to 

other nuclear installations). Guidance applicable to this facility is the same as for other 

French nuclear installations. 

Figure 3: Surface and underground facilities at Cigéo 

 
 

Principles 

The key objectives for repository design are set out in the ASN guidelines for the final 

disposal of radioactive waste in a deep geological repository. The principles defined 

involve implementing, from the design stage, a safety approach and process which takes 

into account the specific characteristics of a repository: 

 An underground facility located at a depth of around 500 m, of reduced geometry 

and long connecting drifts, requiring specific operating, intervention and 

evacuation conditions. 

 An operating phase lasting around 100 years, with the disposal facility being 

developed in successive phases, implying underground construction, work and 

nuclear operations in parallel. 

 A co-ordinated approach encompassing operating safety and post-closure safety. 

This approach will integrate any changes in the design while ensuring post-closure 

safety throughout the entire development cycle of the Cigéo project. 

The concept of defence in depth is applicable to Cigéo, as it is to all basic nuclear installations, 

in accordance with the Order of 7 February 2012 and INSAG-10 (IAEA, 1996). It involves 

setting up an appropriate number of technical and organisational measures between a 

source of danger (e.g. a radioactive or toxic substance) and the public, workers and the 

environment to remove or reduce to an acceptable level any possible hazard related to that 

source of danger. Such measures must be designed in proportion to the scale of the risks or 

drawbacks presented by the facility (cf. Article 1.1 of the Order of 7 February 2012). 
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Due to the specificity of Cigéo (in particular the underground facility), Andra has 

performed an analysis of the national regulatory texts and international standards in order 

to identify those that are directly applicable to Cigéo as well as those that may be only 

partly applicable to Cigéo (surface facilities versus underground facility). For some specific 

issues, Andra proposed to the ASN that dedicated guidance be applied during facility 

design. This was the case for instance regarding fire guidance. 

Safety functions for post-closure safety and operational to considered in parallel  

In order to meet the fundamental objective of protecting humans and the environment 

against the risks associated with dissemination of radioactive substances and toxic elements 

in the waste, Andra has identified and organised Cigéo’s disposal system post-closure 

safety functions as follows. 

The first safety function consists of isolating the waste from surface phenomena and human 

actions. The site of the repository and the depth at which it is located protect it from surface 

phenomena, erosion and every day human activities, which should only affect the ground 

down to a depth of less than 200 m on a scale of hundreds of thousands of years. 

The second safety function consists of limiting the transfer into the biosphere of the 

radioactive substances and toxic elements in the waste. This means controlling the 

physicochemical degradation of the waste, the packages and the engineered components, 

keeping the radioactive substances and toxic elements as close as possible to their sources, 

and controlling the transfer pathways that could, in the long term, lead these elements into 

the biosphere. They are: 

 aqueous pathways, as the substances are liable to dissolve in water and migrate to 

the surface; 

 gaseous pathways, as certain radionuclides can migrate in this form. 

Cigéo’s design must fulfil those above functions and related requirements, but it also results 

from the consideration of other requirements and in particular the operational safety 

functions. The five following safety functions are applicable to Cigéo throughout the 

operating phase and must be maintained under all incident or accident situations of internal 

or external origin or, at least, restored within time limits consistent with the objectives of 

protecting people and the environment defined for the Cigéo project: 

 contain radioactive substances to protect against the risk of their dispersion; 

 protect people from exposure to ionising radiation; 

 manage safety with regard to the criticality risk; 

 remove the heat produced by waste; 

 remove gases formed by radiolysis in order to manage explosion risks. 

More generally, Cigéo’s design, from the selection of the main options to the detailed 

technical solutions, has been guided by research into the best available techniques for 

fulfilling the safety functions, taking account of technical and financial constraints. 

The waste package is an important component for safety and the safety options consider 

the various types of waste to be disposed of at Cigéo. 

The design and safety options apply to the disposal of intermediate-level long-lived waste 

(ILW-LL) and high-level waste (HLW), respectively approximately 75 000 m3 of ILW-LL 

and 10 000 m3 of HLW. For certain types of waste, in particular HLW, storage for several 
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decades is necessary before it can be accepted for disposal, corresponding to an initial phase 

of radioactive decay. Given that, it is planned that Cigéo will operate for over a hundred 

years. The repository is designed in successive phases to be flexible enough to adapt to 

possible changes in France’s energy policy and the consequences of such changes on the 

nature and volumes of the waste subsequently generated.  

Andra has developed methods to take into account the level of knowledge of the all the 

various type of waste and families and presents them in the DOS. Andra first established a 

knowledge base that is applied according to the purpose: design studies (design of 

structures, components and equipment), performance assessments, or safety assessments 

during operation or after closure. Additionally, Andra has established approaches also 

adapted to the purpose, and in particular to the phase, by managing the knowledge acquired 

at this stage using conservative assumptions: 

 “Design characteristics” for design and operational safety, which are established 

with respect to the safety function and related risk (e.g. risk of dispersion of 

radioactive substances, fire). 

 An “envelope inventory” and its distribution into the layout or the post-closure 

safety assessment that takes account of all the information available from the 

producers. It is represented by a “knowledge level” assigned to each family and 

used for application of a margin factor to the radiological activities. 

The DOS presents the favourable location of Cigéo, and in particular the favourable 

properties of the Callovo-Oxfordian that plays a central role in post-closure safety. 

The facilities of the future Cigéo geological disposal facility are located in eastern France, 

on the boundary between the Meuse and Haute-Marne departments. The site for the Cigéo 

(surface and underground) facilities was chosen by means of a gradual approach carried 

out from 2006. In 2009, Andra submitted a document proposing a smaller area within the 

transposition zone, the zone of interest for detailed survey (ZIRA) of approximately 

30 km², as well as scenarios for the location of surface facilities. On 5 January 2010, ASN 

in its opinion, stated that the criteria used by Andra to select the zone of interest for detailed 

survey (ZIRA) were pertinent and consistent with the 2008 safety guide for the final 

disposal of radioactive waste in a deep geological formation. 

Satisfaction with the safety functions is initially based on the favourable characteristics of 

the Callovo-Oxfordian in its natural state, which are required to play a central, long-term 

role. Andra has carried out substantial survey work from the surface and in the underground 

research laboratory on the Cigéo site, in particular in the Callovo-Oxfordian formation. The 

survey results show that the Cigéo site, and more particularly the Callovo-Oxfordian 

formation in which the underground facility of Cigéo is located, meets the site technical 

criteria of the 2008 ASN nuclear safety guide to achieve the fundamental objective of 

long-term protection of the public and the environment: a very thick formation located at a 

considerable depth, a formation with considerable lateral continuity, a formation without 

structural heterogeneities, properties favouring immobilisation and retention of radionuclides, 

hydraulic characteristics that limit water circulation, diffusion properties that limit 

radionuclide migration, specific mechanical properties according to the Callovo-Oxfordian 

litho-stratigraphy of marked damage and/or hydraulic self-sealing.  

Operational and post-closure safety analysis conducted in parallel 

As illustrated in Figure 1, although the final closure of Cigéo will come about a century 

after the start of its operation, Andra has established a process for incorporating the 
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post-closure safety requirements from the design stage and for checking that these 

requirements are met using an iterative process as part of the gradual development of the 

waste disposal facility. Andra managed in parallel: 

 an analysis of the safety in operation of the disposal facility, in particular by 

analysing the risks and where necessary introducing preventive and protective 

technical measures to reduce these risks; 

 an analysis of the post-closure safety of the facility, in particular by analysing the 

post-closure risks and uncertainties through a qualitative safety analysis that 

examines component by component on the base of scientific and technological 

knowledge whether the risks and uncertainties could affect the fulfilment of the 

safety functions and associated performance for component contributing to 

function and proposes measures (design or scenarios) to manage them; 

 an identification of a set of scenarios for the operational phase through methods 

similar to classical nuclear facilities, and estimating the impact associated; 

 an identification of a set of scenarios for post-closure phase through the qualitative 

risk and uncertainty analysis (see above), a dedicated method in accordance with 

the 2008 safety guidance and international practices (NEA, 2015; see Griffault 

et al.) and estimating their impact. 

The DOS presents in detail the two qualitative approaches, the resulting set of scenarios 

and their classification. It also presents a first estimation of the public impact of each phase 

as well as associated the modelling and assumptions for each quantitative approach in order 

to verify the respect of the protection objectives for both the operational phase and the 

post-closure phase. 

The main challenging issues towards the licensing application 

In accordance with the French Act, the Cigéo 2015 DOS was submitted to a national and 

international review. 

The central core of the DOS was submitted in April-May 2016 to the ASN and its technical 

support organisation, the IRSN (2017), and included the following documents:  

 Safety of the operational phase; 

 Safety of the post-closure phase; 

 Technical options for retrievability; 

 Preliminary waste package acceptance criteria; 

 Master plan for operation; 

 Adaptability of Cigéo for the disposal of spent nuclear fuel and waste in reserves; 

 Technical capabilities of the future operator of Cigéo. 

A set of additional technical reports was progressively transmitted by Andra in response to 

IRSN or ASN requests during the review phase, including data concerning the Meuse/ 

Haute-Marne (MHM) site, for engineered barrier materials and for radionuclides, as well 

as reports on the site environment. 
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In 2016, ASN requested the IAEA to organise an international peer review of the DOS in 

parallel to the national review in order to provide an independent international evaluation. 

In this respect, the expert team focused their review on safety. 

The details of the consensus view of the international group of experts regarding the review 

against the relevant IAEA safety standards and proven international practice and 

experience are presented in the IAEA report (2017). 

In its opinion, the ASN states that: 

On this basis and taking into account the commitments made by Andra, a 

probative demonstration of the safety of the disposal project should be 

possible in the application for construction authorisation, subject to 

satisfactory treatment of the points emphasised in this notice and some of 

which may require changes to design elements. Regarding the operational 

safety, the key challenging issues will to enforce justification of measures that 

are taken to mitigate risks in particular on fire risks, to identify the main 

important elements and key parameters including those for post-closure safety 

that will need to be monitored (from construction to closure). 

From its point of view, Andra:  

 acquired a detailed knowledge of the MHM site, which allows to confirm the 

relevance of the area chosen for the implementation of the geological disposal 

conducted numerous studies to characterise the evolutions of the various repository 

components and constituted an important body of knowledge on this topic; 

 identified and studied perturbations that may affect the host rock as well as the 

phenomena that will occur during transients; 

 adopted satisfactory principles in both the operational and long-term safety 

approaches. 

Towards licensing 

Andra is currently preparing the answers to the ASN’s requests and its own engagements. 

Certain subjects will be supplemented in view of the creation authorisation application that 

Andra intends to submit. The main supplements concern:  

 risk analyses such as fire risk (particular attention will be given to the packages of 

bituminous waste) and explosion risks; 

 justification of the layout; 

 monitoring strategy; 

 management of post-accident situations; 

 description of all scenarios to be assessed and the justification of the hypotheses; 

 impact assessments for all scenarios. 
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Abstract 

In May 2016, after 13 months of technical review, the French Institute for Radiological 

Protection and Nuclear Safety (IRSN) provided the Nuclear Safety Authority (ASN) its 

advisory report on the National Agency for Radioactive Waste Management’s (Andra’s) 

safety options dossier (dossier d’options de sûreté, DOS) relating to the French Cigéo 

project for high-level and intermediate-level long-lived radioactive waste in deep geological 

disposal. This review involved 14 IRSN units of specialists from nine departments and 

required a specific preparation that includes independent research and development 

(R&D) programmes and the construction of numerical models for counter-calculations. 

This paper describes the DOS technical review process, including interaction with civil 

society, as well as its main technical results.  

The safety options dossier (dossier d’options de sûreté, DOS) in the French licensing 

procedure 

The licensing procedure for a geological disposal facility, as for any basic nuclear 

installation (installation nucléaire de base, INB) in France, is described in the French 

Environment Code and Decree No. 2007-1557. The authorisation for construction of an 

INB is accorded by the Ministers responsible for nuclear safety, notably on the basis of 

review by the French Safety Authority (ASN) and the results of a public consultation. The 

complete examination of the construction license application (décret d’autorisation de 

creation, DAC), including the regulatory review, lasts about three years; this period may 

be suspended if the safety case is not complete, or may be extended for two years for a 

complex case. 

Act No. 2016-1015 of 25 July 2016 adds specific modalities for the set-up of a geological 

disposal facility: the results of the regulatory review and the public consultation are 

transmitted to the Parliamentary Office for Evaluation of Scientific and Technological 

Choices (OPECST), which transmits its assessment to the National Assembly and the 

Senate for final decision about the license. This Act also defines “reversibility”, introduces 

a pilot phase in the geological disposal development process and modifies the target date 

for the submission of the DAC, initially planned for 2015 (Act, 2006a), by postponing the 

instruction of this file. 
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In addition, the Decree (2007) offers the possibility for operators to submit a so-called 

“safety options dossier” (dossier d’options de sûreté, DOS) before embarking on the 

regulatory licensing process. This non-mandatory step is an opportunity to discuss the 

structuring choices for the facility design. Andra availed itself of this opportunity and 

submitted the Cigéo DOS to the ASN and its technical support organisation, the IRSN, in 

April and May 2016. This safety case can thus be considered as somewhere between the 

preliminary outlines of the engineering design and the detailed engineering design, and is 

the main last step in terms of regulatory review of the pre-licensing phase. 

The pre-licensing DOS, 2016 

Content of the Cigéo DOS 

The central core of the DOS, transmitted in April-May 2016, included the following topics: 

 safety of the operational phase;  

 safety of the post-closure phase; 

 technical options for retrievability; 

 preliminary waste package acceptance criteria; 

 master plan for operation; 

 adaptability of Cigéo for the disposal of spent nuclear fuel and waste in reserves; 

 technical capabilities of the future operator of Cigéo. 

In addition, nearly 70 reports were progressively transmitted by Andra following IRSN or 

ASN requests during the review phase, including the accumulated data concerning the 

Meuse/Haute-Marne site, for engineered barrier materials and for radionuclides, as well as 

reports on the site environment, the results of technological tests, approaches to integrate 

the role of human actions in the hazard control, the justification of the underground disposal 

design, the retrievability of packages during operational phase and recovering after an 

accident, and so on. 

Finally, the information provided by Andra during the assessment process, through the 

reviewer/implementer technical dialogue (see below), completed the DOS, which eventually 

reached a length of close to 10 000 pages. 

Pre-licensing regulatory and technical activities 

IRSN preparation for the review of the Cigéo safety case during the pre-licensing phase 

included the following activities: 

 carrying out a long-lasting R&D programme, notably based on specific tools to 

ensure its independence; 

 building numerical models for counter-calculations; 

 participating in guidance development for geological disposal facilities; 

 following project developments, enlarged to the various IRSN specialists involved 

in the reviews. 
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Regarding R&D, the research programme carried out by IRSN is structured around the 

following topics: 

 performance of the geological barrier (undisturbed or fractured); 

 material interactions in a geological disposal facility during transient phases and 

impact on their properties; 

 performances of seals; 

 operational monitoring; 

 modelling transport of radionuclides from the waste packages to the biosphere. 

IRSN relies on research carried out on these topics to develop the skills of its staff and to 

anticipate the needs for new knowledge, essential to perform high quality and comprehensive 

safety reviews. This research programme is periodically reviewed by a scientific committee 

and organised in order to improve the review capacity of the IRSN on key safety issues.  

To enhance IRSN independence, this programme relies on two pillars:  

 The Tournemire underground research laboratory (URL), located in southern France, 

is an old railway tunnel extended with galleries crossing the Toarcian claystone at 

a depth of 250 m. Owning its own URL allows the IRSN to study first-hand a clay 

rock and underground conditions representative of the Callovo-Oxfordian layer 

studied in France to host Cigéo, and where an independent research programme can 

be freely defined. The IRSN has performed experiments at the Tournemire URL on 

sealing systems (SEALEX) (Barnichon, 2012), studied rock damage properties in 

natural faults (Dick, 2016) and in fractured zones due to excavation (Pellet, 2009), 

examined various physical-chemical interactions between materials (Gaboreau, 

2011; Grousset, 2016), and tested monitoring technologies (Mokni, 2016). The 

research completed at the LUTECE laboratory located in the IRSN premises at 

Fontenay-aux-Roses is complementary to the URL regarding, e.g. solid and 

aqueous analyses. 

 The MELODIE computer code is a numerical software for simulating the flow and 

transport of species in solution, developed by the IRSN in 1984 with a view to 

independently evaluating the long-term safety of a radioactive waste disposal 

facility (Amaziane, 2014; Amor, 2011). The understanding of the phenomena that 

will come into play in a radioactive waste disposal facility over long periods (which 

can extend from several hundred years to several hundred thousand years) requires 

in particular numerical simulation support. This software makes it possible to 

simulate, in two and three dimensions, underground flow and the transport of 

solutes in porous media, saturated or non-saturated with water. 

In parallel, the IRSN developed its own numerical models to perform counter-calculations 

in support of its reviews. These calculations aim at determining whether the safety margins 

identified by Andra are sufficient. The study of long-term scenarios is carried out with the 

MELODIE software. The studies of various mechanistic processes are carried out with 

other numerical models, for example: 

 3D actual and geoprospective hydrogeological model with the MELODIE software 

as well as with NEWSAM (Mines ParisTech); 

 mechanical interferences between disposal cells with the code Cast3M [Alternative 

Energies and Atomic Energy Commission (CEA)]; 
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 chemical reactive transport with HYTEC (developed by a consortium led by Mines 

ParisTech in which the IRSN participates) for assessing, e.g. concrete/clay 

interactions. 

Regarding the development of guidance, the IRSN participated in each phase of the creation 

of the French guidance specifically developed for geological disposals (last version in 

2008) (ASN). However it is worth noting that this guidance is rather “non-prescriptive”, 

which means that the licence applicant must propose and justify the methods developed for 

the safety assessment, even if it must prove to be in conformity with acceptance criteria 

and norms defined by the regulatory body. In addition, the IRSN actively participates in 

the development of guidance related to the safety of geological disposal facilities at the 

international level, as for example through International Atomic Energy Agency (IAEA) 

projects [International Project on Demonstrating the Safety of Geological Disposal 

(GEOSAF, GEOSAF II, Human Intrusion in the Context of Disposal of Radioactive Waste 

(HIDRA)…], and Nuclear Energy Agency (NEA) groups [Integration Group for the Safety 

Case (IGSC), Clay Club, Expert Group on Operational Safety (EGOS)…]. 

Regarding the specialists involved in geological disposal reviews, especially experts on 

non-natural hazards during the operational phase (explosion, fire, ventilation, criticality, 

etc.), information and exchanges are maintained thanks to the Exploitation-Reversibilité 

(EXREV) working group, in charge of building up an assessment strategy for the operational 

phase and identifying key safety issues to be dealt with. In its first phase (up to 2011), the 

EXREV project gathered knowledge and studies from the nuclear safety community, as 

well as experience from the operation of deep underground facilities such as mines and 

tunnels. In its second phase, EXREV focused on the reversibility concept. Interactions 

between the IRSN and Andra are also maintained outside the review process by a 

corresponding member allowed to periodically visit Andra’s Meuse/Haute-Marne URL. 

The Cigéo DOS technical review process 

For its technical review process, the IRSN followed the four phases specified in the IAEA’s 

SSG-23 (2012), with a pre-review phase, an initial review phase, the main technical review 

phase and a completion phase. This classic process was however complicated by several 

additional events (see Figure 1). First, the reviewer/implementer technical dialogue was 

particularly intensive, with the IRSN addressing more than 600 questions to Andra, requiring 

18 technical meetings. Furthermore, the IRSN technical review took into account the results 

of the international peer review directed by the IAEA, released in November 2016, to 

highlight the common points and potential differences for the ASN. Finally, the importance 

of this review for Andra in its preparation for the DAC required that the IRSN deliver its 

preliminary conclusions early in the review process. Finally, the IRSN implemented a new 

approach for stakeholder involvement during the technical review; this initiative is 

discussed below. 

The IRSN review related to the DOS resulted in 66 commitments on Andra’s part, 10 IRSN 

observations and four IRSN recommendations to the ASN. These final recommendations 

were presented by the IRSN and discussed with Andra, ASN and its standing groups (waste, 

fuel cycle reprocessing plants and laboratories, and radiological protection) during the final 

meeting that gathered more than 100 people on 18-19 May 2017 (13 months after the 

beginning of the technical review). 
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Figure 1: The IRSN technical review process for the Cigéo DOS in 2016-2017 

 
 

Nearly 40 IRSN experts on the following topics, from 14 sections in 9 departments, 

participated in the review: 

 environmental experts – biosphere, climatology and environmental hazards, 

geochemistry, geology, hydrology, hydrogeology, flooding hazard, seismology & 

earthquake hazard, geomechanics, microbiology; 

 operational risk experts and material engineers – waste experts, civil and materials 

engineers, radiological protection, human actions, fire and explosion, criticality, 

dynamic and static containment, radiolysis and thermal effects, handling, coactivity 

with underground/mining hazard; 

 numerical modellers – numerical modelling, mathematics, physics computational 

methods. 

At the end, the recorded cumulated spent time for the IRSN review was calculated at nearly 

13 man-years. The final IRSN report (2017) and the ASN and standing group positions 

(2018) are available online. 

Interaction with civil society during the pre-licensing phase 

The IRSN annual opinion survey indicates that expectations from citizens on risks 

continuously increased for the past 10 years. In addition, changes occurred in the legal 

framework, with 1998’s Aarhus international convention (right to access information, to 

participate in the decision-making and to access to justice in environmental matters) 

(UNECE, 2014), the French 2006’s Act on transparency and security, and 2015’s Act on 

energy transition for green growth adding legal requirements for transparency in the nuclear 

field in France. 

In radioactive waste management, a technical dialogue approach as a start 

A technical dialogue on high-level and intermediate-level long-lived radioactive waste was 

launched in 2012 by ANCCLI (a national group representing the local committees), CLIS 

de Bure (a local information committee focusing on the Meuse/Haute-Marne laboratory) 

and the IRSN. The objectives are to help civil society understand radioactive waste 

management and developing skills as well as to highlight the main issues and concerns for 

the various stakeholders. It consists of two-day-long annual workshops, with topical talks 

associated with generous time slots for discussions on topics identified by the stakeholders 

(waste inventory, radioactive waste management routes, reversibility, natural resources, 
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fire hazards, radiological protection, transport, etc.), with different kinds of stakeholders 

(CLIS de Bure, ANCCLI, non-institutional experts, citizens involved in former public 

debate, authorities, the IRSN, Andra, producers). 

An experimental approach for stakeholder involvement in the expertise for 

radioactive waste management 

In 2016, the IRSN initiated an experimental approach related to the technical review of the 

Cigéo DOS. The objectives were to take into account civil society expectations during the 

review process itself, as well as to define new means of interaction between civil society 

and the IRSN on questions of high societal interest. For that, a pluralistic exchange group 

of civil society (nearly 20 people) was set up along the review process. Forty-seven (47) 

questions were raised by the group, gathered into six overall topics: waste, retrievability 

and closure, operational safety, pilot phase, post-closure safety and transversal issues. 

A research action was carried out to improve this initiative. The main lessons learnt are the 

following: 

 For civil society, it enhanced their understanding of technical issues and clarified 

the IRSN’s role and working methods. Participating in the process rather than 

having a presentation of conclusions from experts as well as the multi-step close 

exchanges held over several months were highly appreciated. 

 For the IRSN, technical issues of concern for civil society were more developed in 

the review report than would otherwise have been the case without this initiative 

(e.g. bacterial activity, reversibility/retrievability). In addition, some topics were 

identified as requiring further preparation and exchange, such as radiological 

protection and interpretation of low doses, inventory, costs, non-radiological 

impact, etc. 

 Both parties shared a willingness to continue with this type of approach. 

Main conclusions of the IRSN technical review  

The IRSN considered in its review that the overall project achieved satisfactory technical 

maturity for the DOS stage. The IRSN noted in particular the correct identification of risks 

to be considered for both the operational and post-closure phases of the disposal facility, 

the relevance of dimensioning choices on the management of co-activities as well as the 

developed design and safety provisions regarding of handling methods. The design of 

surface facilities has also progressed, rendering possible a first view of all the facilities 

needed for disposal operations, and for which the IRSN has not identified any major pitfalls 

in the selected safety options. 

With regard to the analysis of hazards related to the operational and reversibility phase as 

well as long-term hazards, the IRSN identified a set of additional data to bring up, which 

are subject of commitments for the DAC made by Andra during this review. In this respect, 

the IRSN considers that Andra will be able to collect the elements of demonstration for 

most of these hazards in the framework of the DAC. 

Nevertheless, four major points, which could lead to substantial changes in the disposal 

design were identified as needing to be improved: 

 control of fire hazards in a disposal cell with packages of bituminous waste; 

 consequences of accidental situations during operation of the underground facility; 
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 monitoring of key parameters of Cigéo safety; 

 optimisation regarding post-closure safety of the disposal architecture. 

Planning the IRSN’s technical review of the license application 

The IRSN is currently preparing its future technical review of the Cigéo DAC notably 

thanks to the two following actions: 

 Exchanges with IRSN experts in non-natural hazards during the operational phase 

(EXREV follow-up), focusing on the monitoring of geological disposal during its 

operation, and accounting for long-term safety. 

 The IRSN research programme has been extended to new projects, for example on 

vertical sealing in Tournemire (VSEAL experiment), bacterial corrosion in 

cementitious environment (BACUCE) or gas migration numerical models. 
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Session 5: Safety case in non-RWM facility 

W. Weiss (CRPPH Chair) 

The ultimate aim of the disposal of non-Nuclear waste is to assure that “individuals and 

populations in the future should be afforded at least the same level of protection as the 

current generation” (ICRP, 2013)4. In many countries and instances no disposal facilities 

are available for non-nuclear waste and interim storage may be necessary for considerable 

periods of time before disposal facilities become available.  

 

The safety case is “A collection of scientific, technical, administrative and managerial 

arguments and evidence in support of the safety of a disposal facility covering the 

suitability of the site and the design, construction, and operation of the facility, the closure 

and the post-closure, the assessment of radiation risks and assurance of the adequacy and 

quality of all the safety related work associated with the disposal facility”(IAEA, 2012)5. 

The development of concepts as well as the operation of radioactive waste disposal 

installations for long lifetime is challenging in terms of evolving regulations and social 

norms. From this standpoint a cradle-to-grave approach is needed for effective management 

of radioactive non-nuclear waste, which can require management for 100 years or more. 

 

All 33 NEA member countries, including those 12 that do not operate nuclear power plants, 

have the obligation to manage non-nuclear radioactive wastes. Within the NEA waste 

management work program, the Integration Group for the Safety Case (IGSC) organised a 

workshop in May 2017 to discuss the regulatory and operational aspects of non-nuclear 

waste. The presentations and discussions during this workshop addressed and discussed 

both technical aspects and national frameworks including:  

 the range of non-nuclear waste sources, activities, volumes and other relevant 

characteristics;  

 waste storage and repository capacities and life cycles;  

 safety considerations for mixed wastes management; 

 human resources and knowledge management;  

 legal, regulatory and financial assurance, and liability issues. 

 

Among the main challenges for the management of radioactive non-nuclear waste, one 

should mention the issue of mixed waste, inducing a need for co-ordination of multiple 

regulatory authorities and development of appropriate disposal installation criteria. This 

calls for reinforcing the stakeholder interactions between producers, regulators, elected 

officials, local citizens, etc. One conclusion reached by the workshop participants was that 

small producers and non-nuclear countries could discuss and consider joint approaches to 

                                                      
4.  ICRP (2013), Radiological protection in geological disposal of long-lived solid radioactive 

waste, ICRP Publication 122, Ann. ICRP 42(3). 

5.  IAEA (2012), The Safety Case and Safety Assessment for the Disposal of Radioactive Waste, 

IAEA Safety Standards Series No. SSG-23, IAEA, Vienna. 
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the disposal of radioactive non-nuclear waste, relying on sharing of experiences and good 

practices in this domain. 
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Session 6: Safety case and non-technical stakeholders 

 

The Belgian partnership approach,  

also for the safety case for surface disposal 

Evelyn Hooft, Geert Sannen, Sigrid Eeckhout, Wim Cool, Elise Vermariën 
National Agency for Radioactive Waste and Enriched Fissile Materials (ONDRAF/NIRAS) 

Brussels, Belgium 

Abstract 

The Belgian National Agency for Radioactive Waste and Enriched Fissile Materials 

(ONDRAF/NIRAS) is preparing the construction of a surface disposal facility in Dessel 

(northeast Belgium), where low- and medium-level short-lived waste will be disposed of. 

The local population is closely involved in this project through a unique consultation and 

participation model known as “the partnerships”. The inhabitants of Dessel and Mol have 

co-designed the facility, while numerous societal projects ensure broad local support. 

Through participation and interaction, people establish common ground to pursue a 

common goal: a safe solution for the long-term management of the radioactive waste. All 

technical and scientific arguments demonstrating the short-term and long-term safety of 

the facility are described in the safety case. Writing and assessing a safety case is the work 

of specialists and ONDRAF/NIRAS is responsible for the safety of the repository. 

Nevertheless, the partnerships wish to undertake a personal assessment of the facility’s 

safety, even if the subject matter is complex. Prior to the submission of the safety case in 

2013, all aspects were extensively discussed in the appropriate working groups of the 

partnerships, since confidence in the safety of the installation cannot be established by 

superficial one-way communication. 

Introduction 

In Belgium, the management of radioactive waste is ensured by the Belgian National 

Agency for Radioactive Waste and Enriched Fissile Materials (ONDRAF/NIRAS). 

ONDRAF/NIRAS carries out its tasks in accordance with a sustainable approach founded 

on four pillars: the solution must be safe, technically and scientifically well-founded, 

financially responsible and finally societally and ethically accepted. 

Radioactive waste management is more than finding a technical answer to a technical 

problem. It also means solving a societal problem. Of course, the technical aspect of nuclear 
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waste management and disposal is a very important one, but the societal aspect is of equal 

importance. 

On 16 January 1998, 12 years after ONDRAF/NIRAS started its research into a solution 

for the long-term management of low- and medium-level short-lived waste (in short, 

Category A waste or LLW), the federal government decided to opt for a definitive solution 

or a solution that could be made definitive. The federal government also entrusted ONDRAF/ 

NIRAS with new assignments. According to the new missions, ONDRAF/NIRAS had to 

develop methods, including management and dialogue structures, necessary to integrate a 

repository project at the local level. ONDRAF/NIRAS materialised this participation by 

establishing local partnerships, together with municipalities that were willing to talk about 

a repository. 

The search for a long-term solution for low- and medium-level short-lived waste 

In 1998, when the federal government asked ONDRAF/NIRAS to develop a disposal for 

Category A waste, the agency opted for the following approach: It looked for municipalities 

willing to discuss the possibility of a disposal facility on their territory, with technical 

development only following afterwards. 

Four municipalities were ready to study whether a disposal facility was feasible and 

acceptable on their respective territories: Dessel, Mol, Fleurus and Farciennes. In order to 

give a concrete shape to the collaboration, local partnerships were created. STOLA was 

founded in Dessel in 1999 and MONA in Mol in 2000. The Walloon municipalities Fleurus 

and Farciennes also created a partnership, called PaLoFF. 

Each of these partnerships was commissioned to develop an integrated preliminary design 

describing a technical concept for the disposal facility and the conditions to accept it on 

their territory. The partnerships were organised in a way that enabled them to operate as 

open, independent discussion and work fora. The partnerships were representative of the 

community in which they were based. Great care was taken to ensure that all local 

stakeholders in a broad spectrum of fields were represented: political, socio-cultural, 

environmental and economic. The people involved in the partnerships all participated on a 

voluntary and unpaid basis. Each partnership had a general assembly, an executive 

committee, two staff and several working groups, which is comparable to the structure of 

a non-profit association. Since ONDRAF/NIRAS had only one member in both the general 

assembly and the executive committee (albeit with a veto on technical feasibility), it is the 

local community itself that decided on both technical and social feasibility. The fact that  

a partnership existed in no way committed the municipality concerned to accept that a 

repository would actually be built within its borders. The partnerships each had a budget 

that they managed autonomously. They could decide that they were in need of some 

additional research in certain areas or that they did not entirely trust the ONDRAF/NIRAS 

results and wanted a second opinion.  

The final reports of STOLA and MONA were approved by their municipal councils.  

In Fleurus and Farciennes, the preliminary design the partnership developed was rejected 

by the municipal councils. Both municipalities then withdrew from the project and PaLoFF 

was dissolved. Afterwards, ONDRAF/NIRAS transmitted the integrated proposals of 

STOLA and MONA, together with its own final report, to its supervisory authorities so that 

they could make a decision on this case. 

After the proposals were submitted, the role of the partnerships was reviewed. The choice 

was made to continue the participative process and, in addition, to extend it to radioactive 
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waste management in general. STOLA became STORA, while the name MONA stayed  

the same. 

Development of an integrated repository project 

After examining the final dossiers of the partnerships – which had been approved by the 

municipal councils – the Federal Council of Ministers decided in 2006 to dispose of 

Category A waste in a surface disposal facility in Dessel. The repository will be located on 

a site adjacent to the municipality of Mol. ONDRAF/NIRAS was commissioned to develop 

the integrated disposal project in its entirety. In addition to the Dessel conditions, the 

conditions of Mol were also included in the development of the project. In the next steps 

of the surface disposal project, STORA and MONA continued and still continue to play an 

important role. Within a unique co-design model, they developed, together with 

ONDRAF/NIRAS, the technical and societal aspects of the project.  

The role of the partnerships is quite diverse. STORA and MONA remain primarily the 

representatives of their respective communities and critically oversee the implementation 

of the conditions they laid down. They have the right to be assured that the concept and the 

technical development of the disposal facility are safe and robust and meet the highest 

quality requirements. In other words, the inhabitants must be sufficiently assured that the 

construction and the operation of the disposal facility are safe and remain so. Building 

further upon this co-operation, ONDRAF/NIRAS applied to the Federal Agency for 

Nuclear Control (FANC) on 31 January 2013 for a nuclear licence for the construction and 

operation of a disposal facility in Dessel. The main document of the application, which is 

the safety case, describes all technical and scientific arguments demonstrating the short-term 

and long-term safety of the facility. Prior to the submission of the licence application in 

2013, all aspects of the safety case were extensively discussed in the appropriate working 

groups of the partnerships. The file was also subjected to an international peer review 

(NEA, 2012). 

The FANC studied the safety case thoroughly and asked ONDRAF/NIRAS approximately 

300 questions. Answering these questions has been a labour-intensive process, which has 

paid off. At the end of 2017, the FANC confirmed that all the questions to be dealt with at 

this stage had been answered. ONDRAF/NIRAS is currently working on optimising the 

safety case by processing all the answers in the extensive dossier. It intends to submit the 

amended safety case to the nuclear authority by the end of 2018. The FANC will review 

the updated dossier and submit it to its Scientific Council, which will issue its advice on 

the licensing. This is followed by an official public inquiry in the surrounding municipalities. 

The inhabitants of Dessel, Mol, Retie, Kasterlee and Geel will then have the opportunity to 

examine the dossier and make comments. The Province of Antwerp and the European 

Commission will also be heard. Finally, the Scientific Council will issue a final ruling. If 

the entire process runs smoothly, the nuclear licence can be issued by royal decree in 2020. 

At the same time, the volunteers actively participate in the realisation of various sub-projects. 

By actively contributing to finding a solution for Category A waste, the municipalities of 

Dessel and Mol offer a solution for a general societal problem for the whole Belgian 

population. It is only fair that this service should also be compensated by societal added 

values or benefits for their inhabitants. First, the local community demands that general 

conditions be met in terms of safety, environment, health, communication and participation. 

Moreover, it expects its contribution to finding a solution for a societal problem to be 

clearly valorised in the form of social and economic added values for the region: 

stimulating use and retention of nuclear know-how, anticipating spatial opportunities, 
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organising health monitoring, establishing a local fund for financing socio-economic 

projects and activities, the realisation of a communication centre, etc. 

The partnerships are still organised in such a way that they can live up their role as a 

representative, transparent, open and independent local discussion platform. Since 2006, 

all aspects of the integrated repository project have been co-ordinated by a common 

steering group consisting of ONDRAF/NIRAS, STORA and MONA, in which the mayors 

of Dessel and Mol have an advisory role.  

The partnership approach for the safety case 

The surface facility was developed in co-design. The design of the repository in Dessel was 

adjusted in various places at the request of the partnerships. For example, an inspection 

gallery will be built under the repository, where visual inspections can be carried out during 

operation. The local communities want a visual guarantee during operation that the facility 

will function as planned. This is expected to contribute to the “sense of security”. 

Writing a safety case is work for specialists and assessing the safety of a repository requires 

scientific knowledge that cannot be expected from local partnerships who commit themselves 

as volunteers. Moreover, ONDRAF/NIRAS is responsible for the safe management of 

radioactive waste and therefore for the safety of the repository. The extent to which local 

representatives can be involved in the technical-scientific story is, of course, limited. At the 

end of the journey, one is dependent on the expertise of the competent institutions for 

building a safe facility. The local stakeholders themselves lack the scientific background 

to thoroughly assess the safety case. Little co-design is possible with regard to writing the 

safety case and the interactions with the Belgian safety authority in this respect. At this 

stage of the process, it is only possible to continue to inform the partnerships transparently 

about the state of affairs, to maintain the relationship of trust that has been built up by 

frequent personal contact and to continue to take local questions or concerns to heart. 

Confidence in the safety of the facility is also closely linked to confidence in 

ONDRAF/NIRAS as the party ultimately responsible for safety. Only by approaching the 

local representatives as an equal discussion partner and by involving them fully in the 

design of the facility will it be possible to build confidence in the organisation responsible 

for safety. Credibility as an organisation is not created by window dressing, but by being 

transparent about the complex process involved in the realisation of a repository, and by 

making them co-owners and showing that you share their concerns and are looking for 

reliable solutions. A good example of this is the test rigs that ONDRAF/NIRAS built in a 

search for the best possible building techniques and materials for the disposal modules. 

This became a process in which ONDRAF/NIRAS made progress through trial and error. 

This bumpy search did not create uncertainty among the partnerships; rather, it increased 

their confidence that ONDRAF/NIRAS takes the project to heart and prioritises their 

safety. 

The next phase 

Since participation is intended to remain essential in the future, ONDRAF/NIRAS is 

committed to maintain a partnership with the local communities throughout the duration of 

the disposal facility. That is why ONDRAF/NIRAS, STORA and MONA have make a 

commitment together that will extend over several decades and generations. It is a 

commitment with unchanged principles but with an evolving implementation with time. 

After all, the broader societal context in which the initially set conditions take shape will 

evolve during the life span of the repository, as will the needs of the population.  
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As regards the repository in particular, it is impossible to predict the evolution of society 

up to the moment the facility will be covered and closed. It is not unlikely that increased 

input from the population will once again be required around that milestone. Since closure 

will not occur before 2071, it seems premature to draft concrete proposals for that process 

at this time. The distinct commitment in the form of an agreement between the partners 

involved is, however, important and must safeguard the support for the repository during 

its entire lifecycle. ONDRAF/NIRAS has been carrying out preparatory work on the 

disposal site since 2013. The project evolved from the design phase to the execution phase. 

In the meantime, the various societal sub-projects have also been launched. The local fund 

was officially founded in 2016. The plans are ready for the construction of the Tabloo 

communication centre. The 3xG study, a continuous health monitoring programme in the 

region, is also mature. The participatory process is entering a new phase, which will shift 

the focus of the partnerships. This turning point was used to reflect on the current 

functioning of the local partnerships and to see where the potential opportunities lie for the 

future. One of the important tasks of the partnerships is to keep the collective memory of 

the repository alive. The continued existence and commitment of local partnerships is 

crucial in this respect. Three major action points were clearly identified: active involvement 

in the project, care for rejuvenation, and attention to the transfer of knowledge between the 

volunteers. In addition, not only the mission of the partnerships is evolving, but society is 

also constantly changing. What social trends and evolutions do we expect? How can we 

best respond to this changing context? These are the questions that will be further explored 

in the follow-up process. A plan of concrete actions to further shape the future of the 

partnerships is being prepared. 

Conclusion 

In a co-design process, all decisions regarding the implementation of the conditions, 

including safety, are taken jointly. This is a labour-intensive working method that, however, 

creates a project that is supported by all, as well as a strong sense of ownership among the 

various partners. ONDRAF/NIRAS guarantees participation during all phases of the 

disposal project and incorporates openness and transparency, both in the approach and in 

the design of the project. It conducts open, transparent and complete communication about 

the project and endeavours to create and maintain a relation of trust with the people living 

in the vicinity. And finally, it is committed to develop and solidify the support for the project 

vis-à-vis all those involved (STORA and MONA, the municipality and neighbouring 

municipalities, the waste producers, regional and federal government, etc.). 
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Abstract 

The Belgian National Agency for Radioactive Waste and Enriched Fissile Materials 

(ONDRAF/NIRAS) is responsible for managing radioactive waste in Belgium. Currently 

there is no national policy regarding the long-term management of Category B waste  

(low-level and intermediate-level long-lived waste) and Category C waste (high-level  

waste and spent fuel) in Belgium. In the absence of a policy decision regarding the long-term 

management of these wastes, ONDRAF/NIRAS is developing a methodological and 

non-decisional Safety Case (SFC 1 V1) with, as a reference option, a geological disposal 

facility (GDF) for the management of Category B and C waste in the Boom Clay or the 

Ypresian clays at a depth between 200 m and 600 m so as to take advantage of its 35 years’ 

experience of research, development and demonstration in poorly indurated clays.  

In addition, the Federal Agency for Nuclear Control (FANC), the Belgian regulatory body, 

has required ONDRAF/NIRAS to apply the optimisation principle to the choice of the host 

rock, and hence to consider other types of geological formations before recommending a 

specific host rock for a GDF. 

The objective of this paper is to analyse the epistemological limitations and the ethical 

impacts associated with the application of the optimisation principle to the choice of a host 

rock for a GDF, in order to assess its relevance. Therefore, the process of optimising the 

host rock is described here and analysed from an epistemological perspective, starting with 

the development of safety attributes derived from regulatory guidance and applied to 

generic geological settings. From an ethical perspective, an ethical matrix is implemented 

in order to describe the ethical impacts associated with the optimisation of the host rock 

compared to the reference scenario used in SFC 1 V1, and sustainability conceived as a 

moral framework is referred to in order to compare these two options from a normative 

standpoint. The results are then discussed in a conclusion. 
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Epistemological limitations associated with the application of the optimisation 

principle to the choice of the host rock for geological disposal 

The “Waste Plan” is a document produced by ONDRAF/NIRAS in 2011 for civil society, 

stakeholders and decision makers which screened out all the possible solutions for the 

long-term management of radioactive waste belonging to the Category B and Category C 

waste in Belgium (ONDRAF/NIRAS, 2011). In this document, geological disposal in 

poorly indurated clays is considered as the reference solution. The FANC, while admitting 

that geological disposal is the final solution, considers however that the choice of poorly 

indurated clays as the sole potential host rock in Belgium is premature, even if promising. 

This FANC’s viewpoint, confirmed on various occasions, is mainly based on the application 

of the optimisation principle (ONDRAF/NIRAS, 2017a). The optimisation of protection 

(and safety) is one of the three pillars of radiological protection but has benefited for several 

years from an expansive interpretation. Initially mentioned in 1966 (ICRP, Publication 9), 

it took the form of the so-called ALARA principle in ICRP Publication 26 in 1977, “All 

exposures should be as low as reasonably achievable, economic and social factors being 

taken into account (ALARA)”. The principle of optimisation of protection was broadened 

in ICRP Publications 101 (2006) and 103 (2007) to include the BATNEEC principle (best 

available techniques not entailing excessive costs). In the ICRP Publication dedicated to 

geological disposal of radioactive waste, this principle has become central (ICRP-122, 

2013), “The ICRP principle of optimisation of radiological protection when applied to the 

development and implementation of a geological disposal system has to be understood in 

the broadest sense […] for enhancing the protective capabilities of the system and for 

reducing impacts (radiological and others)”. Since then, FANC has required to apply this 

safety principle to the choice of the host rock itself as it is now set out in a project of Belgian 

Royal Decree, “The optimisation principle starts with the choice of the host rock. Technical 

rules drafted by the agency [FANC] can detail the elements to take into account during this 

selection of the host rock and the site” (author translation) (ONDRAF/NIRAS, 2017b). 

This shift occurs probably even within the radiological protection system itself such as 

formalised by the recent ICRP publications. Taken up subsequently by Belgian regulations, 

it also leads to critical and practical issues and faces epistemological limits. These 

difficulties are examined in more detail below. 

The first epistemological issue considers the application of the optimisation principle to the 

choice of the host rock. As aforementioned, the optimisation principle often called the 

“ALARA principle” stated that both the magnitude of individual doses or risks and the 

number of people exposed to radiation should be kept as low as reasonably achievable, 

taking into account social and economic factors. Following this principle, improvements to 

a geological disposal concept should be based on assessments of dose or risk,6 which may 

be used to support a (frequently formal) cost-benefit analysis. Due to the very long time 

frames of disposals – many hundred thousands to one million years – the relevance of the 

dose becomes questionable as well as the assessment of the risk. So, extending the principle 

of optimisation which uses mainly the concept of dose to such time frames is not 

                                                      
6. Dose remains one of the major safety indicators for geological disposal despite its intrinsic 

limitations, especially with regard to long time frames. In particular, according to the Nuclear 

Energy Agency (NEA), Timescales, the effective dose rate is “the basic indicator used to 

determine the safety of nuclear practices worldwide […] The indicator is useful for all time 

frames, but should be given a higher preference for early time frames. The higher preference for 

dose in early time frames is due to especially to uncertainties in the biosphere pathways, which 

increase with time”. 
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epistemologically sound. Moreover, ALARA, which refers to radiological protection, is 

seen in the context of geological disposal as just one aspect of the broader principle of 

optimisation, which encompasses many other types of protection (e.g. from chemical 

hazards, operational risks, etc.). The scope of the optimisation is thus enlarged and goes 

beyond the radiological consequences of a dedicated practice. Consequently, FANC 

requires in its guidance that “the (geological) formations judged as the most optimum with 

respect to safety have to be identified through a systematic comparison of potentially 

favourable formations based on safety attributes clearly identified” (author translation) and 

that “the safety attributes must be derived from the requirements of the FANC’s guidance 

related to the host rock” (author translation) (ONDRAF/NIRAS, 2017b).  

Beyond the theoretical reservations raised earlier, the practical implementation of choosing 

the host rock based on the optimisation principle also faces many pitfalls. The comparison 

of the rocks assumed to be available in Belgium must rely on safety attributes.  

These safety attributes, though often mentioned in the regulatory body’s guidance, are 

unfortunately not defined. This has led ONDRAF/NIRAS to propose its own (working) 

definition: 

…a safety attribute of a host rock would be a quality, a property or a 

performance measure related to the host rock (with respect to its isolation and 

containment capacities), its robustness or the demonstrability of the system it 

belongs to, as a main component. The nature of the attribute should allow a 

classification of the host rocks, on a relative scale, with objective or subjective 

basis. The safety attributes may be incommensurable, the ranking of the host 

rock can rely on weighting factors given to each attribute. (author translation) 

(ONDRAF/NIRAS, 2017b) 

Given this definition, the next step consists of analysing the FANC’s technical guidance by 

sorting the requirements with respect to isolation, confinement/containment, robustness 

and demonstrability.  

At a later stage, under each safety principle, safety attributes are listed and referred to the 

corresponding recommendation in the technical guidance. 

The physical parameters for each rock types and corresponding to each safety principle can 

present a wide span of values when considering all the possible sites and rocks, as 

illustrated in Table 1. For each of the potential Belgian host rocks, the values, if they exist, 

are checked against limits from national guidance or from foreign guidance when no limits 

or thresholds can be found in national guidance. 

The potential host rocks in Belgium screened out in 1979 by the EC had to be reviewed in 

the light of new knowledge in order to confirm the pre-selection of rocks. The review has 

very often led to similar conclusions than those of the EC Catalogue. However, when some 

potential host rocks were ruled out in 1979, it was often due to a lack of knowledge. 

Evaporites and crystalline rocks for instance, did not look promising and without any 

further investigation, it was judged cautious not to consider them. But a shortage in 

knowledge is not a sound argument to ignore potential rocks or sites. Today, with better 

knowledge and using guidance or rules in application internationally, it was possible to 

exclude potential host rocks with a sound argumentation. Among the potential host rocks, 

poorly indurated clays (Boom Clay and Ypresian clay) but also pelites (from the shales of 

anchizone to the slates of epizone) are now considered whereas others (crystalline rocks 

and evaporates) are formally excluded. 
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Table 1: From safety attribute (e.g. physical parameter) to  

the range of possible values for the potential host rocks 

 

Source: [1] NEA (2005), Clay Club Catalogue of Characteristics of Argillaceous Rocks, No. 4436. 

More generally, taking into account the numerous safety attributes, a simple multi-criteria 

analysis could be strongly biased by weighting factors variability. Some scoping calculations 

using extreme values could be performed in order to provide trends in simple models of 

transport, for instance. However, the huge variability in the parameter values can lead to 

extreme cases, favouring either a particular rock or conversely another type of rock. 

Whatever the result may be, the engineered design of the disposal system should be revised 

accordingly in order to provide a similar global level of performance which makes the 

assessment of the host rock alone a bit artificial even if often considered as the main barrier. 

These issues reveal clear epistemological limitations when using the optimisation principle 

at an early stage in the process, before delineating at least some potential sites. When the 

principle is applied to the geology itself, at a generic level, the assessments could lead to 

contradictory outcomes. The shortage of well-known values for the particular purpose of 

radioactive waste disposal may impose considering wide ranges of possibilities or the use 

of international analogues. This methodology does not deliver robust results that could 

reasonably lead to an optimised choice. Moreover, since there is no threshold dose below 

which stochastic effects of radiation can be excluded, the optimisation principle does not 

stop at a certain dose level but is rather supposed to aim at achieving the best level of 

protection under the prevailing circumstances through an ongoing and iterative process.  

A comparison of potential solutions using the principle of optimisation requires safety 

assessments which might lead – in the absence of preselected sites – to abusive conclusions. 

In such a context, we cannot be sure (if no sites are preselected by another way than the 

strict use of the optimisation principle) that potential host rocks can be intrinsically better 

than others. Therefore, it seems reasonable to consider that a pre-selection of sites or areas 

should result from a multifactorial analysis including social aspects. On the other hand, we 

cannot exclude so far that host rocks significantly safer than those already identified by 

40 years of research, namely poorly indurated clays, could be found. Hence, we should 

assume in order to pursue the theoretical exercise that it might be possible to find a host 

rock with significantly better safety characteristics, whatever its associated engineered 

design. With such an assumption, it becomes possible to raise the question of the legitimacy 

of such investigation, which is the subject of the following section. 
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Ethical impacts associated with the application of the optimisation principle to the 

choice of the host rock for geological disposal 

First, the methodological aspects are presented. Then, a descriptive ethical analysis is 

provided on the basis of the ethical matrix framework. Finally, a normative ethical analysis 

is provided, by using sustainability conceived as a moral framework. 

Methodology 

In order to assess the ethical legitimacy of the application of the optimisation principle to 

the choice of the host rock for a GDF, the ethical impacts of two scenarios are compared: 

 Scenario 1: GDF of Category B and C waste in poorly indurated clays (reference 

option for SFC 1 V1); 

 Scenario 2: Analysis of potential alternative Belgian host rocks likely to satisfy 

both geological and societal criteria in order to apply the optimisation principle. 

Both of these scenarios respect similar time sequences, even though a time lag occurs quite 

rapidly with Scenario 2 (this specific issue will be addressed later). The time sequences can 

be described as follows: 

 T0: Today (2018); 

 T1: National policy adoption; 

 T2: Siting decision; 

 T3: Obtaining of licence and start of the construction phase; 

 T4: Sealing of the disposal and start of the institutional control phase; 

 T5: End of the institutional control phase. 

In order to provide the descriptive ethical analysis of these two scenarios along the timeline, 

the ethical matrix framework is used, while the concept of sustainability as a moral 

framework is referred to for the normative ethical analysis. The description of these two 

analytical tools is provided in the following sections, by directly applying them to the case 

under scrutiny rather than by presenting them theoretically. 

Descriptive analysis of ethical impacts 

The ethical matrix is a participatory tool designed to structure ethical thinking about the 

design, introduction, development or use of technologies (Mepham, 2000). It is used to 

reveal implicit ethically relevant issues and to synthetise ethical impacts of the technology 

under scrutiny, so as to highlight ethical conflicts (Kermisch and Depaus, 2018). 

Practically, an ethical matrix is a two-dimensional table, which combines affected 

stakeholders and ethical principles in order to clarify the ethically relevant issues associated 

with a specific technology by comparison with another technology. It is important to be 

aware of the contextual character of principles and stakeholders. Indeed, from one 

technology to another, the relevant ethical principles and stakeholders possibly differ. The 

cells of the matrix are filled in with the ethical issues related to each ethical principle and 

relevant to the different stakeholders. These ethically relevant issues then serve as criteria 

for analysing and comparing the technologies under scrutiny through the in-depth analysis 

of each ethically relevant issue. 
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An ethical matrix for the comparison of Scenarios 1 and 2 has been implemented in the 

context of a project funded by ONDRAF/NIRAS, dedicated to the ethical analysis of the 

application of the optimisation principle to the choice of the host rock for a GDF (Kermisch, 

2018). 

The relevant stakeholders are numerous, but for the purpose of this study the focus is on the 

ones for which the ethically relevant impacts are discriminating. These are local communities, 

society in general, the environment, on-site workers and waste producers. Future generations, 

a group commonly considered a stakeholder when discussing radioactive waste management, 

has deliberately not been included. Instead, in our study, each stakeholder of the matrix is 

considered during the different time frames. This strategy corresponds to a temporalisation 

of the matrix and it allows a more nuanced analysis of ethical impacts because it does not 

assume that future generations are a monolithic group. Indeed, it allows to distinguish 

between groups that are affected differently in the future – local communities and waste 

producers for instance – but also between time frames where the same groups are affected 

differently, e.g. as we will see later on, local communities before T4 or after T4. 

The relevant ethical principles are identified on the basis of the literature in the fields of 

ethics of technology and of ethics of risk (Asveld, 2009; Roeser, 2012; van de Poel, 2011), 

which reveals that informed consent, benefit/cost ratio and risk distribution are fundamental 

in our case. The benefit/risk ratio is associated with the principle of well-being, and the risk 

distribution is related to the respect for equity. The analytical grid is thus threefold and 

based on the principle of well-being, on informed consent and on respect for equity. The 

ethical issues that are related to each ethical principle and that are relevant to the different 

stakeholders for the case under scrutiny are shown in Table 2. 

Table 2: Ethical issues related to the application of the optimisation  

principle to the choice of the host rock for geological disposal 

 Ethical principles 

Stakeholders Principle of well-being Informed consent Respect for equity 

Local 
communities 

 Physical well-being 

 Psychological well-being 

 Socio-economic well-being 

Free and informed consent 
regarding the reception of the 
waste 

Intragenerational equity 

Society in 
general 

 Physical well-being 

 Economic impact 

 Sustainability of resources 

Respect for democratic 
procedures and transparency 
of the decision-making process 

 Respect for the “polluter 
pays” principle 

 Intergenerational equity 

Environment Protection of ecosystem Dignity and integrity of species Distribution of risks 

On-site workers Safety (nuclear and operational)  Intragenerational equity 

Waste producers Economic well-being  Respect for the “polluter pays” 
principle 

 

The analysis of the ethically relevant issues shows that the ethical impacts associated with 

Scenario 1 and 2 differ drastically along the timeline, starting from T1. 

Between T1 and T2 

The siting phase, between T1 and T2, corresponds to 2020-2030 for Scenario 1 and to 

2020-2075 for Scenario 2.7 During this time interval, Scenario 1 is favoured regarding most 

criteria. Indeed, Scenario 1 implies that the number of communities likely to be considered 

                                                      
7. The estimations of the time intervals are from Kermisch (2018), based on Van Geet (2017). 
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as local is smaller and hence that fewer individuals will be affected. The well-being of local 

communities is thus favoured regarding psychological, socio-economic, but also physical 

well-being. More specifically, Scenario 2 extends the status quo – temporary storage – 

which is the least favourable situation regarding safety. Scenario 1 also favours the physical 

well-being of society in general, the protection of ecosystems, and the safety of workers. 

Besides, with Scenario 1, the economic impact on society in general is also advantaged 

because the waste producers are more likely to be able to provide adequate funding. Indeed, 

the costs associated with Scenario 2 are higher and more hypothetic and thus it is more 

likely that the state – and hence citizens – will have to take part in the funding of the GDF. 

In the same perspective, it is also more likely that the “polluter pays” principle will be 

respected with Scenario 1. Regarding intragenerational equity in terms of safety, a 

Rawlsian conception of equity was used, according to which the fairest option is the one 

that advantages the least advantaged, namely local communities and on-site workers given 

their proximity with the waste (Kermisch, 2016). Yet, we have seen that in that respect, 

Scenario 1 was to be preferred, and hence, the same goes for equity. On the contrary, the 

criteria “free and informed consent regarding the reception of the waste” is the only one 

here which favours Scenario 2, because the latter will lead to an increase of knowledge 

regarding host rocks and their environments. 

Between T2 and T4 

T2 corresponds approximately to 2030 for Scenario 1 and to 2075 for Scenario 2; whereas 

T4 corresponds approximately to 2130 for Scenario 1 and to 2190 for Scenario 2. The 

analysis of the interval between T2 and T4 does not differ much from the one between  

T1 and T2. However, because the siting is completed, the psychological and socio-economic 

well-being of local communities is no longer discriminating and informed consent becomes 

irrelevant. Let us note that, regarding safety, the extent of the status quo with Scenario 2 

leads to a difference of 60 years, corresponding to two generations. Intergenerational equity 

is thus the issue at stake here and clearly favours Scenario 1. This result is particularly 

striking if we keep in mind the empirical works showing that citizens want the waste to be 

taken care of by the generation producing it (EC, 2008; SCKCEN, 2011; Fondation Roi 

Baudouin, 2010), and all the normative guidelines requiring not to impose undue burdens 

on future generations (NEA, 1995; IAEA, 1995). 

Between T4 and T5 

During the institutional control phase (2130-2230 for Scenario 1 and to 2190-2290 for 

Scenario 2), the picture changes. Intergenerational equity, the “polluter pays” principle and 

the economic impact for society in general still give an advantage to Scenario 1. However, 

from the sealing of the disposal, safety is no longer related to the features of temporary 

storage but rather to the features of the GDF and hence also to the host rock and to the 

environment that have been eventually chosen. In that respect, even though it is currently 

very difficult to speculate about the potential improvement we can expect from the 

application of the optimisation principle, Scenario 2 is likely to lead to an option which 

scores better than poorly indurated clays and their environment. After T4, safety and its 

related issues – physical well-being of local communities and of society in general, but also 

intragenerational equity – are thus favouring Scenario 2. Another criterion that is likely to 

give the advantage to Scenario 2 is sustainability of resources, and more specifically of 

water. Indeed, what is at stake in the Belgian case is the presence of groundwater in the 

environment of poorly indurated clays which is associated with the risk of human intrusion. 
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Hence, if another host rock is chosen following the application of the optimisation principle, 

we might expect that it will be further away from these resources. 

After T5 

As the institutional control phase ends, the criteria favouring Scenario 1 – intergenerational 

equity, the “polluter pays” principle and the economic impact for society – are becoming 

irrelevant. Hence, Scenario 2 scores better with respect to each meaningful criterion. 

Our study highlights two types of ethical conflicts. The first can be referred to as an internal 

ethical conflict. It is associated with the fact that one scenario is not able to satisfy all the 

ethical criteria at the same time. For instance, during T1-T2, Scenario 1 scores better on 

every criterion but on informed consent. The second type of ethical conflicts can be referred 

to as temporal ethical conflicts, related to the fact that one scenario is favoured over another, 

but only during a specific time frame. Here, Scenario 1 is favoured until T4 and Scenario 2 

after T4, for instance. 

The ethical matrix is a powerful descriptive tool. However, it does not allow to provide a 

normative analysis and, thereby, to solve these conflicts. Sustainability therefore underpins 

our moral framework. 

Normative analysis 

Sustainability as a moral framework is based on Brian Barry’s conception of sustainability, 

understood as the requirement to provide future generations with opportunities “to live 

good lives according to their conception of what constitutes a good life” (Barry, 1997, 

p. 52; Kermisch and Taebi, 2017). This requirement is associated with two duties: the no 

harm duty and the duty to sustain well-being. 

Two normative rules are associated with this framework. First, along with what is 

commonly accepted from a normative standpoint, the no harm duty is more stringent than 

the duty to sustain well-being (Rule 1). Secondly, it has been argued that values associated 

with the duty to sustain well-being should be sustained only for close future generations – 

in our case, the generations in charge of the waste (until T5) – and that the no harm duty 

should be sustained both for close and remote future generations (Rule 2) (Kermisch and 

Taebi, 2017). With these normative rules in mind, let us go back to the descriptive analysis 

provided in the previous section. 

Rule 1 is specifically useful in the case under scrutiny, insofar as it allows to solve the internal 

ethical conflicts. Indeed, between T1 and T2, Scenario 1 is to be preferred in all respects 

except regarding informed consent. The latter relates to the duty to sustain well-being rather 

than to the no harm duty and hence, it fades out in front of the other advantages related to 

Scenario 1. Between T2 and T4, all the discriminating criteria favour Scenario 1 and no 

internal conflict has to be reported during this time interval. Between T4 and T5, Scenario 2 

is advantaged, except regarding economic impact for society in general, the “polluter pays” 

principle and intergenerational equity – all these criteria are related to the duty to sustain 

well-being. Hence, these fade out in front of the other advantages of Scenario 2, related to 

the no harm duty. After T5, Scenario 2 is advantaged in all respects. 

The application of Rule 1 leaves us with only one ethical conflict, which is a temporal one: 

for safety reasons, Scenario 1 is favoured before T4 and, for the same reasons, Scenario 2 

is favoured after T4. This ethical conflict falls beyond the scope of expertise and cannot be 

solved with a normative ethical analysis. It is rather a choice of society and hence, it falls 

within the political realm. 
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Conclusions 

The results of this work are twofold. 

First, it shows that, at least at the generic level, epistemological limitations prevent the 

application of the optimisation principle to the choice of the host rock itself. 

Second, the ethical analysis highlights that, from an ethical perspective, the choice between 

the reference option and the application of the optimisation principle to the host rock can 

be reduced to a value conflict between, on the one hand, the safety of present and close 

future generations and, on the other hand, the safety of remote future generations. 

Eventually, this choice falls beyond the scope of scientific expertise and becomes a matter 

of societal choice. 
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Abstract 

Given the role of the safety case as an instrument to support decision-making, the necessity 

to communicate its basic ideas and results to non-specialists is obvious. In several projects 

and initiatives, efforts are undertaken to develop and improve safety case communication. 

However, the question arises whether such (one-way) communication is sufficient when 

decisions have to be made in a societal environment characterised by controversial debate 

and even conflict, given that specialists’ views on paradigms and approaches to the safety 

case are not necessarily shared by all stakeholders. In this paper, we suggest going a step 

further, possibly strengthening the role of the safety case by applying a transdisciplinary 

approach, i.e. by involving non-specialists and actors from practice in the related research 

and accounting for their knowledge and expectations. A conceivable approach as well as 

potential implications on issues of governance and safety culture are briefly discussed. 

The safety case – its users and its critics 

The safety case (SC) concept is well-developed, widely accepted amongst specialists and 

successfully used as a tool to support decision-making in stepwise disposal programmes. 

Decisions which might be supported by a SC include internal decisions made by waste 

management organisations (WMOs), policy choices, granting of licenses or even 

legislative acts. 

Therefore, the SC is more than a technical tool: The decisions mentioned above are to be 

made within a societal context. Generally, safety is a concern for most if not all stakeholders 

and interested groups, including non-specialists. It is therefore recognised that in the 

societal context of such decision-making the necessity arises to communicate the basic 

ideas and results of the SC to non-specialists. Efforts are undertaken to develop and improve 

such communication. Many SCs comprise documents tailored for non-technical audiences. 

At the international level, activities within several European Union (EU) projects as well 

as the Integration Group for the Safety Case (IGSC) initiative on SC communication (NEA, 

2017) address this issue. The Forum on Stakeholder Confidence (FSC)-IGSC collaboration 

ensuing this initiative will take the topic a step further. However, the question arises whether 



146  NEA/RWM/R(2018)7 
 

 CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE 
  

such (one-way) communication is sufficient when decisions have to be made in in a societal 

environment characterised by controversial debate and even conflict. On occasion, media 

as well as stakeholders put into question the idea of long-term (passive) safety as such, 

criticising thereby implicitly or explicitly the SC concept as well. We illustrate the crucial 

role of safety and related stakeholder perceptions by means of two examples. 

In Germany, the 2017 Site Selection Act requires, on one hand, the identification of the site 

“with the best possible safety”. On the other, it asks for extensive public participation 

during the selection process. The restart of the German site selections procedure is based on 

the idea of a stepwise approach with an open-ended outcome (German: Ergebnisoffenheit) 

and flexibility in a system of checks and balances, which is articulated as a paradigm 

(Grunwald, 2016). 

In order to identify the site “with the best possible safety”, the Act defines a siting procedure 

consisting of three steps, each of which must be finalised by a parliamentary decision: 

1. Desk studies are presently addressing the whole area of Germany, with the aim to 

identify regions to be investigated from above ground. 

2. These investigations shall lead to the identification of sites to be investigated from 

underground. 

3. Based on the results of the underground investigations, a siting decision shall be 

made. 

The Act stipulates, inter alia, safety-oriented geoscientific criteria to be applied during the 

process. In addition, it requires the conduct of so-called safety investigations (German: 

Sicherheitsuntersuchungen) during each step in order to address the safety to be provided 

by the system in a holistic way. Presently, an Ordinance is being drafted about how to 

conduct these investigations. Although the term Sicherheitsuntersuchung is new (it was 

first mentioned in the 2013 Predecessor Act but thus far never applied), specialists agree 

that such investigations should be based on the SC concept. There is also agreement 

amongst many specialists that it is appropriate to supplement the application of the 

geoscientific criteria by such holistic investigations. 

On the other hand, other stakeholders express distrust in the tool “safety investigation”. 

These actors claim for instance that such investigations are “weak” (Zdebel, 2016). They 

criticise the approach, claiming especially that it is open to manipulation (Mehnert, 2016). 

Starting points for manipulation are seen amongst others in a lack of transparency for 

interested “laypersons”, in the use of expert judgement as well as in the application of safety 

margins and the handling of uncertainties. It is obvious that this type of concern will be 

brought forward in the participation formats planned for the site selection process. 

In Switzerland the ongoing site selection process for geological repositories is governed by 

an instrument of spatial and regional planning, the so-called sectoral plan. Within the 

framework of the Sectoral Plan for Deep Geological Repositories, involved communities, 

interest groups and the local population are entitled to introduce their demands and 

concerns. In the sectoral plan, the primacy of safety is clearly settled. Safety shall be 

guaranteed by technical institutions and authorities and is not meant to be an object of public 

participation. The public, however, so far shows great interest in questions concerning 

safety. Therefore, during the site selection process, the siting regions constituted technical 

working groups on safety on their own initiative. Under the auspices of the sectoral plan, a 

technical safety forum (technisches forum sicherheit, TSF) was established to receive, discuss 

and answer questions from civil society about technical safety aspects. This platform has 

turned out to be a valuable instrument for the critical dialogue and debate on safety issues. 
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Safety and public participation 

In 2014, contributors to the International Socio-Technical Challenges for Implementing 

Geological Disposal (InSOTEC) called for a new approach to public participation. With 

this approach, the “invited and organised dialogue” that was prevailing so far should be 

overcome (InSOTEC, 2014). In 2015 the contributors to the Sustainable Network of 

Independent Technical Expertise for Radioactive Waste Disposal (SITEX) advocated closer 

interactions with civil society “to enhance mutual understanding of key safety concerns”. 

They advocated a “safe forum”, where civil society could participate at different levels in 

processes concerning safety, while at the same time underlining the need for expertise in 

safety issues (SITEX, 2015). 

Reflections like these raise the question: Should public participation, in the form of real 

co-operation and active contributions, be considered when addressing the safety of the 

disposal of radioactive waste in general and especially for the SC? 

If public participation is realised, the approach to safety preferred by specialists, i.e. the SC 

approach, will probably be put into question by other collective actors. Experience as well 

as research undertaken, e.g. in the InSOTEC project, suggest that specialists’ views on 

paradigms and approaches to the SC are not necessarily shared by other stakeholders. Such 

paradigms and approaches include the concept of passive safety, the roles of scenario 

development and of modelling calculations when demonstrating safety, dealing with 

uncertainties, etc. Amongst others, differences in the notions on safety and risks of various 

stakeholders underlie different views on paradigms and approaches. The trust in persons 

and organisations, who and which perform the SC, plays an important part. Essential for 

agreement on safety issues are also aspects of governance (cf. e.g. Kuppler, 2017). 

Stakeholder involvement in the elaboration of a SC promises some advantages: The 

diversity of knowledge and opinions in professional communities specialised in the SC on 

one hand and civil society on the other might be able to contribute to better solutions for 

safety-relevant issues. Public participation often entails better acceptance. Thereby, public 

participation in the SC may ultimately enable a faster and therefore safer implementation 

of the disposal of radioactive waste. Conflicts in society, which elicit security risks, can be 

mitigated. An active stakeholder involvement may contribute to maintain competence for 

the disposal of radioactive waste and fosters the exchange of knowledge and experiences 

with other disciplines. Foremost, important decisions regarding safety are not prepared and 

taken over the heads of the concerned groups in society.  

The inconveniences of stakeholder involvement are mainly determined by the long-term 

nature of the disposal: Many notions of safety and risk in civil society reflect, amongst 

others, characteristics and influences which are irrelevant from a normative point of view. 

An example is the habituation to a risk. Notions of safety and risk can be influenced by 

contingencies and short-lived trends and thus may change quickly and impair 

intergenerational justice. However, site selection and realisation of disposal facilities 

require long-term planning security. Especially the geological disposal of radioactive waste 

is a long-term project which needs a reliable commitment from all relevant stakeholders 

for the far, middle and close future. A lack of binding orientation caused by repeated changes 

in safety policy impairs the credibility of the process (Eckhardt, 2016). Furthermore, 

changes in safety policy that are, e.g. caused by changing societal notions of safety and 

risk, often interfere with the sustainable and efficient use of resources. 
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Safety culture and assignment of responsibility 

The responsibility for the safe disposal of radioactive waste is assigned to selected 

stakeholders, e.g. by the Joint Convention on the Safety of Spent Fuel Management and on 

the Safety of Radioactive Waste Management, the EU’s Radioactive Waste and Spent Fuel 

Management Directive, and national law. In special circumstances, participation in safety-

relevant issues, especially in the SC, could lead to decisions, which the responsible 

organisations and persons is not able to or willing to stand in for. Therefore, participation 

in the SC also implies a new potential for conflict. As a matter of principle, responsibility 

must remain allocated clearly to specific organisations and persons. By no means shall 

participation lead to diffusion in ownership and responsibility for the safety of disposal. 

Generally, deliberation on opening the SC for a wider spectrum of actors elicits questions 

concerning risk governance and also calls for a new form of safety culture that not only 

pervades implementer and authorities but all stakeholders participating in the safety 

assessment (Baudé and Hériard-Dubreuil, 2017). 

Such a new concept requires a reflected understanding of safety culture, governance and 

the assessment principles of the SC. On one hand, safety culture, governance and the 

assessment principles of the SC must remain valid for a broad spectrum of scenarios of 

future societal development. On the other hand, authorities, the interested public and 

stakeholders need to have the chance to communicate and deliberate their questions and 

positions on safety in a constructive way. “Constructive” in this context means that 

collective actors promoting the SC procedures are willing to openly discuss the relevance 

of their central arguments and methods with other stakeholders. This implies first a mutual 

acceptance of a broad range of partners in the safety-oriented dialogue, such as stakeholders 

connected with nuclear politics, sustainable science, industry or civil society. Second, a 

number of deliberative rules and confidence in SC procedures and SC institutions has to be 

accepted by all partners with similar rights in this dialogue. Although the first precondition 

is not a simple one, the second is even more challenging. To achieve broad acceptance for 

institutions and procedures, mutual trust must be established between partners which often 

have been pleading for conflicting positions dedicatedly for a long time before. 

Acceptance means to tolerate positions and the specific arguments coming from each of 

the collective actors and their specific background – including a special level of tolerance, 

as in some cases more or less sharp conflicts and debates on radioactive waste management 

(RWM) happened before in the concrete national context. The problem of culture and 

willingness for dialogue is whether the SC promoters, authorities, representatives of civil 

society associations and protest groups will find a shared definition of the problem they are 

all interested in. The collective actors to be involved must be prepared to deliberate and to 

articulate later on a shared definition of the problem. Learning from the conflicts in the 

past, they need to be open to talk and argue about weaknesses and strengths of the SC and 

“mistakes” made in nuclear history.  

So, the discussion about SC rules and their optimisation under integration of external 

knowledge and expectations have to reflect the positions of all the addressed collective 

actors in their rationality. For this ambitious start of a new, open and extended SC process, 

different types of competence are necessary: Expert knowledge and dialogical competences 

are required on the same level. Moreover, representatives of implementers, authorities and 

science must be trustworthy for the representatives of civil society – and vice versa. All 

partners must accept the important precondition that decision-making is an argument-based 

process which is not only controlled by sciences, but also by procedures of deliberation and 
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political support. These procedures rely on social, political and scientific processes, where 

arguments are checked for their robustness and acceptability in different social groups and 

constellations. Following the current discussion in interdisciplinary research, it makes 

sense to define these types of communication and deliberation as “socio-technical” ones 

(Hocke, 2016; Ramana, 2018). 

The open empirical question is whether it can be shown that the SC concept enriched by 

robust elements of dialogue and participation gains positive results in the reflection and 

licensing of RWM installations. We argue for an experimental research design, which is 

structured by principles of co-operation and co-ordination within the stepwise governance 

approach. If the empirical results will strengthen the thesis formulated above, it opens the 

chance to take first steps in the direction of a new culture of supervision in RWM. For 

reflexive sciences it is obvious that this position aims at a shift in safety culture, influenced 

by normative expectations on an optimised handling of mistakes, organisational challenges 

and supervision. This is an orientation with special challenges not common in SC analysis, 

but it reacts to current scientific debates with particular academic and societal relevance. 

The opportunities of transdisciplinary research 

If the SC shall be opened to the competence, experience and values of a broad range of 

stakeholders, the need for interdisciplinary research going beyond the already established 

co-operation between, inter alia, geoscientists, material scientists, engineers and safety 

assessors, is obvious, e.g. sociology delivers the competence to assess risk governance, and 

organisational psychology is needed to understand and develop safety culture. Nevertheless, 

interdisciplinary research that embraces scientists from a broad range of supposedly 

non-related disciplines, as was executed within the Disposal Options for Radioactive 

Residues: Interdisciplinary Analyses and Development of Evaluation Principles (ENTRIA) 

project (Kalmbach and Röhlig, 2016), is still rather uncommon. 

Transdisciplinary research goes even a step further. For us, the term “transdisciplinarity” 

describes a reflexive, method-driven, integrative scientific principle directed at a societal 

problem and related scientific challenges. It implies involving non-specialists and collective 

actors from practice in problem-oriented research and accounting for their knowledge and 

expectations. It aims at solution-oriented robust knowledge with the potential to be 

transferred in both directions (from specialists to non-specialists and vice versa) and is 

oriented towards dialogue and solutions. Orientation towards solutions implies that the 

stakeholders reach a common understanding of values and objectives. They must be able 

to find consensus on compromise and a stepwise procedure to problem solving. 

Articulated in general, this implies the competence to search for solutions within a 

deliberative process in a dialogue-oriented way. Different values and interests are only 

problematic if fundamentalist positions do not allow to identify common interest within the 

deliberation of the next steps in an argument-based process on dialogic RWM. Dialogic is 

used here as a sociological term; it implies that critical positions and critical collective 

actors must also be included in deliberating the SC approach with its rules and assumptions. 

Different definitions of the problem solution addressed by the SC may be challenging and 

deliberation on potential differences may be time-consuming. But over time, the dialogical 

search for bridging the gaps by debating the risks and opportunities of (non-) action and 

their following ethical dilemmas helps to find robust solutions. Transdisciplinary research 

promotes the reflection on preconditions and the logics of collective actors involved the 

process. A tricky situation can arise if this research is not communicated with the interested 

public and experts. 
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Since, at least at present, the primacy of safety seems to be undisputed, there is justified 

expectation that the discourse on safety can be further developed by such means. The 

starting point is that the notion of safety can be explained based on arguments intelligible 

to all rather than just on one academically derived answer. This, however, includes 

addressing the question what different collective actors consider a solution of the RWM 

problem, e.g. with respect to the question of risk “distribution” amongst generations. For 

example, it could be suggested that such a solution would require an improvement of the 

present status, i.e. interim storage of the waste. 

Research design of an upcoming project 

Methodologically, transdisciplinary research systematically includes non-specialist 

knowledge in a controlled way into the research process. Such research is based on an 

interdisciplinary perspective, generates context knowledge and, in cases, know-how 

(Grunwald, 2016a). The joint problem definition in the first project phase in which – as 

well as in the ensuing research process – non-specialists have a say is of utmost importance 

(Lang et al., 2012; Bergmann et al., 2012). 

Including non-specialists in problem-oriented research such as in sustainability research is 

at present established (Krohn et al., 2017). However, this does not apply to RWM-related 

research. Therefore, there is first a need to adapt methodological designs since research 

questions and scientific challenges are not necessarily easily accessible to non-specialists. 

A specific challenge arises from the different risk perceptions and the need to translate them 

into expectations of non-specialists which must be communicated to the research team. 

Bases for planned research (working title: “Safety Case: Transdisciplinarity and Stakeholder 

Perspectives”) include risk sociology, technology assessment and philosophical ethics as 

well as interdisciplinary knowledge and competence generated in the interdisciplinary 

ENTRIA project (www.entria.de) as evidenced in its first publications (Röhlig and Hocke, 

2016; Hocke and Röhlig, 2014). 

From a methodological point of view, we argue that it would be necessary to first characterise 

the role, premises and content of the SC vis-à-vis the expectations of the interested public. 

In a second step, we will investigate whether there is potential for modifying or expanding 

the SC concept based on external knowledge and expectations and, at the same time, 

retaining its power as a methodology and a decision-supporting tool. For doing so, we 

suggest starting the research process by involving actors with SC experience (i.e. SC 

“producers” such as implementers and SC “users” such as authorities) in a focus group in 

order to compile and structure the issues which would then be scrutinised by a wider group 

of interested actors in a dialogue format with specialist input. Finally, the results of this 

process would be evaluated in a workshop with the aim to test whether potential 

modifications and expansions: 

 may meet various actors’ expectations; 

 preserve or even strengthen the properties of the SC as a decision-supporting 

instrument. 
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Abstract 

National consultations have been an important basis for the licensing review of the Swedish 

Nuclear Fuel and Waste Management Company’s (SKB) application to construct and 

operate a repository for spent nuclear fuel at the Forsmark site in Sweden. The work with 

these consultations has been co-ordinated by the Swedish Radiation Safety Authority 

(SSM). The scope of comments received was broad, covering questions such as research 

needs, ambiguities in SKB’s reporting and operational issues related to implementation of 

the repository programme. This paper focuses on three subject areas judged to be critical 

for the acceptability of the application, namely site selection, method selection and SKB’s 

handling of degradation of disposal canisters. 

Introduction 

National consultations of various types are valuable components of large societal decisions 

in general. Such consultations provide opportunities to consider new information and 

perspectives that may not have been addressed in the original application. Responses may 

originate from e.g. Swedish local authorities, academic institutions, government agencies 

and environmental organisations. Throughout the Swedish programme for nuclear waste 

management, external reviews have been carried out on a regular basis both nationally and 

internationally. Since 1986, SKB has published a total of 11 research, development and 

demonstration (RD&D) programmes, each of which has been the subject of national 

consultation. Given this comprehensive background, it is not surprising that many of the 

expressed viewpoints are familiar and have reoccurred many times in consultations on 

SKB’s activities throughout the years. 

The national consultations in the context of SSM’s examination of SKB’s licence 

application according to the Act on Nuclear Activities started in 2011, with an invitation to 

70 organisations to comment on the completeness of the application and to identify needed 

complementary information. The organisations were selected on the basis that they had 

previously commented on SKB’s RD&D programmes. In a second round, the same 

organisations were invited to comment on the factual content of the application, with a final 
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date for providing comments of 30 April 2016. After SSM’s public announcement of 

SKB’s licence application, the general public was also invited to submit comments. 

In SSM’s final reporting of the licensing review, a synthesis is provided of comments from 

the different respondents, including a summary and explanation of SSM’s position in 

relation to the comments (SSM, 2018a). 

General outcome of national consultations 

Consultees’ responses can be subdivided into different categories depending on general 

attitude to and coverage of the licence application:  

 not responding or refrain from commenting; 

 narrow and mostly neutral scope; 

 comprehensive scope, neutral or supportive of application; 

 dismissive of the application in its entirety. 

More than half of the invited organisations belong to the first category. Several of the 

invited organisations have only a peripheral subject overlap with the content of the 

application. For instance, other government agencies generally only commented on limited 

aspects of the application related to their respective areas of competence and responsibility. 

The most comprehensive responses involving many subject areas came from the involved 

municipalities (Östhammar, Oskarshamn), involved regional authorities and a few 

environmental organisations (Milkas, MKG and Naturskyddsföreningen). The involved 

municipalities and regional authorities raised a number of concerns related to, for instance, 

access to and preservation of information, transport of nuclear materials, indirect impact  

of conventional accidents during facility operation, measurement systems, and the 

implications of a zero (no action) alternative, as well as concerns related to post-closure 

safety. Environmental organisations in general had a negative view of the licence 

application. Ten respondents urged SSM to recommend that the Swedish government reject 

the application. Academic institutions for the most part commented on general future 

research needs. 

Responses from the first call for comments related to the potential need for complementary 

information in support of the licence application were recognised in SSM’s review 

processes by the fact that SSM indeed sought complementary information from SKB in a 

range of subject areas identified by the respondents, albeit to a somewhat more limited 

extent. In some cases, the scope of suggested requests for supplementary information was 

judged by SSM to be unreasonably large. These included, for example, requests for an 

entirely new safety assessment as well as additional detailed site investigations at other 

sites. In some cases, SSM agreed with the general intention of the suggested requests but 

made the judgement that such information could reasonably be developed at later stages in 

the stepwise regulatory review process, after granting of a general licence. The general 

subject areas covered in the responses can be summarised as: 

 post-closure radiation safety; 

 selection of site and disposal method; 

 operational safety; 

 other issues.  
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The three first topics were addressed by SSM in regulatory review activities (SSM, 2018b, 

2018c, 2018d). The “other issues” category encompasses viewpoints on issues that fall 

outside SSM’s area of responsibility. 

The critical viewpoints expressed by environmental organisations as well as a few academic 

researchers have had a significant impact on media reporting and public debate relating to 

SKB’s spent fuel repository programme. Those viewpoints were not only clearly expressed 

by those main contributors, but also taken up by other concerned respondents. Critical 

responses relating to the suitability of the Forsmark site, the comparison of SKB’s proposed 

disposal method with the deep borehole concept and mechanisms that might lead to corrosion 

of the copper canister are consistent with the outcomes from previous national consultations 

of SKB’s RD&D programmes. 

Site suitability 

Several of the respondents engaged in the consultation process question the suitability of 

the Forsmark site from different perspectives, claiming that: 

 The site is located in a potentially seismically active area. 

 Regional groundwater flow patterns suggest that a well-located inland site would 

be better than the costal Forsmark site. 

 The site location close to a nuclear power plant is unsuitable since nuclear reactor 

accidents can hamper safe repository operation. 

Two respondents with an academic background in geoscience (Henkel, Mörner) argue, 

based on the regional and local geology, that Forsmark is not a suitable repository site. 

Henkel claims that the site is located in a potentially seismically active area. Mörner 

similarly claims that SKB underestimates the frequency and magnitude of earthquakes 

linked to the waxing and waning of future ice sheets (see Mörner [2017] and references 

therein]. Mörner also refers to his own research work on methane venting tectonics as a 

basis for criticism of SKB. The respondents conclude that future seismic activity and its 

implications are not sufficiently reflected in SKB’s safety analysis report (2011). For 

example, SKB’s concept of “respect distance” (i.e. shortest distance from disposal cells to 

the nearest deformation zone) is claimed to be excessively short. 

Several environmental organisations (MKG, Naturskyddsföreningen, Milkas) point out 

that the coastal location of the Forsmark site results in short groundwater flow paths from 

repository depth directly towards the surface. By contrast, an inland location within a 

regional “recharge” area could potentially provide long flow paths, which in turn might 

provide more effective retardation of radionuclides released from the repository and 

therefore offer significant safety advantages. The coastal location is also regarded as 

problematic since possible radionuclide releases would occur to the ecologically sensitive 

Baltic sea recipient. 

A specific feature of the Forsmark site is the low frequency of water-conducting features 

at repository depth. Whereas SKB argues this is a significant safety advantage, several 

respondents (e.g. MKG, Milkas) are concerned that this will mean that the bentonite buffer 

in disposal cells does not swell sufficiently, leading to aggravated corrosion conditions for 

the canister with accumulation of salt due to evaporation and a persistent presence of a 

potentially reactive gas phase (see discussion below about corrosion of the copper canister). 
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Some negative aspects regarding the proximity of the proposed Forsmark site to an operating 

nuclear power plant, for instance that a severe nuclear accident would impede safe operation 

of the repository, are also identified (MKG, Milkas, Naturskyddsföreningen Kalmar län). 

SSM’s general position in relation to site selection is that the sparsity of water-conducting 

features at the proposed Forsmark site is generally a significant advantage, both in terms 

of limiting degradation of engineered barriers and constraining the release and dispersal of 

radionuclides in the event of canister failure. Criticism of SKB’s handling of earthquake 

magnitudes and frequencies was judged by SSM to have some validity but ultimately only 

a quite limited impact on the potential number of affected canisters (SSM, 2018b). The 

Forsmark site is, according to SSM’s judgement, regarded as seismically stable based on 

existing information. It should be recognised that SKB has accounted for the possibility of 

future large earthquakes in the area as part of associated risk calculations (SKB, 2011). 

SSM regards the measures proposed by SKB to minimise their impact as reasonable, i.e. the 

implementation of “respect distances” and deposition hole rejection criteria. The precise 

distances and criteria should continue to be reviewed, but the overall concept of risk 

minimisation is considered acceptable. SSM agrees with the respondents that long regional 

flow paths would in principle be beneficial. However, the inland sites that SKB had realistic 

opportunities to explore during its siting programme offer neither clear hydrogeological 

performance benefits nor any significant overall safety benefits. SSM concludes that 

disposal activities at a future repository site at Forsmark could be temporarily halted in the 

event of a nuclear reactor accident without serious safety implications. 

Alternative disposal concepts apart from KBS-3 

One persistent viewpoint in the national consultation process among critics of SKB’s 

programme is that deep borehole disposal could/would be a significantly better alternative 

than SKB’s proposed KBS-3 method, and that this method must be explored to a greater 

extent as part of the repository licensing procedure (MKG, Milkas, Karlstad University). 

Other alternative methods brought up in the consultation process were the dry rock disposal 

(DRD) method (Mörner), the WP-cave concept (Sagefors) and the hardened on-site storage 

(HOSS) method (Milkas). 

A key argument to support the deep borehole disposal concept is that groundwater should 

be stagnant at the disposal depth of 3-5 km. Such stagnant conditions are related to the high 

density of very saline water. One respondent also pointed out that even if this were not the 

case the hydraulic conductivity and gradient would be very low at such depths (MKG/Gibb). 

It is postulated that there is no feasible mechanism for transferring radioactive contaminants 

to the surface, even if no physical containment within waste packages is achieved. The 

concept is regarded as more robust since there is less reliance on achieving containment 

through engineered barriers such as a copper canister and bentonite buffer. It is further 

claimed that even though containment is not required except during the operational phase, 

containment lifetimes of at least 1 000 years can probably be achieved anyway in specially 

developed canisters (MKG/Gibb). Advantages in the context of nuclear materials control 

were also suggested (Karlstad University, MKG). Several respondents (e.g. Henkel, MKG, 

Milkas) also point out that the safety implications of future human actions are not 

sufficiently taken into account by SKB in their selection of a preferred disposal concept. 

Concerns relating to the overall feasibility of the borehole disposal concept (e.g. hazards 

arising during the disposal sequence and achieving reliable sealing of disposal boreholes) 

are claimed to be almost entirely outdated due to recent developments (MKG/Gibb). 
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SSM generally agrees with some of the identified deficiencies in SKB’s original analysis 

of the deep borehole disposal concept, but judges that reasonable clarifications were 

provided in their response to supplementary information requests. SSM concludes that the 

deep borehole concept could in theory have appreciable potential radiological protection 

benefits compared with the KBS-3 method. Nevertheless, demonstrating such benefits in 

practice requires that rock and groundwater conditions at great depth be explored and 

assessed to be reliably well known and favourable at a specific site. It cannot be regarded 

as self-evident that such conditions could be found and verified reliably. Such conditions 

must be assumed to be persistent over the safety assessment timescale which at least would 

require a range of comprehensive investigations and analysis. SSM therefore regards it as 

unreasonable to continue interim storage of spent fuel against an unknown time horizon in 

order to develop what remains at present only a conceptual alternative to the KBS-3 method 

(SSM, 2018c). That SSM assesses SKB’s safety analysis for KBS-3 to have demonstrated 

its maturity and potential to fulfil regulatory requirements forms an important basis for  

this judgement. 

The DRD method is not regarded by SSM as a potential candidate for best available 

technique (BAT) on the basis that it requires continuous surveillance and monitoring. 

Copper canister and safety assessment 

A recurring concern in the consultations has been SKB’s asserted corrosion resistance of 

the copper canister. These concerns have been raised over many years first and foremost 

by a research group from the Royal Institute of Technology (KTH), but later also by MKG. 

Other respondents also highlight the debate surrounding copper corrosion, albeit in a more 

cautious context (e.g. Milkas, Lund University, Uppsala University). The objections can be 

broadly divided into two broad categories: 

 that corrosion may take place in pure anoxic water under hydrogen formation; 

 that other forms of corrosion, including localised sulphide corrosion phenomena, 

radiation-induced corrosion, earth-current-induced corrosion and combination 

effects need to be addressed in more detail.  

The respondents either claim that the information reported by SKB is insufficient to draw 

reliable conclusions regarding canister performance or that corrosion will proceed in such 

a manner that the containment time is much shorter than assessed by SKB (2011). The 

respondents suggest that more research is needed to support SKB’s choice of copper, or 

alternatively that copper is not a suitable canister material. 

The first category concerns a corrosion reaction that was first brought up in the context of 

the SKB programme by KTH in the 1980s. The debate was mostly confined to academic 

circles and gained only intermittent wider interest, but in 2007 an experimental study was 

published by members of the research group showing measurable hydrogen generation in 

experiments with pure copper and water (Szakálos et al., 2007). This scientific paper 

generated media interest and public debate. The critics’ key argument, based on an empirical 

research perspective, is that SKB relies on simplistic modelling and has not experimentally 

proven that copper corrosion rates in the repository environment will be within the extremely 

slow range (nm per year) assumed in its long-term safety assessment (SKB, 2011). The 

critics claim that most experimental studies have in fact reported corrosion rates in the µm 

per year range. Even if SKB agrees that copper corrosion rates initially can be in that range 

owing to intermittent availability of oxygen, the critics argue that this is rather a mean 
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corrosion rate that progresses indefinitely. The evidence cited by the critics is a list of 

publications mainly by the KTH research group. 

The second category of copper corrosion issues brought up by respondents is more diverse 

and complex. This topic concerns a whole range of corrosion-related phenomena that will, 

according to the respondents, either on their own or in concert with other phenomena 

significantly impair the protective capability of the canister. For example, localised corrosion 

phenomena such as stress corrosion cracking induced by sulphide are suggested to have 

much more severe consequences than allowed for in SKB’s analysis. The respondents also 

argue that a number of circumstances in the repository environment will tend to aggravate 

degradation processes of the copper canister. This includes for instance the presence of  

a reactive gas phase next to the canister during the period with significantly elevated 

temperatures and the accumulation of salt in deposition holes as a result of evaporation  

(the so-called “sauna effect”) in the predominantly dry Forsmark conditions. The effects of 

normal or elevated earth currents associated with the Baltic power transmission cable are 

also highlighted. Respondents also claimed that embrittlement will be a problem due to 

corrosion-related uptake of sulphides and/or hydrogen in the copper metal. The estimated 

overall effect of these phenomena has been expressed slightly differently by the respondents 

at different stages of the review process. Their most recent estimate is that canister failures 

will be initiated within 100 years and be completed for a majority of canisters within 

1 000 years. 

Respondents also raised detailed questions relating to buffer properties and degradation 

processes (MKG/Pusch) as well as the canister’s structural integrity, although these were 

given less emphasis in the overall criticism of SKB’s analysis. There were also limited 

comments related to SKB’s secondary safety function based on retardation of radionuclides 

as well as associated risk calculations, highlighting topics such as groundwater flow rates 

and spent fuel dissolution rates in reducing groundwater. 

According to SSM’s analysis of the question of copper corrosion in pure water, this should 

have only a small impact in the repository environment regardless of whether known 

thermodynamic data (i.e. SKB’s approach) or the empirically-derived rates from the KTH 

corrosion research group are applied. The reason is that the measured partial hydrogen 

pressures (e.g. Szakálos et al., 2007) at which the reaction is expected to cease is low, albeit 

considerably higher than partial hydrogen pressure at equilibrium derived from existing 

thermodynamic data. This finding, along with a reasonably confident knowledge of transport 

conditions in the repository environment, suggests that long-term effective corrosion rates 

will also be low in relation to general sulphide corrosion in anoxic groundwaters. 

Regarding other corrosion phenomena SSM agrees with the respondents that localised 

corrosion in a sulphide environment cannot be completely ruled out. Only a small number 

of experimental studies have been conducted under relevant repository conditions and more 

efforts are needed prior to further steps in SSM’s regulatory scrutiny process. Nevertheless, 

SSM notes that extensive progression of such mechanisms throughout the full thickness of 

the canister’s copper shell requires a continuous supply of sulphide to exposed canister 

surfaces to avoid sulphide depletion. Furthermore, measures to mitigate the detrimental 

effects of such processes exist. SKB’s licence application identifies, for example: 

 limiting mass transfer with surrounding groundwater by rejecting deposition holes 

intersected by high groundwater flow; 

 limiting the organic content of buffer and backfill materials, which can give rise to 

microbial sulphate reduction. 
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Conclusions and discussion 

The input from the national consultation in connection with SSM’s examination of SKB’s 

licence application was mainly addressed by requests for complementary information and 

identification of items that need to be further addressed in a future repository programme. 

Most of the viewpoints critical of SKB were more or less already well known to SSM. 

Nevertheless, the importance of these critical viewpoints was underscored by the fact that 

very similar arguments were raised at the Swedish Land and Environment Court’s hearings 

during the autumn of 2017 in relation to SKB’s licence application in accordance with the 

Environmental Code. From the court’s statement, published in January 2018, it is clear that 

neither site suitability nor method selection arguments raised by critics were decisive for 

the outcome of the hearings process. However, the court concluded that SKB had not 

sufficiently accounted for a number of corrosion or corrosion-related processes affecting 

copper canister integrity (Nacka District Court, 2018). Uncertainties regarding these 

processes were judged to be significant. The licence applications are now being managed 

by the Swedish government, which has requested complementary information from SKB 

regarding those aspects. SKB is scheduled to submit the required information by the end 

of April 2019. 

It may be noted that critical respondents in general had a consistent set of viewpoints both 

from prior to submission of the licence applications and through the entire review 

procedure from 2011 to 2017. In other words, supplementary arguments presented by SKB 

during the course of the review seemed to have had little impact on the respondents’ 

position. Evaluation of the validity of the alternative perspectives is always a key challenge 

for national consultation processes. The degree of specificity and support for alternative 

positions to those presented by SKB varied considerably. A few respondents referred to 

research findings provided by themselves or others independent of SKB. For example, 

work undertaken as part of the now-cancelled US programme on deep borehole disposal 

was used as a basis for arguments regarding method selection. 

Opposition to SKB’s licence application was not isolated to scientific or technical 

arguments alone. The most critical respondents also tended to have their own strategic 

perspectives on spent fuel management, such as the use of alternative canister materials, an 

alternative site, an alternative repository concept or other approaches such as prolonged 

interim storage. By contrast, less critical and supportive respondents, as expected, tended 

to accept the basic premises of SKB’s licence application. 
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Abstract 

This paper discusses the early stages of a consultation programme for the siting of a 

geological disposal facility (GDF) proposed by the United Kingdom’s Department for 

Business, Energy and Industrial Strategy (BEIS). As a social anthropologist engaged in 

fieldwork at and around Sellafield, I approach the issue from a local perspective, namely 

from West Cumbria, the so-called “Energy Coast” of northwest England. West Cumbria is 

an area closely associated with the United Kingdom’s nuclear history and aspirations and 

might put itself forward as a host for a geological disposal facility. It is home to Sellafield, 

the nuclear site that, for three-quarters of a century, has sparked the imagination as a place 

of human engagement with explosive and fissile materials. Building on previous research 

on perceptions of “the nuclear” in West Cumbria, I explore issues of a social and affective 

nature that are likely to come to the fore in the area during the GDF consultations. 

Introduction 

In March 2018, I attended one of several geological disposal facility (GDF) stakeholder 

workshops organised by the United Kingdom’s Department for Business, Energy and 

Industrial Strategy (BEIS), in Lancaster. These stakeholder workshops were meant to 

gather feedback on two documents that BEIS had drawn up to prepare for a consultation 

pertaining to England, Wales and Northern Ireland on the siting of a GDF, after previous 

attempts to site a GDF had not resulted in any decisions. These documents are a National 

Policy Statement (NPS), defined as “a statement that provides guidance to the Planning 

Inspectorate and Secretary of State on assessing and making a decision on development 

consent applications for a particular type of infrastructure”, and a document called “Working 

with Communities”, explaining the way in which the UK government envisages to engage 

with communities interested in hosting a GDF (BEIS, 2018a, 2018b). A major player in the 

process of siting is Radioactive Waste Management (RWM), a UK government subsidiary 

tasked with the delivery of a GDF. Participants at the GDF stakeholder workshops included 

representatives from local authorities, academics, nuclear industry representatives and critics 

of the nuclear. 

The stakeholder workshop I attended was only the beginning of a proposed consultation 

that will unfold over the coming years. The attendees at the series of workshops have  
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been asked to comment (also in writing) on the two draft documents, which BEIS may 

subsequently adapt. The siting consultation itself has not yet been launched, and it is not 

clear how the process of the consultation will unfold in any detail. What is clear is that the 

UK government will proceed through a process of voluntarism, inviting communities to 

come forward to express interest in hosting a GDF and then supporting these communities 

in finding out more about all that this would entail before they would decide to engage 

themselves fully. It is not the geology that will be in the lead – that is, no areas are to be 

excluded or preferred from the outset on the basis of geological suitability. 

The proposed GDF consultation is particularly of interest to me in two, locally specific, 

ways: first, I am currently carrying out anthropological fieldwork at and around the nuclear 

licensed site of Sellafield in West Cumbria, an area that is intensely familiar with the 

nuclear industry and may well come forward to volunteer for a GDF (in fact, the County 

of Cumbria, of which West Cumbria is a part, had already been on the brink of volunteering 

during a previous consultation in 2013); and second, I moved to West Cumbria a year ago 

(from Manchester) so as to be immersed in my area of fieldwork. This means that I also 

have a vested interest as a resident of the area. I plan to follow the process of siting a GDF 

over the coming years as a social anthropologist interested in social values driving the 

nuclear industry as a powerful player in specific contexts of world making. What I want to 

do here is discuss issues of a social and affective nature that are likely to come to the fore 

in Cumbria during the GDF consultations.  

A note on method: Ethnography 

My discussion here, then, draws on a dual positionality – both as an anthropologist and as 

a local stakeholder. In fact, it is quite common that research and a personal interest come 

together in an anthropological project. Anthropologists use the method of ethnography, a 

term with ancient Greek roots: ethnos (people, group of people) and graphein (to inscribe, 

to write); literally, a description and analysis, which requires direct engagement with 

individuals and the collectivities they identify with in a particular place. So I am involved 

in an ethnography of the nuclear industry in West Cumbria, where different groups of 

people with different interests come together to work and live. I dwell in the area looking 

to meet different people, and I am particularly interested in the values these people hold in 

leading their lives, and in the conceptual categories they use in making sense of the world, 

and how these values and categories shape the nuclear industry and vice versa. 

People tend to take values and categories that guide their lives for granted. Through the 

method of ethnography, the anthropologist seeks to find out what these underlying 

assumptions are with a view to understanding why people proceed the way they do. So in 

order to gain an ethnographic understanding, I need to spend a considerable period of time 

in the area, and this is why I now live in West Cumbria. The proposed GDF consultation 

process will be of great interest to me over the coming years as it is bound to provide 

insights into West Cumbrian nuclear sensibilities.  

After relating some more information on the workshop I attended (an ethnographic 

experience in itself), I will turn to West Cumbria, for historical and local context and to 

explain the area’s role in a previous attempt to site a GDF in the United Kingdom. 

Planning for a GDF consultation 

At the GDF stakeholder workshop that I attended in Lancaster (the workshop organised 

closest to West Cumbria), participants were informed that the UK government hopes to 

locate a site for a GDF led by the principle of voluntarism. This means that the draft proposal 
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initially invites anyone to come forward, including individuals, landowners, businesses, 

public bodies and community groups. What is important to note from the outset is that, 

even though the principle of voluntarism implies that, for now, the UK government does 

not wish to impose a GDF on a region, and even though the approach comes across as quite 

open and community-oriented, the UK government does know what it seeks to achieve: it 

seeks to site a GDF in a geologically suitable, or suitable enough, place which is acceptable 

to a host population. In other words, the government is not embarking on this process as a 

disinterested party testing the grounds for a nuclear waste policy – rather, it knows what it 

wants, it has decided that a GDF is the way to go (a principle not everyone agrees with), 

and through a consultation it seeks to invite interested potential host communities to come 

forward. This implies that there is inevitably a measure of rhetoric in the UK government’s 

presentation of the approach and what communities may gain through it. For me in my role 

as a social anthropologist, it is of interest to pay close attention to such social dynamics of 

persuasion. In any large infrastructure proposal, choices will have been made that may be 

presented as straightforwardly technical or technological, but the technical and technological 

always already imply financial, social and moral considerations. At the stakeholder 

workshop, participants made comments to this effect, which was rather awkward for BEIS 

representatives because they apparently assumed that their basic tenets would be taken for 

granted. For example, when the group was invited to react to the Working with Communities 

document in the morning, and to the NPS in the afternoon, several participants kept 

stressing that “the social” (elaborated in Working with Communities) and “the geological” 

(elaborated in the NPS) could and should not be separated.  

To their credit, RWM has commissioned research into what they call the “societal aspects” 

of siting a GDF. In the resulting report, awareness is shown of the uncertainties involved.  

Radioactive waste disposal systems are complex, extending over long 

temporal scales. They encompass technical, social and institutional elements 

with a degree of associated uncertainty which has significant implications. 

These characteristics can define the systems as post-normal science – which 

are science related issues for which effects are uncertain, values are in dispute, 

stakes are high and decisions are urgent. (RWM, 2016) 

Through the same commissioned report, RWM has been made aware of problematic 

distinctions that tend to be made between expert and lay knowledge and of the important 

insights that lay knowledge can bring. Expert knowledge, including scientific knowledge, 

is intrinsically social (RWM, 2016). In other words, all knowledge is socially constructed. 

It will be fascinating to see to what extent these insights will be adhered to once the 

consultation process is set in motion, and to what extent local knowledges and experiences 

will be allowed and enabled to feed into the consultation process. 

West Cumbria: The Energy Coast of Cumbria 

During the workshop in Lancaster, BEIS and RWM studiously avoided talking about 

possible candidates for a GDF. Participants at the workshop, however, expressed 

expectations for Copeland to come forward as a logical candidate, given that most of the 

United Kingdom’s nuclear waste is already located there. The Borough of Copeland in 

West Cumbria is home to the Sellafield nuclear site, which has a rich and controversial 

history. Its nuclear involvement began as a site for the production of plutonium for a British 

atomic bomb. It produced nuclear power from 1956, when the first commercially operated 

power plant was opened, Calder Hall, until 2003, and it has been actively reprocessing 

spent fuel both for domestic and for foreign customers. This latter activity is set to end in 
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2020, and from then on Sellafield will be fully focused on decommissioning. The company 

in charge, Sellafield Limited (SL), has been a subsidiary of the Nuclear Decommissioning 

Authority (NDA), a government body, since 2005. The NDA spends almost GBP 2 billion 

per year on Sellafield’s decommissioning, which is expected to take more than 100 years. 

Over that period of time, manpower at Sellafield (currently about 10 000 SL employees 

and an equivalent number of contractors) will diminish, and jobs are expected to require 

different skill sets. SL is a major employer in West Cumbria, so its impending, albeit slow, 

disappearance means that strategies are currently developed, through collaboration of SL 

with local stakeholders, to mitigate this loss. At the same time, many people in the area 

express high hopes for new nuclear build, and a GDF also often comes up in conversation 

as a potential source of employment. 

In 2013, the UK government made an earlier attempt to find a site for a GDF through the 

process of voluntarism, and in fact, West Cumbria’s boroughs of Copeland and Allerdale 

came forward expressing an interest in hosting the site. After much deliberation this process 

was stopped because the Cumbria County Council decided not to go ahead (for an extensive 

account see Blowers [2017]). What is of interest to us here is that the two boroughs in West 

Cumbria wished to go ahead exploring the possibility of hosting a GDF, while the County 

of Cumbria, the higher tier in the government structure, decided otherwise.8 This tension 

between West Cumbria and Cumbria as a whole is significant. What happened five years 

ago may be argued to be exemplary of a divide that is felt within the County of Cumbria. 

Cumbria is the second largest county in England, with quite a diverse constituency and 

quite diverse interests. Perhaps the starkest geographic and cultural divide is palpable 

between Cumbria’s United Nations Educational, Scientific and Cultural Organization 

(UNESCO) World Heritage site of the Lake District, a major tourist destination, and the 

so-called Energy Coast, which is the nickname for West Cumbria, traditionally associated 

with industry, which has ranged over time from shipping to mining to metal and chemical 

works to the nuclear. The Energy Coast is wedged in between the Lake District and the 

Irish Sea, cumbersome to reach by rail or by road, remote and lacking the immediate and 

intimately picturesque appeal of the villages and landscapes on the eastern side of the 

Lakes. Some people liken Cumbria to a Polo mint or a donut, with the Lakes constituting 

the hole in the middle. 

West Cumbria: Views from the outside-in, and from the inside-out 

The social and moral tension between the Energy Coast and the Lakes is sketched in an 

essay written by Malcolm Chapman some 25 years ago, with contemporary resonance. In 

an amusing, quite evocative manner, Chapman recounts how he visited Ennerdale, the 

valley that runs westward from the Lakes into Copeland (Chapman, 1997). He describes a 

coming together in Ennerdale of “walkers” and “locals” who are quite differently dressed. 

Although they find themselves in the same place, Ennerdale, Chapman suggests that the 

walkers find themselves in Lakeland, whereas the locals are in West Cumbria. What he 

                                                      
8.  In the Sellafield Workers’ Campaign organised by trade unions at Sellafield, the decision not to 

go ahead with a West Cumbrian GDF in 2013 was deplored as follows: “The Sellafield Workers 

Campaign are exceptionally disappointed that Cumbria County Council recently voted against a 

study into a geological disposal facility for radioactive waste. The role that such a facility could 

play in the [United Kingdom’s] nuclear renaissance cannot be underestimated. Alongside the 

strategic importance of the site for the whole nuclear industry and new build programme, the 

Sellafield Workers Campaign were also acutely aware of the fact that the site would have 

provided quality sustained employment opportunities for West Cumbria for around 140 years 

averaging out at 555 jobs each year over the life cycle of the facility”. 
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seems to hint at here is a difference in circumstances (there are class issues at work in his 

example) and a difference in outlook or worldview. Chapman’s essay plays on what he 

calls “moral geography” – how the social imagination invests qualities in different places, 

and sees or disregards these places according to rules which are only loosely related to 

objective reality (as might be recorded by geologist, cartographer or demographer). 

“…[The] semiotic system in question…has a profound and real effect upon what people 

know, see and experience”. (Chapman, 1997) Chapman writes from experience, having 

lived on the border between the Lakes and Copeland for three years, and he suggests that 

outsiders perceive West Cumbria as a place where one does not venture for one’s leisure –

a place where the nuclear industry keeps people in a stranglehold. This is an outsider view 

that he takes issue with. He wants “to make the point that one important indigenous view 

– that of many people who live near, and work in, Sellafield – is more or less censored in 

national debate”, namely, the “indigenous” view that Sellafield has become a comfortable 

part of the local political and social economy rather than being felt as an oppressing 

presence (Chapman, 1997). When he tries to put forward his own lived perspective of local 

dynamics, what happens, he writes, is that “his presentation has tended to be taken as an 

invitation to discuss how and why the local people get things so wrong”. (Chapman, 1997). 

Chapman, then, attempts to put forward a local worldview, and suggests that outsiders to 

the region keep clinging to their fixed ideas about Copeland as a troubled place that needs 

help, which leads to a lack of shared understanding. Chapman’s approach from the 

inside-out is the kind of nuanced analysis of local circumstances and outsider assumptions 

that I hope to achieve in my ethnography of the nuclear industry in its West Cumbrian 

context, 25 years later.  

What will be particularly interesting in the local discussions about a GDF will be the 

tension to which Chapman refers between the interests of Lakeland, dependent on tourism 

and outsider images of majestic nature and rural bliss, and West Cumbria, with its industrial 

history and ethos. The contrasts between Lakeland and the Energy Coast, however, are not, 

or no longer, as stark as Chapman makes them out to be. Walkers and locals meet in shared 

endeavours, for example on land where trees get planted or riverbanks reinforced, as I have 

noticed as a volunteer for the National Trust. Another thing that has become very clear to 

me is that West Cumbria is by no means homogeneous in its loyalty to the nuclear industry. 

Those who do not work for Sellafield or its supply chain may begrudge those who do their 

high salaries or may complain about the excessive traffic with which Sellafield activity is 

associated, clogging a local infrastructure that is poor to begin with. West Cumbria is a 

patchwork of different moral and social realities, each showing different articulations with 

the nuclear industry. 

These socio-economic contrasts within West Cumbria are briefly commented upon in a 

monograph that discusses various case studies of places associated with the nuclear industry. 

Andrew Blowers (2017) suggests that regions hosting nuclear facilities may be considered 

“peripheral communities”, places that are located on the periphery, relatively powerless 

and with weak economies, and willing to take on the hazards of the nuclear because they 

are familiar with nuclear facilities to begin with. Drawing on a sociological study of West 

Cumbria carried out in the early 1990s by Wynne et al. (2007) and on discussions he 

conducted himself with political representatives, anti-nuclear activists and some nuclear 

experts in West Cumbria, Blowers associates peripheral communities with resignation and 

with resilience, the former related to a burden of stigma, the latter to a pragmatic attitude 

of getting on with things. My impression from the inside-out, however, seems to suggest 

that stigma may not, or no longer, be the appropriate term here. Several people have expressed 

a feeling of excitement to me about the nuclear history as it has become sedimented at 
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Sellafield and about the challenge of turning things around. Some have remarked on a 

change of attitude amongst outsiders, expressing a curiosity about the place rather than the 

disapproval from the past.  

But what I have found most intriguing is a confident, rather defiant attitude I have noticed, 

quite at odds with the notion of “stigma”. Regular contact between the nuclear industry and 

local stakeholders is assured through the West Cumbrian Sites Stakeholder Group 

(WCSSG), one of a number of similar formal groups spread out over the United Kingdom 

and established by the NDA. The WCSSG is the active forum in West Cumbria charged 

with the task of holding the nuclear industry to account. It brings together public bodies, 

government representatives, activist groups and individuals, but is quite entangled with 

Sellafield as several of the people most active in the WCSSG are (retired) Sellafield 

employees with a lot of nuclear expertise and business acumen. WCSSG meetings are open 

to the public and of great interest to my inquiry into the region and its relationships with 

the nuclear. During the round of GDF stakeholder workshops, the WCSSG hosted a visit 

by BEIS representatives to talk about the two GDF consultation documents. Since then,  

the WCSSG has drawn up a reaction to the documents, calling for West Cumbria to be 

acknowledged as unique: West Cumbria, the WCSSG argues, has been host to the nuclear 

industry and its waste for many years and should be accorded special status and special 

compensation, also if the GDF does not end up in Cumbria. 

A local note of defiance is also apparent when it comes to the material ramifications of a 

GDF. Various local stakeholders, including the unions at SL, have expressed reservations 

because they feel more clarity is needed on which radioactive materials are supposed to be 

included in a GDF: particularly, some are of the opinion that plutonium and uranium, 

chemical elements that are separated out in reprocessing, remain valuable and could be 

used to great advantage, so should be retrievable. This is a point of view that relates to 

hopes and expectations for future research, turning the siting of a GDF into an issue that 

cannot be separated from other, uncertain, developments into the possibilities and 

controversies of nuclear installations and infrastructures. It is precisely for such reasons 

that the proposed GDF consultation process is bound to provide insights into nuclear 

sensibilities on the Energy Coast. I plan to follow this process closely over the coming 

years as part of my ongoing ethnography of Sellafield in its West Cumbrian context. 
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Abstract 

The EC H2020 project Sustainable Network for Independent Technical Expertise of 

Radioactive Waste Disposal – Interactions and Implementation (SITEX-II) has resulted  

in the establishment of a network to ensure sustainable capacity for developing and 

co-ordinating joint and harmonised activities related to the independent technical expertise 

function regarding the safety of deep geological repositories of radioactive waste. 

In Work Package 2 (WP2), titled “Developing a Joint Review Framework”, a common 

understanding among regulators, technical support organisations (TSO) and civil society 

(CS) has been developed, on the interpretation and proper implementation of selected 

high-level safety requirements issued by international entities [European Commission (EC) 

directives, International Atomic Energy Agency (IAEA), International Commission on 

Radiological Protection (ICRP), Western European Nuclear Regulators Association 

(WENRA),…]. Also, a guidance on reviewing the safety case has been developed. 

This paper presents the main achievements of this work. 
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Introduction 

The fulfilment of the safety requirements by waste management organisations (WMOs) 

requires not only a clear formulation of regulatory expectations but also technical guidance 

explaining how these requirements can be met in practice and how their fulfilment should 

be substantiated in the safety demonstration (i.e. safety case).  

In the framework of the SITEX-II project, four topics were discussed to share national 

experiences and prospective views on the interpretation and implementation of these safety 

requirements and/or recommendations: 

 optimisation of protection; 

 waste acceptance criteria; 

 operational issues in regards with post-closure safety; 

 site characterisation programme. 

Discussions on the above-mentioned topics were reported in position papers (SITEX-II, 

2018a) providing a reference to national regulatory bodies supporting the development of 

their own technical guides and to WMOs when developing the safety case during its various 

phases. The first part of this paper highlights the key points of these position papers. 

In addition, a technical guide on the review of a safety case describing the role of the 

regulatory body in the pre-licensing and licensing processes has been developed (SITEX-II, 

2018b). It identifies the needs for an efficient review management system, describes the 

competences and expertise the regulatory body has to acquire for independent review, 

points out the importance of the safety strategy and proposes a tool to analyse a safety case 

through the different key phases of the development of a deep geological repository (DGR). 

The second part of this paper gives a summary of this guidance. 

Position papers 

Position paper on optimisation of radiological protection applied to the 

development and implementation of a DGR 

There are various uses of the word “optimisation” throughout international and national 

guidance. For the regulatory body, it is important to focus on the optimisation of protection 

as defined by the ICRP (2013). There is therefore a need to discuss the practical 

implementation of this principle. 

The position paper points out the following key messages: 

 The optimisation of protection is a stepwise and iterative process. It consists of the 

identification of safety criteria or attributes to select the optimal protective options. 

These criteria/attributes must allow the assessment of the safety benefits of the 

considered options in terms of performance and robustness. Common understanding 

and commitment to these criteria/attributes should be reached between all concerned 

organisations prior to the start of the options comparison exercise. Both operational 

and long-term protection have to be optimised from early phases and across the full 

life cycle of the DGR, and balanced as a whole. Optimisation of protection does 

not mean “minimisation” of radiological impacts as the best option is not 

necessarily the one with the lowest dose. The “optimum” is considered to be 
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reached once the benefit in protection has become small with regard to the resources 

needed. 

 Prevailing circumstances, which refers notably to non-technical aspects (social 

issues, resources, political context, etc.) can bound the optimisation process to 

various extents, such as by limiting the available options and/or by defining 

additional conditions (e.g. retrievability). However, prevailing circumstances may 

not unacceptably impair safety. 

 A decision “to go back” (i.e. undoing previous decisions/choices) should be the 

result of optimisation in the sense that the benefits of going back should be balanced 

with the risks and costs of going back. 

 The regulatory body shall verify that the optimisation principle and associated 

requirements have been adequately implemented throughout the whole DGR 

development. 

 The importance of protection against non-radioactive pollutants has been recognised. 

A balance should exist between protective measures against potential radioactive 

and non-radioactive impacts. 

Position paper on waste acceptance criteria (WAC) for DGR 

The position paper intends to cover the life cycle of WAC, including preliminary WAC 

and updating of WAC. The preliminary WAC may contain only generic criteria, i.e. might 

not contain every requirement related to a specific repository facility. In all cases, it is 

important that the waste is conditioned in a passively safe way so that they are suitable for 

safe storage, while ensuring as far as possible that they are also suitable for disposal so as 

to reduce any future need for re-conditioning or repackaging the waste. 

The position paper points out the following key messages: 

 Defining WAC is a stepwise iterative process, it shall be duly planned and adequate 

milestones identified prior at the start. 

 Roles and responsibilities must be precisely defined throughout the continuous and 

iterative process of defining WAC, allowing for thorough understanding of the 

criteria and their use by each interested party.  

 Preliminary WAC should be available as soon as possible including the intention 

for minimising the need for any future intervention. Their updating should be done 

through an iterative process carried out in parallel and in conjunction with the 

development of DGR design and safety assessment. 

 Elaboration of preliminary WAC needs to take into account all the interdependent 

steps identified or assumed for the management of these wastes until final disposal, 

and their interdependencies. 

 While defining limits and parameter values, particular attention should be focused 

on how to practically check compliance of waste with these limits and values. 

 Traceability of departures from WAC and non-conformity treatment is important 

and the lessons learnt are a key task within the objective of continuous quality and 

safety demonstration improvement. 
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 WAC may include different parameters, eventually with different limit values to be 

checked at different steps in the management process of the waste.  

Position paper on-site characterisation programme for DGR 

Site characterisation essentially begins at the earliest stage of the investigation of a site and 

is expected to become more intensive as the siting process progresses through to confirmation 

of the site. Even after site confirmation, site characterisation activities will be required in 

the initial licensing phases and are normally expected to continue during the site preparation, 

construction and operational phases, in order to contribute further to an adequate baseline 

for future monitoring and to contribute to the confirmation of assumptions made in earlier 

safety cases and to reduce any residual uncertainty in the safety case.  

The position paper points out the following key messages: 

 Site characterising activities could take place over decades. The data gathered in the 

preliminary stages may be used to support the initial licence application, forming 

part of the safety case and future iterations. The (prospective) licensee should 

demonstrate that the results of siting and characterisation activities are accurate, 

comprehensive, reproducible, traceable and verifiable. Margins of errors need to be 

clearly identified in order to treat uncertainties properly. Therefore, site characteristic 

activities should be carried out under a robust management system. 

 Regular dialogue with the regulator from the very beginning of the process is strongly 

encouraged to ensure that regulatory expectations and licensing requirements are 

clearly understood. 

 The site characterisation programme should establish baseline conditions for the site 

and environment in its undisturbed condition (used as a reference for the monitoring); 

support the understanding of the normal evolution; identify any events and processes 

associated with the site that might disturb the normal evolution of the DGR system 

and support the understanding of the effect on safety of any features, events and 

processes associated with the DGR. 

Position paper on operational issues with regards to post-closure safety 

For the expertise function, a challenge in the evaluation of DGR safety cases is to assess 

operational safety with regard to long-term safety and vice versa. The IAEA International 

Project on Demonstrating the Safety of Geological Disposal (GEOSAF) definition of 

“safety envelope” has been adopted, i.e. “values below which, at the start of the post-closure 

phase, the safety functions must fall in order to deliver post-closure safety.” (IAEA, 2013). 

The position paper points out the following key messages: 

 The engineered barriers’ design and the architecture results from an optimisation 

process (including radiological protection) that considers both operational and 

long-term safety. 

 The performance of engineered barriers must be targeted to fulfil the requirements of 

operational safety and the requirements of long-term safety. However, the long-term 

performance of engineered barriers will be affected by the way they will be built 

and managed during the operational phase. 
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 The operational aspects of the safety case should show the strategy the (prospective) 

licensee uses for the final closure of the DGR. This strategy is deeply correlated 

with reversibility and flexibility where required. 

 Management of ageing equipment and structures should consider both operational 

and long-term safety. In particular, it is of utmost importance to identify the 

components that need to be maintained (or replaced) accounting for their role in the 

long-term safety. 

 Human factors should be integrated throughout the safety case, considering links 

between operational safety and long-term safety. It is therefore important to ensure 

right from the design phase that the facility can provide compensating measures for 

such decline, i.e. a resilient design. 

 Management system (including quality assurance [QA]) and monitoring should 

allow checking continuously whether any event during operation may impact the 

facility and the safety envelope. 

 The challenge for the regulatory body is to evaluate whether the safety case shows 

that: 

o the safety envelope allows to reach the safety objective; 

o arguments and evidence allow to give confidence in reaching the safety 

envelope; 

o a sound operational safety strategy has been developed taking into account 

peculiarities of the operational phase, such as concurrent activities (construction, 

nuclear operation, maintenance, partial closure, etc.) and the specifics given by 

the context of a DGR (facility size, underground risks, monitoring, etc.); 

o a capacity for resilience exists during the DGR lifespan, whatever the incidents, 

accidents, design and waste acceptance criteria changes that will occur before 

the DGR is finally closed. 

Technical guide on the review of a safety case 

Review through the different phases 

As for all other nuclear facilities, the overall goal of the regulatory review of a safety case 

for a DGR for radioactive waste is to verify that the DGR will not cause unacceptable 

adverse impact on safety, human health and on the environment, now and in the future. 

A DGR project will extend over decades and will go through many development phases. 

The regulatory body has therefore a continuing role to review the safety case, which has to 

be regularly updated to remain an adequate basis for making decisions throughout the  

DGR life cycle (Lemy and Bernier, 2013). The objective and content of the regulatory review 

must be adapted to account for the development phases of the DGR (i.e. conceptualisation, 

siting, reference design, construction, operational and post-closure). The regulatory 

decision-making process may involve more than one regulatory body and various 

stakeholders (public, interested parties, etc.). 

At the end of each phase, the review of a safety case aims at determining whether it has 

been developed to an acceptable level in terms of quality and confidence in safety to move 

to the next phase of the project. 
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Regulatory body involvement within the pre-licensing process 

During the pre-licensing phase, key elements for DGR developments providing the basis 

for all subsequent activities are established and important decisions are taken, like the 

selection of the site. At the end of this phase, the applicant should be able to substantiate 

that the proposed design allows to reach the safety objective and that activities, covering 

all subsequent steps, may be carried out such that the safety is not compromised. 

The pre-licensing phase is therefore crucial for the success of the disposal project. During 

this phase the regulatory body will develop and update the regulation and develop its own 

competences. It will also exchange with the prospective licensee to make clear the regulatory 

body’s expectations and to discuss the methodologies used to develop the safety case. 

Early interactions with the regulatory body, prior to a formal licence being submitted, are 

essential. The regulatory body provides guidance and recommendation to the prospective 

licensee. If not already formalised, the process can be organised within the framework of a 

“service agreement” between the regulatory body and the prospective licensee. Much of 

this will be concerned with the objectives and targets to be reached at each step enabling to 

go forward the next step, the safety strategy, the management system, the methodological 

approaches to assess operational and post-closure safety and the content of the safety case. 

At some key decision steps, the regulatory body may be expected to make a preliminary 

review of pre-licensing documentation [e.g. research and development (R&D) programme, 

preliminary assessment, safety case supporting site selection,…] (WENRA, 2014). 

The regulatory body may also have a more formal role in, for example, providing input to 

legislation (EPG, 2016). The regulatory body may also be called upon to advise government 

and interact with other stakeholders. 

The pre-licensing process should be understood by the parties concerned (IAEA, 2010) and 

milestones should be defined where they can judge the results achieved. The roles and 

responsibilities of each stakeholder must be clear. The framework adopted should foster an 

open, transparent, fair and broadly participatory process (NEA, 2011) giving the public and 

civil society opportunities for early participation. This may include explaining the role of 

the regulator and future licensing process to potential host communities and members of 

the public. 

However, the regulatory body should be very careful to maintain regulatory independence 

by not contributing to developing the concept and the design of the facility, and by ensuring 

that the responsibility for the project is seen to lie with the prospective licensee (WENRA, 

2014). In this regard, the regulator will need to establish and develop its resources and 

identify the need for its own independent research and development to be conducted in 

support of its expertise and ensure that the results are available in due time. 

Regulatory body involvement within the licensing process 

The licensing process generally includes construction, operational and post-closure phases. 

At every successive licensing stage, the regulatory body will assure itself that the licensee 

is achieving an adequate level of quality on safety-related aspects of the project and its 

implementation. The regulatory body will thoroughly review each aspect in the light of 

up-to-date information in order to decide whether to allow the licensee to move to the next 

step. All the information necessary to fully and confidently demonstrate the long-term safety 

may not be complete until a decision to close the facility is sought and it is subsequently 

confirmed that closure of the facility has been implemented appropriately.  



174  NEA/RWM/R(2018)7 
 

 CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE 
  

Regulatory body management system and expertise capacity building 

In order to fulfil its statutory obligations and to achieve and maintain, at all times, a high 

level of quality performance in regulating the safety of nuclear facilities and activities, the 

regulatory body has to develop, establish, implement, continuously evaluate and improve 

an effective and efficient integrated management system. 

In order to ensure the quality and success of a regulatory review, the regulatory body should 

have personnel with expertise and hands-on experience in safety assessment of radioactive 

waste facilities and should have either in-house expertise or should have access to specialists 

in all disciplines involved in such assessment. An independent R&D programme is also 

important in order to gain the required expertise. 

Regulatory review of the safety strategy 

DGRs are complex projects over long time scales. Sound management will require adopting 

a strategy for safety establishing the principles and approaches guiding how the safety 

objective will be achieved. The safety strategy is crucial for the whole development of a 

DGR for radioactive waste and its implementation. Safety strategy forms the foundation of 

the safety cases and serves as the basis for argumentation and justification. Therefore, it is 

very important that the regulatory body review the safety strategy from the very beginning of 

the project and that an ongoing dialogue on this issue is maintained. It will also be important 

to keep other stakeholders (including civil society) aware about the safety strategy and 

listen to their views. A sound safety strategy is crucial to maintaining a broad consensus 

among involved stakeholders (EPG, 2016). 

Review grids 

Review grids have been developed (SITEX-II, 2018b) as a tool for guiding the review of 

the safety case through the different development/implementation phases. The review grids 

consist of a checklist of items to be reviewed in order to assist the reviewer. It is not a 

mandatory list since the database would have to be adapted for each country taking into 

account specificities of the national regulatory context. The review grid is an evolving tool.  

Figure 1 presents an extraction of the review grid on the example of the monitoring. The 

review grid is divided into sections. Each relates to one specific component of the safety 

case as defined in the IAEA’s SSG-23 (2012): safety case context, safety strategy, system 

description, safety assessment, integration of safety arguments and management system. In 

addition, the review grid includes specific sections related to monitoring and periodic safety 

review. 
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Figure 1: Review grid example 

 
 

Within each section, columns are describing the expected safety case content, the related 

WENRA safety reference levels (SRLs) (2014) and the verifications to be made by the 

regulatory body as a support of its review. 

Other columns correspond to the pre-licensing and licensing phases. For each line the 

review grid specifies the status of the content of the safety case at these different phases: 

preliminary status asked for the related phase (P); first formal status asked for the related 

phase (F); updates asked (U). An additional column “generic” is marked with a cross (X) 

when a status can be given for all phases. 

Conclusion 

Four topics were selected within WP2 of the SITEX-II project to share national experiences 

and prospective views on the interpretation and implementation of these safety requirements 

and/or recommendations. The outcome of the discussions was reported in position papers 

providing a reference to national regulatory bodies and to WMOs. 

The purpose of WP2 was also to develop a guide on reviewing the safety case. The main 

objective aimed at completing the exchange of feedback on the regulatory review process 

throughout the development of the safety cases. Moreover, the review grids have been 

developed as an efficient tool to support the safety case review and will continue to be 

developed within the existing SITEX network. 
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Abstract 

In this paper, a rationale and overview of CNSC’s regulatory research on the safety of 

geological disposal and the progress on different research activities will be presented. The 

presentation will focus on how research results were and will be used to support the review 

of safety cases for geological disposal projects being considered in Canada. 

Introduction 

In Canada there are currently two initiatives for the geological disposal of radioactive wastes. 

For used nuclear fuel, the concept of geological disposal has been studied since the late 

1970s. At the present time, the implementer, the Nuclear Waste Management Organization 

(NWMO) is performing site selection among five remaining volunteer communities for the 

disposal of used nuclear fuel in Canada. The NWMO currently anticipates applying to the 

Canadian Nuclear Safety Commission (CNSC) for a site preparation and construction 

licence for a selected site in 2028. For low- and intermediate-level waste (LILW), the waste 

producers are each responsible for the management and disposal of their own wastes. In 

2005, Ontario Power Generation (OPG) submitted a project description to the CNSC for 

the site preparation and construction of a deep geological repository (DGR) for their LILW. 

The project was referred to a Joint Review Panel (JRP) under the Canadian Environmental 

Assessment Act. The JRP considered both the environmental impact statement (EIS) and 

the licence application to the CNSC for site preparation and construction. In 2015 the JRP 

issued a report to the federal government recommending the approval of the DGR. A decision 

has not yet been taken by the federal government as it has requested additional information 

from OPG. 

Research, site characterisation and engineering activities performed by the implementer 

might span decades in order to collect the necessary data and knowledge for the preparation 

of a safety case in support of a licence application to the CNSC. Following international 

best practice, the CNSC becomes involved at an early project stage, before receiving a formal 

licence application. This involvement includes activities such as establishing a dialogue 

with the implementer; reviewing preliminary safety cases; monitoring the implementer’s 

research, engineering and site characterisation activities; developing regulatory guidance; 
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and carrying out independent regulatory research. In this paper, a rationale and overview 

of CNSC’s independent research and the progress on different research activities will be 

presented. The presentation will focus on how research results are used to support the 

review of safety cases for geological disposal projects in Canada.  

Rationale and overview of CNSC’s regulatory research 

Independent regulatory research is an important component of pre-licensing regulatory 

involvement with waste disposal projects, allowing the regulator to build independent and 

objective knowledge. Keeping abreast of scientific and technical knowledge allows the 

CNSC to make well-informed, science-based regulatory recommendations and decisions. 

In order to optimise the resources allocated to its regulatory research programme, the CNSC 

has adopted the following strategy: 

 focusing on key safety aspects as inferred from the proponents’ safety cases; 

 leveraging national and international collaborations, while retaining in-house 

expertise. 

The above strategy is implemented in the CNSC research programme as illustrated in 

Figure 1. The goal of geological disposal is to protect people and the environment during 

both pre-closure and post-closure periods. That protection is provided with a system of 

engineered and natural barriers to contain and isolate the waste. The safety case then has to 

provide evidence that the barriers would adequately perform for hundreds of thousands of 

years or more, under the perturbing effects of events and processes that are expected to 

occur during that time frame. The CNSC strategy is to conduct research to better understand 

the barriers’ performance and reduce the uncertainties related to that performance. The 

current projects of the research programme and their inter-relationship are illustrated in 

Figure 2. The programme integrates mathematical modelling with experimentation. 

Mathematical modelling is performed mainly in-house and includes development of 

coupled thermal, hydraulic, mechanical, chemical (THMC) models to assess individual 

barrier evolution and performance and also their interactions. Data to validate the models 

come from small-scale laboratory experiments, and larger-scale experiments from 

underground research facilities. The experiments are performed by CNSC’s Canadian and 

international partners from universities (e.g. Queen’s University), government research  

Figure 1: CNSC regulatory research strategy 
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Figure 2: Current projects in the CNSC research programme 

 
 

institutions (e.g. Geological Survey of Canada) and technical support organisations (e.g. the 

French Institute for Radiation Protection and Nuclear Safety). The spatio-temporal scale for 

those experiments (tens of metres for tens of years in duration) is however small compared 

to the scale for geological disposal (kilometres for up to millions of years). In order to 

bridge that gap, the CNSC collects information from paleohydrogeology and natural 

analogues and performs THMC modelling to interpret the data and information. The CNSC 

is also developing tools and expertise in order to conduct independent safety assessments 

of the overall repository system. 

A summary of research findings from the CNSC’s research programme is available online 

(www.nuclearsafety.gc.ca/eng/waste/cnsc-research/geologic-repositories/index.cfm). The 

research programme was started in the late 1970s by the CNSC’s predecessor, the Atomic 

Energy Control Board (AECB), in preparation for the review of the concept of geological 

disposal in crystalline rock of the Canadian Shield studied by Atomic Energy of Canada 

Limited (AECL). The results of the AECB’s independent research allowed the AECB to 

provide its report in 1996 to the Review Panel (the Seaborn Panel). In the report, the AECB 

concluded that AECL’s concept was acceptable and that Canada should proceed to a site 

selection process. The AECB, and from 2000, its successor the CNSC, continues its research 

programme up to the present time. The research results enable the CNSC to make 

science-based recommendations on the projects of both the OPG and the NWMO. Some 

examples of recent research results and their potential implications on the CNSC licensing 

recommendations will be discussed in this paper. 

Examples of CNSC research on geological disposal in sedimentary rock 

In Canada, sedimentary rocks of the Michigan Basin and crystalline rocks of the Canadian 

Shield are both currently considered as potential host rock types for the geological disposal 

of radioactive waste. In the following examples, we focus on the Michigan Basin. 

Sedimentary rock sequences of the Basin were deposited onto the Precambrian Shield over 

several episodes between ~500-300 million years ago. A geological profile of the Basin at 
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the site of a DGR for LILW proposed by OPG is shown in Figure 3. The proposed DGR 

would be located at a nominal depth of 680 m, in an argillaceous limestone bed (the 

Cobourg formation). Several layers of shale overlie the Cobourg formation. Both the host 

limestone and the shale are characterised by low permeability and high sorption capacity. 

In addition, the Cobourg limestone is characterised by high strength. 

Figure 3: Cross section of the eastern extent of the  

Michigan Basin showing the location of a proposed DGR for LILW 

 

Note: Approximate 50× vertical exaggeration. 

Source: NWMO (2011). 

Paleohydrological information in support of the safety case 

The culmination of the Appalachian orogeny ~250 million years ago was the last major 

tectonic event to have affected the Basin. During the last million years, North America and 

therefore the region encompassing the Basin experienced nine glacial cycles, each one 

lasting approximately 120 000 years. The last cycle began ~120 000 years ago. At glacial 

maximum, the maximum ice thickness reached ~4 km, imposing pressures of up to 40 MPa 

on the surface resulting in depression of the crust by up to 500 m. The advance and retreat 

of the ice cap resulted in gouging and carving features, including deep valleys, into the 

bedrock. The Great Lakes began to form ~14 000 years ago at the end of the last glacial 

period as meltwaters filled basins left behind by glaciers.  

The CNSC developed a coupled HMC model to simulate the effects of the nine past 

glaciation-deglaciation cycles on the site of the proposed DGR (Nguyen, 2018). The model 

was run from 1 million years (My) ago up to the present time. Figure 4 compares the 

measured data and modelling results for the pressure distribution and the total dissolved 

solids (TDS) distribution in the rock formations, after nine glacial cycles. The underpressure 

found at depths greater than 400 m is a result of poroelastic rebound after deglaciation that 

started ten thousand years before present. That underpressure can only persist until present  
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Figure 4: Present-day pressure and TDS distribution at the site of the OPG’s proposed DGR 

 
 

because of the very low permeability of the rocks in the deeper formations. The high TDS 

concentration at depths greater than 400 m is virtually identical to its initial concentration 

1 My ago, showing that the deep porewater is essentially stagnant and has not mixed with 

shallow groundwaters or surface waters, such as the Great Lakes, despite nine glacial 

cycles. In addition to the pressure and TDS profiles, the profile of rock quality designation 

(RQD) also suggests that, at depths greater than a few hundred metres, the rock formations 

have remained mechanically unaffected by the tremendous repeated pressure exerted on 

the surface by the ice sheet. This finding was also confirmed by the model. 

The above mathematical modelling results, corroborated with geological, hydrogeological 

and geochemical data, show that the deep sedimentary formations around the proposed 

DGR have remained resilient to repeated THMC perturbations induced by the past nine 

glacial cycles. The above finding provides complementary evidence to the conclusion of 

the OPG’s safety assessment that, due to the very high level of containment provided by 

the geosphere, the biosphere will be unaffected by the proposed DGR for LILW. 

Remaining uncertainties were identified by OPG. They are handled in the safety assessment 

by using conservative assumptions and performing sensitivity analyses and bounding 

approaches. Further research to reduce the uncertainties was also proposed by OPG. CNSC 

also performs independent research related to the identified uncertainties. Three examples 

will be presented in this paper: the hydromechanics of the Cobourg Formation, the effect 

of brine on the swelling potential of bentonite seals and the effects of microbial activity on 

gas generation.  

The hydromechanics of the Cobourg limestone 

Excavation of the repository rooms, access galleries and shafts of the DGR create an 

excavation damage zone (EDZ) with higher permeability and lower strength compared to 

the intact rock. The EDZ might constitute a preferential pathway for radionuclide 

migration. In collaboration with the University of Toronto, the CNSC has performed 

experimental and theoretical research in order to assess the extent and characteristics of the 

EDZ in the Cobourg limestone. 
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The experimental programme (Nasseri et al., 2018) consists of a series of triaxial tests with 

measurement of the permeability evolution at increasing stress levels. A coupled HM 

model was developed (Nguyen et al., 2018) to interpret the experiment. The model shows, 

consistent with the experimental data, the following points illustrated in Figure 5: 

 As the stress level increases, deformation increases progressively up to the peak 

strength [Figure 5(a)]. 

 After the peak stress, the sample becomes unstable with a sudden decrease in the 

stress, an increase rate of deformation and a rupture of the sample along narrow 

fractured zones [Figure 5(b)]. The above mechanical phenomena lead to an increase 

in the effective permeability of the sample with damages by orders of magnitude 

[Figure 5(c)]. 

Figure 5: The hydro-mechanical behaviour of the Cobourg limestone 

(a) Stress-strain response 

(b) Post-peak damage – the red zone shows a narrow damage zone 

(c) Permeability evolution 

 
 

The EDZ might constitute preferential pathways for radionuclide transport. This has been 

taken into account by OPG in the design and safety assessment of the DGR. In practice, 

the two most important parameters of the EDZ would be its extent and its bulk permeability. 

OPG has used conservative estimates in order to perform the safety assessment of the DGR 

and design mitigation measures that incorporate the potential effect of the EDZ. The 

verification that those estimates are indeed conservative is an iterative process, through 

ongoing research and monitoring during the life cycle of the DGR. The present study has 

provided the CNSC with further independent understanding of the inter-relationship between 

damage and permeability for the Cobourg limestone, providing partial confirmation of the 

proponent’s assumptions in the current safety case. 

The effects of brine on the swelling of bentonite seals 

Bentonite-based mixtures are currently considered to be the primary material for sealing 

the DGR openings at closure. The two shafts of the proposed OPG’s DGR must be adequately 

sealed to minimise radionuclide migration, either through gaseous or aqueous transport. 

Bentonite MX-80 is currently the candidate bentonite, and would be emplaced in a partially 

saturated state. When resaturated with groundwater, the bentonite would swell, fill the 

remaining gaps in the shafts and thus provide tight contact with the rock. The groundwater 

(a) (b) (c) 
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at depths of more than a few hundred metres at the site is very concentrated brine, with 

TDS of 200-400 g/L (see Figure 4). An experimental research programme conducted in 

collaboration with Queen’s University in Canada has shown that the swelling potential of 

MX-80 is substantially lower when infiltrated with brine as compared to de-ionised water 

(Rowe and Brachman, 2018). In order to achieve the required swelling pressure, the final 

specifications of the bentonite to seal the shafts should take into account the effect of 

porewater salinity. A mathematical model that takes into account coupled HMC processes, 

using a dual porosity concept is currently being developed to interpret the swelling 

behaviour of bentonite under brine infiltration (Li et al., 2018). 

The effects of microbial degradation of LILW on gas generation 

LILW contains organic material and micro-organisms. Upon introduction into a DGR, 

microbial communities will degrade the organic content of the waste thereby generating 

gas such as methane, carbon dioxide and hydrogen. Gas generation within a DGR will 

increase pressure and may limit water ingress into repository chambers, delaying migration 

of water-soluble radionuclides, but facilitating migration of gaseous radionuclides. The 

formation of methane is thought to limit pressure build-up. OPG has used conservative 

assumptions to estimate the maximum pressure build-up. Even when assuming the 

upper-bound pressure, OPG’s safety assessment has shown that the geosphere acts as a 

very effective barrier, with no significant flow of free-phase or dissolved gas within the 

host rocks. Experiments conducted by CNSC staff confirmed that methane gas will form 

as long as pH remains neutral to alkaline in a repository environment. However, microbial 

degradation of organic matter will generate acids as a by-product of the gas generation 

reaction. DNA analyses confirmed the involvement of a diverse microbial community 

(Beaton and Goulet, 2018). Future research at the CNSC will determine the potential effect 

of acidity on the performance of engineered and natural barriers in the proposed OPG DGR. 

Conclusion 

The CNSC has performed independent regulatory research on the safety of geological 

disposal since the late 1970s. The research has allowed the CNSC to build independent 

expertise and has provided a solid scientific basis to CNSC’s regulatory recommendations 

and decisions. It also adds to the CNSC’s credibility and contributes to the fulfilment of 

one of the areas of the CNSC’s mandate: to disseminate objective scientific, technical and 

regulatory information to the public. 
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Abstract 

The US Department of Energy’s (DOE) Waste Isolation Pilot Plant (WIPP) is a deep 

geologic repository in south-eastern New Mexico developed for the disposal of atomic 

defence waste contaminated with transuranic radionuclides, with plutonium-239 being the 

primary long-term (after 3 000 years) radionuclide. Generic regulations for deep geologic 

repositories were developed by the US Environmental Protection Agency (EPA) in 1985 

and revised in 1993. The long-term performance requirements are for 10 000 years. In 1997 

the EPA developed site-specific implementing regulatory criteria for the WIPP. These 

criteria were used as the basis for determining whether the WIPP would comply with the 

generic regulations. The EPA certified (i.e. licensed) the WIPP in 1998 after a review of 

the performance assessment and documentation submitted by the DOE that together 

comprise the safety case. The EPA did require the DOE to perform additional calculations 

to address questions about the modelling. This process has been followed with a recurring 

five-year recertification application that the WIPP Land Withdrawal Act requires the DOE 

to submit. The EPA has now recertified the DOE three times, most recently in July 2017.  

With each recertification, the DOE is to update information that has changed. Typically, 

this includes new inventory estimates and results from experiments, such as those related 

to geochemistry, as well as incorporating new information on salt properties and movement. 

The DOE conducts new performance assessments and submits supporting information to 

demonstrate compliance with regulatory limits. One regulatory challenge for the EPA is 

ensuring that the DOE appropriately updates data and reaching agreement between the 

agencies on the data used. The DOE has demonstrated multiple times that the WIPP 

complies with the EPA’s regulations and that the WIPP is a robust disposal system; however, 

the DOE must also consider updated data to maintain confidence in the disposal system. 

There is a balance to be achieved between continued compliance requirements and 

confidence of the disposal system. This includes issues such as how much data is enough 

and the use of bounding calculations versus more “realistic” (if conservative) calculations. 

 

A challenge to the confidence in the disposal operations occurred in February 2014 when 

there was a very minor release of radioactivity to the accessible environment. This event 
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also contaminated the underground and operations. DOE staff could not access the 

underground for six months, and the lack of ground control maintenance on the salt, which 

creeps, resulted in worker safety and roof stability issues. As a result, the DOE is abandoning 

one waste panel and will not put in panel closures in several others, necessitating design 

changes to the repository. The DOE has not identified a new design, but it is clear that any 

design will result in a situation that the current performance assessment computer code 

cannot model. Thus, the DOE will need to develop and implement a new computer modelling 

approach that the EPA will have to review. Communication between the DOE and the EPA 

on the future design and the new modelling effort will be important to enable EPA 

understanding and timely review of the DOE’s proposed changes. Issues related to the 

changing situation will be discussed. 

Introduction 

The US Department of Energy’s (DOE) Waste Isolation Pilot Plant (WIPP) is a deep 

geologic repository in south-eastern New Mexico developed for the disposal of atomic 

defence waste contaminated with transuranic radionuclides, with plutonium-239 being the 

primary long-term (after 3 000 years) radionuclide (see Figure 1). The transuranic waste 

disposed at the WIPP consists of materials such as radioactive sludges, soils and laboratory 

materials (e.g. chemical mixtures, contaminated glove boxes, paper and glass). Wastes are 

typically not treated unless necessary for shipping purposes (e.g. to limit hydrogen build-up). 

Transuranic waste is defined as waste with radionuclides heavier than uranium containing 

more than 100 nanocuries (3.7 Bq) of alpha-emitting transuranic isotopes per gramme of 

waste, for isotopes with half-lives greater than 20 years. 

Figure 1: WIPP location 

 

Source: DOE. 

Generic regulations (40 CFR Part 191) for deep geologic repositories were developed by 

the US Environmental Protection Agency (EPA) in 1985. The long-term performance 

requirements are for 10 000 years. As directed by the WIPP Land Withdrawal Act of 1992 

(WIPP LWA), the EPA revised 40 CFR Part 191 in 1993 and in 1997 the EPA developed 

site-specific implementing regulatory criteria for WIPP (40 CFR Part 194). These were the 

criteria used as the basis for determining whether WIPP would comply with the generic 



NEA/RWM/R(2018)7  187 
 

CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE  
  

regulations. The EPA certified (i.e. licensed) WIPP in 1998 after a review of the performance 

assessment and documentation submitted by the DOE that together comprise the safety 

case. For certification, the EPA required the DOE to perform additional calculations to 

address questions about the modelling. The initial certification process has been followed 

by each five-year recertification application submitted by the DOE in accordance with the 

WIPP LWA. The EPA has now recertified WIPP three times, most recently in July 2017 

(Federal Register). Challenges faced with time include ensuring new data is appropriately 

incorporated and addressing changes that are ramifications of the radiological incident in 

2014. 

Performance assessment 

The DOE’s performance assessment results are calculated using EPA units, which are 

releases normalised to the repository concentration of a particular radionuclide 

(e.g. relative to 1 million curies of TRU radionuclides as identified in 40 CFR Part 191, 

Appendix A). The allowable releases (i.e. the release limits) are proportional to the amount 

of radionuclides disposed in the repository. The limits are established so that at higher 

release probabilities (release of 1 EPA unit at a probability of 0.1), the limits are more 

restrictive than for releases at lower probabilities (release of 10 EPA units at a probability 

of 0.001). Performance assessments include the effects of human intrusion. Figure 2 

illustrates the DOE’s estimate of calculated releases compared to the standards for the 

DOE’s 2014 submission and additional calculations requested by the EPA (CRA14_SEN). 

Since mean releases and the 95% confidence limits at the points (1, 0.1) and (10, 0.001) 

are less than (to the left of) the release limits (see the dashed line in Figure 2), the WIPP 

complies with the numerical release limits of 40 CFR Part 191. 

Figure 2: Compliance curves for the CRA-2014 and  

associated EPA requested sensitivity calculations 

 

WIPP release mechanisms 

Modelling of the WIPP repository indicates that in the undisturbed case, that is, if no human 

intrusion occurs, there are no viable pathways or mechanisms for radionuclides to escape 

to the accessible environment. The salt at the WIPP will creep close and isolate the waste. 

There may be brine inflows through anhydrite or clay interbeds, but modelling indicates 

essentially no radionuclide outward migration over 10 000 years.  
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The WIPP, however, is in area with drilling for natural resources, primarily oil and gas. 

The DOE has grouped the releases associated with human intrusion into four types (in order 

of importance): 

 Cuttings and cavings releases consist of material that gets brought to the surface 

when a borehole intersects waste in a WIPP waste panel. The cuttings are the 

material intersected by the borehole itself and the cavings material is waste that 

fails around the borehole, collapses into it and is brought to the surface. 

 Direct brine releases (DBR) are releases of dissolved actinides in brine when there 

is high pressure in the repository (i.e. above 8 MPa) and brine saturations are above 

residual saturation (i.e. brine is not “trapped” between pore spaces) as a borehole 

intersects a waste panel. The contaminated fluid is brought to the surface over a 

period of hours to days. 

 Spallings releases consist of solid material that fails and gets brought to the surface 

under high pressure conditions in the repository. This only occurs when the pressure 

is above 8 MPa. 

 Long-term groundwater releases to the Culebra occur when contaminated brine 

from the repository is introduced via a borehole to the Culebra Dolomite and then 

moves to the edge of the accessible environment (i.e. the boundary established by 

the WIPP LWA). 

Updating the safety case 

With each recertification, changes related to the disposal system typically include changes 

to annual waste inventory estimates and changes in the future estimate of the probability of 

a drilling intrusion, which is based on a regulatory requirement to use the last 100 years of 

drilling as a proxy for drilling rates over 10 000 years. The DOE and other repository 

researchers develop applicable results from experiments, such as those related to actinide 

geochemistry, and that information is expected to be incorporated into the updated 

calculations. In addition, periodically there is new information or perspectives on salt 

properties and movement that need to be considered. Other changes may result from an error 

identified in previous calculations, or reconsideration of an assumption used in the modelling. 

Until 2014, each set of additional calculations has produced calculated releases that were 

higher for the high consequence, low probability release limit than the calculations done 

previously, though the release limit calculations still showed compliance with the EPA’s 

regulations. Figure 3 illustrates the trend in releases. The releases increased for various 

reasons, such as changes to computer model assumptions, changes in inventory that increases 

a component such as organic ligands, and an increase in drilling rate for the Delaware Basin, 

a parameter that the DOE needs to update for every recertification. 
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Figure 3: Trends in calculated releases from the WIPP from 1996 to 2017 

 
 

The DOE recognised that the increasing trend in releases was not sustainable and made 

changes for the 2014 Compliance Recertification Application (CRA) to reduce the 

conservative nature of the calculations. That is, the DOE acted to reduce uncertainties that 

contributed to the projected increases or modelling approaches that produced higher 

projected releases than were physically realistic. For example, the DOE collected new 

experimental data on the waste strength (TAUFAIL), which is important to the calculation 

of spallings releases and cavings releases that occur during a drilling intrusion. The new 

parameter data indicated a stronger waste form, so less material would be released during 

an intrusion. In addition, the EPA had questions about some parameter changes, such as 

the probability of intruding into a brine pocket that contributes brine to the waste area and 

parameters affecting actinide solubility. To better understand the potential of alternative 

parameter values on performance, the EPA requested the DOE to conduct additional 

changes in sensitivity calculations, including one set denoted SEN4, as they were the fourth 

set of calculations requested by the EPA. After the decrease in releases in the 2014 CRA, 

the SEN4 results were higher than the CRA results. 

Challenges related to chemistry 

One regulatory challenge for the EPA is reviewing whether the DOE has appropriately 

updated data and reaching agreement between the agencies on the data used. One area that 

the EPA identified in the CRA 2014 was that the DOE did not update as expected the 

chemical database used in calculating actinide solubility; the database did not reflect all 

data available prior to the DOE’s data cut-off date of 31 December 2012. The EPA 

concluded that, even with identified data gaps, the database (DATA0.FM1) DOE used did 

provide sufficient information to support a determination of continued compliance. This did 

require the DOE to address some chemistry-related issues in the EPA-requested sensitivity 

study. The EPA identified a better database as an area the DOE could improve upon for the 

next recertification.  

Another difficult chemistry issue involves the oxidation state assumption used for calculating 

actinide solubility, specifically the oxidation state expected for plutonium. The EPA’s CRA 
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2014 review identified that experimental data collected over the years suggests a need to 

reconsider the assumption that plutonium will exist equally in the +III and the +IV oxidation 

state. This assumption was accepted by the EPA with the initial WIPP certification given 

the available data and accepted with subsequent recertifications. Now there is data that has 

not been available before. Plutonium (+III) has higher solubility than plutonium (+IV), so 

the use of the higher solubility of plutonium (+III) would contribute to higher direct brine 

releases if it were present in greater proportion than the +IV state. As stated in the 

recertification decision (WIPP LWA 1992), the EPA believes that there is sufficient 

evidence to indicate that, in the reducing environment at the WIPP, plutonium (+III) will 

be more prevalent than plutonium (+IV), contributing to higher release estimates, but there 

is insufficient evidence to indicate in what proportion the different oxidation states should 

exist. Briefly, the EPA’s review suggests that the WIPP will be even more reducing than 

the DOE has believed, and that these extremely reducing conditions will favour plutonium 

(+III) over the +IV state. In the 2017 recertification decision (Federal Register, 2017) the 

EPA identified that this is an area that would benefit from an independent technical review.  

Challenges due to the 2014 radiological incident at WIPP 

A challenge to the confidence in the disposal operations occurred in February 2014 when 

there was a minor release of radioactivity to the accessible environment. However, the 

event also contaminated the underground and stopped site operations. DOE staff could not 

access the underground for six months and the lack of ground control maintenance on the 

salt, which creeps, resulted in roof stability issues. Further, because of the contamination, 

ground control was limited to priority areas. As a result of concerns for worker safety, the 

DOE is abandoning one waste panel and will not put in panel closures in several others, 

necessitating design changes to the repository. At this time the DOE has not conveyed all 

the changes it expects to make in the repository design to the EPA, although the DOE has 

said that it intends to replace Panel 9 and a new ventilation shaft will be developed to 

provide an additional clean air circuit in the underground to bring operations back to 

pre-incident conditions.  

The EPA will have to review the changes. A challenge for the EPA is how to address the 

safety case with changes that are known to be necessary but have not been identified to the 

EPA or finalised within the DOE. Communication between the DOE and the EPA on the 

future design and the new modelling effort will be important for the EPA to understand and 

perform a timely review of the DOE’s proposed changes. This is further discussed in the 

section below on updating data. 

Updating data 

The DOE submits CRAs every five years per the WIPP Land Withdrawal Act (EPA, 1997). 

The EPA’s expectation is that the DOE will include the most recent data in the CRA, but 

what is “ripe” for inclusion and when? As scientists around the world conduct experiments 

or modelling data, new information is collected that needs to be evaluated to see if it should 

be considered in a safety case. But when is it “ripe” to be included? Should cutting edge 

data be included? What if data has been reproduced by multiple researchers? Maybe the data 

has been vetted, would the criterion be that it needs to affect results? The DOE needs to 

address this issue on multiple topics, as does the EPA. Among the more prominent issues are 

chemistry examples and design changes. 
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Chemistry examples 

Actinide chemistry for the WIPP provides an example for these considerations. The EPA 

requires in its regulations that updates to the chemistry database used for calculating 

geochemical conditions and solubility must be included in each CRA as there are incremental 

changes due to new experiments, such as those considering actinide solubility under reducing 

conditions. Professional judgement is used to determine whether the data (e.g. in 

publications) is technically adequate and appropriate to be included. The DOE has 

identified criteria for data used in developing the uncertainty associated with actinide 

solubility. 

The plutonium oxidation state assumptions and resulting solubility provide another 

chemistry example. As identified earlier, the DOE has used the same assumptions for the 

plutonium state since the initial certification. Over time new data has become available and 

the EPA has reviewed it as part of determining whether the DOE has sufficiently updated 

the safety case inputs. The EPA’s review has identified that the DOE needs to re-examine 

the assumptions used in the performance assessment and have that information undergo an 

independent technical review (Federal Register, 2017). The conditions favour plutonium 

(+III) over plutonium (+IV), but the scientific basis to specify a specific ratio is not clear. 

However, the way the code is written, it is possible to implement a different ratio to 

investigate the sensitivity of the oxidation state choice. 

Design changes 

A ramification of the 2014 WIPP incidents and the DOE’s decision to abandon Panel 9  

is that the underground will be reconfigured and at some point a new design will be 

implemented. The new design elements also result in repository initial conditions that vary 

for different areas of the repository. The DOE had not installed panel closures for any of 

the panels that have been filled. With Panel 9’s abandonment, at a minimum Panels 3 to 6 

will not have closures installed. Thus, the open areas left by the abandonment of Panel 9 

will remain empty, closing without panel closures. The access drifts will also be left without 

closures. The EPA expects that these open areas will close over time, and the question is to 

what conditions and by when? The open areas should substantially close during the 

operational period of the facility, which is expected to continue to around 2050. The EPA 

believes that the DOE needs to revisit its approach to dealing with open areas, given the 

changes to the assumptions used since the initial certification. The initial conditions assumed 

for the repository will not be same as previously modelled and there will be areas that 

cannot be used as a gas sink in the modelling, which reduces pressures from gas generation. 

The DOE has not identified a new design, but it is clear that any design will result in a 

situation (i.e. asymmetry) that the primary performance assessment computer code 

(BRAGFLO) cannot readily model. Thus, the DOE will need to develop and implement a 

new computer modelling approach to fully address the design changes. This is a major 

undertaking that must be performed meticulously and under stringent quality assurance 

requirements. This is in addition to being able to adequately model the system. Future 

reviews will also have to address discrepancies between the old modelling approach and 

the new one. 

A related challenge to the EPA (and the DOE) will be communicating the changes and 

what they mean for future performance expectations given the uncertainties. The EPA will 

have to determine how best to address specific communication issues. At this stage it is 

difficult for the EPA to address the issues since they have not all been clearly defined. 
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Summary 

In the past, the DOE has demonstrated that the WIPP is a robust system in which there are 

no issues with containing wastes in the undisturbed scenario. However, the WIPP is in an 

area with oil and gas drilling, and that needs to be accounted for in the safety case.  

As part of the periodic recertification process, the DOE is required to update data used in 

performance calculations. This has generally been done, but the EPA has identified some 

areas for improvement and some areas have been challenging for the EPA and the DOE. 

There are chemistry issues that the DOE needs to better address in updates (and they are 

doing so) and differences in opinion between the EPA and the DOE on how the plutonium 

oxidation state should be considered in the calculations. The EPA believes it would be 

appropriate for the DOE to have an independent technical review of the plutonium oxidation 

state approach. 

A major challenge for both the DOE and the EPA is the set of design changes that will be 

necessary for the WIPP to continue its mission. The DOE must develop a design that 

continues to meet the operational requirements and which the DOE can demonstrate will 

continue to meet the EPA’s radioactive waste disposal requirements. It would be prudent 

for the DOE to have independent technical reviews of: 

 how the repository conditions should be modelled; 

 the new computer system to ensure that it is capable of modelling the new 

repository design. 

The EPA needs to make sure it can respond to the changes and provide the necessary review 

to ensure that the changes the DOE makes to the design adhere to regulatory requirements. 

Moving forward, both the EPA and the DOE will need to examine issues related to changes 

at the WIPP that could affect the safety case. 
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Conceptual intercourse: Experiences in communicating  

an environmental safety case for an operational facility9 

Samuel Stead 

LLW Repository Ltd 
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9. The full text of the presentation was unavailable at the time of publication. 

Abstract 

The Low-Level Waste Repository (LLWR) is the United Kingdom’s primary facility for the 

disposal of low-level radioactive waste. LLW Repository Ltd is required by its permit to 

submit and maintain an Environmental Safety Case (ESC) that demonstrates the safety of 

disposals now and in the future. The most recent ESC was submitted in 2011 and we are 

currently undertaking a programme of work leading to the production of an updated ESC 

in 2021 (LLWR, 2011, 2016). 

Our experiences from the 2011 ESC have identified several areas we believe would benefit 

from greater emphasis being placed on communicating key concepts for the 2021 ESC: 

 The Environment Agency’s review process took over four years, and 72 formal 

questions were submitted to LLWR during this period; we believe this could be 

reduced in part with greater emphasis on communication. 

 The 2011 ESC necessitated changes to waste acceptance criteria which were poorly 

understood or accepted by consignors. 

 Collaboration with peers could be improved by enhancing the accessibility of the 

safety case. 

 There is an opportunity to place the repository safety messages at the heart of the 

company’s wider communications, including those aimed at “non-technical” 

audiences. 

We have developed a strategy for improving the way the ESC is communicated, primarily 

aimed at the Environment Agency review team, but underpinned by a philosophy that, if 

implemented successfully, will be equally applicable to a range of technical and 

non-technical audiences. The strategy entails: 

 conducting an ESC “communication audit” through consulting with key audiences 

to identify weak points in both conceptual understanding and information flow, and 

developing proposals for addressing these; 
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 developing “communication tools” to explain such concepts, implemented within a 

range of presentational formats; 

 addressing the structure and information flow of ESC documentation in response to 

the findings to the communication audit; 

 improving the accessibility and functionality of ESC documentation by transitioning 

to web-based documentation. 

Our philosophy is that the safety case should not be either “dressed up” or “dumbed down” 

to achieve our aims. We have demonstrated that the repository is safe now and in the future, 

and by communicating our arguments and evidence clearly, simply and transparently, we 

can achieve our primary aim of communicating this to the Environmental Agency whilst 

building trusting and collaborative relationships with our consignors, local public and the 

wider scientific community. 

This work will present our lessons learned from communicating the 2011 ESC and our 

strategy for communicating the safety case as we build towards a Major Review in 2021. It 

will present our work to date in this area, including the findings of the “communication 

audit” and pilot “communication tools”. Whilst carried out for a low-level waste disposal 

facility, the work is equally applicable to any disposal facility wishing to improve the 

communication of an environmental safety case. 
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Parallel session 2: Safety case and R&D 

2 

OPERA – Vision from the Dutch technical support organisation 

Arjen D. Poley, Jaap Hart 

Nuclear Research & Consultancy Group (NRG) 

Petten, the Netherlands 

Abstract 

Being involved for almost 50 years in research and development (R&D) on geological 

disposal, the Nuclear Research & Consultancy Group (NRG) has significant experience in 

technical aspects, strategic issues, and developing a safety case on this topic as well as the 

supporting safety assessment on this topic. These experiences helped us as a technical 

support organisation (TSO), to evaluate the Research Programme into Geological Disposal 

of Radioactive Waste (Onderzoeksprogramma Eindberging Radioactief Afval, OPERA) 

and to identify issues to forward the Dutch safety case on geological disposal. 

Introduction 

The Dutch Research Programme into Geological Disposal of Radioactive Waste 

(Onderzoeksprogramma Eindberging Radioactief Afval, OPERA) (2011-2017) was 

initiated to collect and further develop the necessary scientific, technical, methodological 

and contextual aspects to build a safety case for the geological disposal of radioactive waste 

within the Dutch context. An important objective of the research performed in OPERA was 

to assess evidence and arguments to evaluate the long-term safety of such a facility and 

involved both technical as well as societal aspects. 

Compared to national programmes on geological disposal in neighbouring countries, 

OPERA was a relatively small national programme. The initial OPERA safety case covered 

only one of the options for geological disposal that are being studied in the Netherlands. 

The programme focused on Boom Clay as a host rock, but the option of disposal in salt 

remains open as well as the possibility of a joint repository shared with other countries, and 

no siting decisions will be taken in the Netherlands for many decades into the future. 

Dutch R&D on geological disposal 

Since the 1970s a great amount of effort has been devoted in the Netherlands to the geologic 

disposal of radioactive waste, first in rock salt, and later on in Boom Clay host rock.  

The consecutive Dutch programmes – the Interdepartmental Nuclear Energy Commission 
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(Interdepartementale Commissie Kernenergie, ICK), the Commission on Onshore Disposal 

(Commissie Opberging op Land, OPLA) and the Commission on Disposal of Radioactive 

Waste (Commissie Opberging Radioactief Afval, CORA) – progressed from academic 

research and the formulation of disposal concepts to probabilistic safety assessment and 

evaluation of retrievability and societal aspects. 

After a 10-year gap the OPERA research programme (2011-2017) was initiated, aiming to 

examine the feasibility and long-term safety of geological disposal of radioactive waste 

within the Dutch context. In OPERA the focus was on disposal in Boom Clay host rock, 

although one of the work packages (WPs) was dedicated to disposal in rock salt. The 

timeline of the Dutch programmes is shown in Figure 1. 

Figure 1: Dutch national programmes on geological disposal 

 
 

NRG, and previously ECN Nuclear (Technology), has played a major role in the consecutive 

Dutch programmes. NRG (ECN) has historically been the main organisation in the 

Netherlands dealing with all aspects of the nuclear fuel cycle, radiological protection, and 

radioactive waste management. As operator of the high flux reactor in Petten, NRG also 

has the responsibility to maintain its expertise. 

The gaps between the Dutch R&D programmes on geological disposal were filled mainly 

by NRG’s active participation in a number of international projects, e.g. those performed 

within the European Framework Programmes. The lower, green-filled boxes in Figure 2 

provide an overview of these projects. This figure also shows the various R&D institutes 

and universities participating in the consecutive Dutch programmes on geological disposal, 

and the continuous involvement of the Central Organisation For Radioactive Waste (Centrale 

Organisatie Voor Radioactief Afval, COVRA), the Dutch waste management organisation. 

The various programmes were monitored by the Dutch regulator, which acted under 

different ministries throughout the years. 

Figure 2: Dutch national programmes on geological disposal 
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Figure 2 also shows that, apart from a few still running EC Framework Projects, no follow-up 

programme is currently underway or planned. This would again potentially result in a 

“knowledge gap” on advancing geological disposal in the Netherlands. 

OPERA and the role of NRG 

The OPERA R&D programme was established in 2011 and was defined in the Research 

Plan (Verhoef and Schröder 2011). The OPERA programme, developed by NRG and 

commissioned by COVRA, was structured around seven WPs, each consisting of tasks 

reflecting the various components of a modern safety case, thereby taking into account 

guidelines published by the Nuclear Energy Agency (NEA, 2004) and the International 

Atomic Energy Agency (IAEA, 2012). The Research Plan described the research background 

scope, and rationales, as well as the interactions between the tasks, and the timing of the 

deliverables and their dependencies. The plan was meant both to serve as a guide for 

implementing the research and for the researchers to frame their research contributions to 

OPERA. 

Figure 3 gives an overview of the OPERA WPs. Also indicated is the role of NRG in most 

of the WPs, either as a consortium leader (CL), or as partner. In total, NRG (co-)authored 

44 of the 69 OPERA deliverables. 

Figure 3: OPERA WPs and the role of NRG 

 
 

The OPERA programme was originally planned to first execute WP1-WP6, and then to 

feed the information and knowledge gained in these WPs into the OPERA safety assessment 

(WP7). Since NRG was involved in the majority of the OPERA WPs, and because NRG 

was responsible for executing the OPERA safety assessment, NRG had a complete overview 

of the detailed knowledge generated in the OPERA WPs. That made NRG also suitable as 

“integrator” of the knowledge into the safety assessment modelling efforts. 

An overview of the conceptualisation of the OPERA disposal concept is shown in Figure 4 

(e.g. Schröder, 2017a). This figure also indicates the various WPs responsible for 

delivering input to the safety assessment model, which was set up in the modelling 

framework Objects Representing Chemical Speciation and Transport (ORCHESTRA). The 



198  NEA/RWM/R(2018)7 
 

 CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE 
  

results of the safety assessment of the Central Assessment Case of the Normal Evolution 

Scenario were reported in Rosca (2017). 

Figure 4: Conceptualisation of OPERA disposal concept 

 
 

NRG’s experiences and evaluation of OPERA 

In its newly defined role as technical support organisation (TSO) concerning final disposal 

for the Dutch authorities, and taking the experiences from the past, NRG has evaluated the 

technical and programmatic progress made in the Netherlands on the basis of the OPERA 

programme. In addition, ideas and options have been formulated to carry forward the Dutch 

programme on geological disposal of radioactive waste, and to assess the potential effects 

on the Dutch strategy of radioactive waste disposal. 

The main and overarching observation is that OPERA is a significant leap forward for R&D 

on geological disposal and safety case development in the Netherlands, and that we are 

presently up to speed with the latest developments on the safety case and safety assessment 

methodologies and procedures. OPERA has developed a well-established infrastructure of 

R&D on geological disposal and brought together relevant and high-quality contributions 

of all involved partners. 

Some more specific elaborations of OPERA as compared to previous programmes are the 

following: 

 All waste fractions intended for disposal have now been taken into account. 

 The understanding of radionuclide releases from waste packages and the transport 

in Boom Clay has significantly improved. 

 Modelling of radionuclide transport in the overburden has progressed, although 

uncertainties are still significant. 

 Modelling of the biosphere has been elaborated. 

 The role of safety and performance indicators in communicating safety assessment 

results has been established. 

 Alternative evolution scenarios (AES) for disposal in Boom Clay were developed, 

but they need still to be simulated. 

 The available knowledge of disposal in rock salt has been evaluated and assessed 

and proposals to forward the salt safety case are formulated. 
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We also experienced a number of issues, the main being that OPERA suffered from both 

time and budgetary constraints. Thus not all of OPERA’s tasks were finalised, or were not 

finalised in time for integration into the conceptual model for performing the OPERA 

safety assessment. A consequence of delays in the “expert” tasks (in OPERA WPs 1-6) was 

that expert R&D ran parallel with the set-up and execution of the safety assessment; 

beforehand it was anticipated that expert R&D would have finalised earlier in order to have 

the most benefit from its results for the OPERA safety assessment. 

In addition, although AESs were elaborated as a joint effort of TNO and NRG (Grupa, 2017), 

they were not simulated as part of the OPERA safety assessment. Moreover, a probabilistic 

safety assessment was anticipated, but, due to budget and time constraints and missing 

information from the OPERA tasks, only a bounding sensitivity analysis was performed 

(Schröder, 2017b). These issues left us with an incomplete safety assessment/safety case. 

We also identified that the translation of expert knowledge to safety assessment (SA) 

modelling would have benefited from a higher frequency of OPERA expert meetings, 

leading to a better interaction between experts and SA modellers. The OPERA budget 

allowed for the elaboration of only a limited number of features and processes between 

experts and SA modellers. In addition, in the end there was no feedback possible from the 

SA modellers and the partners involved in the expert tasks. 

The overall conclusion of NRG’s evaluations is that the R&D on geological disposal in the 

Netherlands has progressed significantly, but the safety case is still incomplete. Resolving 

the identified issues above could accomplish the first, conditional safety case on geological 

disposal in Boom Clay in the Netherlands. However, the OPERA programme has now 

ended, and no follow-up programme has yet been established. This has its basis in the 

Dutch strategy on radioactive waste disposal, as will be outlined in the next section. 

Developing a safety case in the Netherlands 

Figure 5 depicts the timeline of the developing safety case for geological disposal in the 

Netherlands. 

Figure 5: Timeline of the developing Dutch safety case for geological disposal 

 
 

Strategic aspects of the Dutch radioactive waste disposal policy are outlined in Verhoef 

(2014), and comprise, amongst others, the following: 

 Radioactive waste is stored above ground for a period of at least 100 years. 

 All radioactive waste is intended to be disposed of in a single, deep geological 

disposal facility (GDF) with the option of retrievability. 

 Participation in a shared or multinational disposal facility in Europe is considered 

(dual track policy). 
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 Knowledge transfer is vital and is achieved by R&D, co-operation in international 

projects and knowledge dissemination in consultative bodies. 

These and other aspects not mentioned here would indicate a more or less continuous effort 

and maintenance of an infrastructure for developing and advancing a safety case for 

geological disposal in the Netherlands. However, taking into account the lack of an OPERA 

follow-up, there is the potential that the infrastructure set up in OPERA and the gained 

knowledge will age or even be lost. Table 1 identifies the pros and cons of the various 

strategic options presently discussed in the Netherlands. 

Table 1: Strategic options of R&D on geological disposal in the Netherlands 

Policy option Pros and cons 

Maintaining 100 years’ knowledge management, 
with regular safety assessment iteration 

 Safety evaluations continuously possible 

 100 yr resources 

Occasionally (5-year) iterating knowledge 
management 

 Safety evaluations possible? 

 Wait and see 

 Loss of international network 

 Loss of knowledge infrastructure 

Occasionally (decadal) iterating knowledge 
management 

 Savings of resources 

 Safety evaluation experience lost 

 Wait and see 

 Loss of international network 

 Loss of knowledge infrastructure 

Follow developments, with limited efforts and no 
safety assessment iteration 

 Wait and see 

 “Free lunch” image of network 

 Loss of knowledge infrastructure 

 

In order to advance the Dutch safety case on geological disposal, NRG proposes to continue 

relevant R&D on this topic in which the following stakeholders could play their role 

(cf. Figure 2): 

 As the WMO, COVRA has the responsibility to manage the safety case, which fits 

in with its role as future license holder. 

 The regulator (Authority for Nuclear Safety and Radiation Protection, ANVS) 

supervises the safety case. 

 The substantive technical aspects and R&D efforts are allocated to specialist 

organisations. 

 The integration of the relevant knowledge and information flowing into the safety 

assessment lies with NRG. 

Maintaining such an infrastructure on geological disposal guarantees the transfer of 

knowledge between generations, assures that the Netherlands remains on par with 

international developments, and provides decision makers and other stakeholders with 

unbiased information. In addition, the Netherlands would be prepared for an earlier 

geological disposal (GD) implementation. 

Conclusion 

On the basis of OPERA’s presently available results, NRG concludes that the safety case 

on geological disposal in Boom Clay in the Netherlands requires completion. Much 
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information elaborated in the OPERA task reports needs to find its way into an iterative 

version of the OPERA Safety Case Report. In addition, the OPERA safety assessment 

needs to be completed by simulating the identified AESs and uncertainty/sensitivity analyses.  

Implementing the remaining topics would then justify formulating a “Statement of Safety” 

for the OPERA disposal concept. It is thereby explicitly recommended to define an OPERA 

follow-up programme. 
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Abstract 

In this work we discuss how radionuclide migration rates in Boom Clay in the Dutch 

underground, for which no experimental data were available, were estimated from data on 

Belgian Boom Clay. An independent mechanistic multi-surface model was used to predict 

the distribution of nuclides over aqueous, adsorbed and colloidal fractions as a function of 

physical and chemical clay parameters. The performance of this model was first evaluated 

by comparing independent calculations with Belgian data. Subsequently the model was 

used to predict nuclide migration rates for a range of conditions expected in the 

Netherlands, which are different with respect to macro chemistry, temperature, pressure 

and salt concentrations. 

Introduction 

Argillaceous rock formations are considered as host rock for deep geological radioactive 

waste repositories by a number of European countries. The long-term safety of such a 

repository depends on the capacity of host formations to prevent or reduce radionuclide 

fluxes towards the biosphere. The main properties of clay-rich sedimentary rock responsible 

for minimising migration fluxes are a low hydraulic conductivity in combination with a 

high sorption capacity. The low permeability prevents water flow and transport by advection, 

and only allows transport by diffusion. The high sorption capacity of clay particles promotes 

chemical retention, which further reduces transport rates (Altmann et al., 2012). 

Safety assessments of geological repositories depend on the ability to predict long-term 

nuclide migration behaviour. The migration properties that are required by safety 

assessment models are often derived from batch experiments in which the distribution of 

nuclides over soluble and adsorbed phase is determined. The underlying complex adsorption 

and diffusion behaviour is usually represented in these models by linear Kd’s and effective 

diffusion coefficients (Miller and Wang, 2012). 

As part of the Dutch Research Programme into Geological Disposal of Radioactive Waste 

(Onderzoeksprogramma Eindberging Radioactief Afval, OPERA), safety assessment 

calculations had to be performed, which required sorption and diffusion parameters 

representative for Boom Clay in the Netherlands. Additionally, since the OPERA safety 

case is location-independent (Verhoef and Schröder, 2011), an approach was necessary that 
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allowed an estimation of parameter ranges covering a range of potential site properties. For 

the deep underground in the Netherlands little data on migration parameters is available 

(Schröder et al., 2017), therefore an independent mechanistic multi-surface model was 

developed to estimate Kd values for the Dutch underground (Schröder and Meeussen, 

2017). The approach takes into account the presence of organic colloids in the Boom Clay 

pore solution.  

Approach 

To estimate nuclide migration rates in Boom Clay for a range of conditions as expected in 

the Dutch underground (Schröder et al., 2017), first an independent mechanistic chemical 

model was set up in the modelling framework modelling framework Objects Representing 

Chemical Speciation and Transport (ORCHESTRA) (Meeussen, 2003). This model is not 

fitted to experimental data, but instead predicts the distribution of nuclides over different 

forms, based on publicly available thermodynamic data in combination with independently 

measured or estimated system parameters (Figure 1). 

Figure 1: The use of mechanistic model calculations  

to estimate Kd values including effect of colloids 

 
 

As input this model requires a number of independently measurable chemical and physical 

clay parameters plus the total concentration of each nuclide. As output the model gives a 

calculated distribution of each element over all possible chemical and physical forms, 

including dissolved ions, complexes, adsorbed species, precipitated minerals, adsorbed to 

organic colloids, etc. This information can subsequently be used to derive an effective 

distribution constant, or Kd value. 

To represent the adsorption properties of Boom Clay, including its clay, iron oxide and 

organic fractions, the multi-surface approach of Dijkstra et al. (2009) was used. This 

approach includes a Donnan model for clay surfaces, a generalised two-layer model for 

oxide surfaces and the Nica Donnan model description for adsorption by organic matter 

surfaces. 

The chemical model was subsequently used in a stochastic way by performing Monte Carlo 

simulations in which the parameters were independently varied over a range of values. 

Instead of a single value the output of the (ca. 9 000) calculations consists of a Kd 

probability density function which shows the sensitivity of the calculated Kd distribution 

for each of the individual input parameters. 
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First the model was used to calculate Kd distributions for Boom Clay with input parameter 

ranges based on measured data on Belgian clay samples. These calculated Kd distributions 

were compared with the Kd values derived in the Belgian programme based on experimental 

data. For most nuclides there appeared to be a good match. For a small number of nuclides 

that exhibit strong specific adsorption to clay (e.g. Cs) – an interaction not included in the 

multi-surface model – the predicted Kd values were underestimating the measured sorption 

behaviour (and migration rates were thus overestimated). Overall, the results suggest that 

the model is suitable to derive a reasonable, conservative estimate of Kd values for the 

Boom Clay in the Dutch underground for the purpose of the OPERA safety case. 

Table 1: Ranges of calculated Kd values in Boom Clay of the Netherlands for the  

low dissolved organic carbon (DOC) case, the base case and the high DOC case 

Lower, central and upper values correspond to 5, 50 and  

95 percentiles of the calculated Kd values, respectively. 

E
le

m
en

t Kd values for Boom Clay of the Netherlands [l/kg] Equivalent  
Kd values in 

Boom Clay at 
Mol [l/kg] 

Low DOC case Base case High DOC case 

Lower 
value 

Central 
value 

Upper 
value 

Lower 
value 

Central 
value 

Upper 
value 

Lower 
value 

Central 
value 

Upper 
value 

I 0 0 0 0 0 0 0 0 0  

Se 0 0 0 0 0 0 0 0 0  

K 0 7 350 0 7 254 0 7 190  

Ca 9 716 8 281 9 301 1 755 9 182 892 180-800 

Ni 85 236 479 17 47 96 9 24 48 40-1 000 

Sr 30 337 1 323 19 81 271 13 43 136 180-800 

Tc 81 231 473 16 46 95 8 23 47 40-1 000 

Sn 81 231 473 16 46 95 8 23 47  

Cd 82 232 474 16 46 95 8 23 47  

Cs 103 1 293 7 159 102 1 184 5 968 101 1 067 5 135 600-18 600 

Eu 100 278 732 20 56 146 10 28 73 40-1 000 

Pb 125 347 1 150 25 69 235 12 35 118  

Ra 17 303 1 304 13 77 268 10 41 135 1800-8 000 

Th 81 231 473 16 46 95 8 23 47 40-1 000  

Np 81 231 473 16 46 95 8 23 47 40-1 000  

U 7 191 453 6 42 92 5 21 46 40-1 000  

Pu 81 231 473 16 46 95 8 23 47 40-1 000  

Am 119 357 1 829 24 71 366 12 36 183 40-1 000  

Cm 82 231 473 16 46 95 8 23 47 40-1 000  

Source: Schröder and Meeussen (2017). 

Finally, we used the model with input parameter distributions representing the (expected) 

range of chemical conditions in the Dutch Boom Clay to obtain probability density 

functions for Kd values for this material. These values were subsequently used in the 

OPERA safety calculations (Rosca-Bocancea et al., 2017) and in additional uncertainty 

analyses (Schröder and Rosca-Bocancea, 2017). 

Figure 2 gives an overview of the distribution of the elements over the different soluble 

and solid phases of the multi-surface model. The elements U, Cm, Th, Np, Pu, Tc, Sn, Cd 

and Ni are predominantly bound to organic matter. The largest fractions of Am, Eu, Ni, Pb, 

Sr and Ra appear to be bound to soil organic carbon (SOC). The monovalent Cs is mainly 

bound to iron(hydr)oxide, while Ca is mainly bound to clay. 
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Figure 2: Calculated average distribution of radionuclides over several phases  

implemented in the reference model for the base case (100 mg/l DOC) 

SOC – soil organic carbon, HFO – hydrous ferric oxide, DOC – dissolved organic carbon 

 
 

Modelling of the effect of organic colloids on migration rates 

Pore waters of argillaceous rocks such as Boom Clay often contain significant amounts of 

organic colloids as a result of their sedimentary origin. A large group of radioactive elements 

strongly interacts with such particles and keeps these elements in solution. Under advection 

dominated transport conditions, where colloidal material is often found to travel at similar 

rates as flowing water, the colloidal fraction travels at the same rate as dissolved ions, and 

may strongly enhance transport rates for strongly sorbing nuclides. 

For diffusion-dominated systems, such as the pores of argillaceous rocks, this may be very 

different. Diffusion coefficients of colloidal particles are much lower than those of aqueous 

ions, simply because of their larger size and mass. Furthermore, in the small pores of a 

solid clay matrix their migration rates are further reduced by physical interactions. 

So, although colloids may increase the total fraction of (strongly binding) radioactive 

elements in the pore solution, the net effect on the migration rate by diffusion is likely to 

be much less than would be the case in advection dominated systems. 

For that reason, a distinction was made in the OPERA performance assessment model 

between the free aqueous and organic colloid bound nuclide fractions, both with their 

individual diffusion properties (Figure 3). The effective nuclide transport rates are in this 

way determined by distribution over solid, colloid and free aqueous ions (Grupa et al., 

2017; Schröder, Hart and Meeussen, 2017). 
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Figure 3: Modelling of radionuclide diffusion in the presence of colloidal material 

DOC – dissolved organic matter 

 
 

Conclusions 

The results of this work demonstrate:  

 that the results of independently estimated Kd values are consistent with literature 

values for Belgian underground conditions; 

 that the effects of colloids are very different for advection and diffusion-dominated 

systems; 

 that the net effect of colloidal material in pore water depends on the chemical and 

physical properties of colloids and nuclides; 

 that in diffusion-dominated systems colloids can only enhance the mobility of 

substances up to their own migration rates; 

 the implications for predictions of long-term field scale migration behaviour. 
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Abstract 

For more than 40 years, the Belgian National Agency for Radioactive Waste and Enriched 

Fissile Materials (ONDRAF/NIRAS) has been studying geological disposal in poorly 

indurated clays as an option for the long-term management of Category B waste (low-level 

and intermediate-level long-lived waste – LILW-LL) and Category C waste (high-level 

waste – HLW and spent fuel). In the absence of a political decision regarding the 

management of Category B and C waste, a geological disposal facility (GDF) in poorly 

indurated clays is still the current reference option considered for the research, 

development and demonstration (RD&D) programme. 

The RD&D programme for the geological disposal of Category B and C waste has been 

implemented in a cautious, stepwise process, punctuated by the production of key 

documents such as the SAFIR and SAFIR-2 reports in 1989 and 2001, the Waste Plan in 

2011 and the RD&D Plan in 2013. In the future, in line with international practices, 

ONDRAF/NIRAS will produce Safety and Feasibility Cases (SFCs). The first SFC will be 

a methodological safety and feasibility case (SFC-1). This SFC will aim to test the 

methodological tools that have been developed, and illustrate the safety and feasibility of 

a GDF for Category B and C waste in poorly indurated clays at a depth between 200 m 

and 600 m. 

The paper presents the approach developed at ONDRAF/NIRAS to establish the SFC 

methodology (e.g. generic sites, generic design), the structure of the SFC and some 

methodological tools. 

Introduction 

In the absence of a political decision regarding the management of Category B and C waste, 

geological disposal in poorly indurated clays is still the current reference option considered 

for research, development and demonstration (RD&D) in Belgium. This option implies 

either the Boom Clay or the Ypresian clays as a reference host rock. These clays are present 

in continuous layers in the north of Belgium up to a depth of about 600 m. Therefore, the 

proposed reference option for the management of Category B and C waste is a geological 

disposal facility (GDF) in poorly indurated clays at a depth of between 200 and 600 m. 
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The RD&D programme for the GDF for Category B and C waste has been implemented in 

a cautious, stepwise process, punctuated by the production of key documents: 

 In 1989, the existing scientific and technical research on disposal in Boom Clay 

was summarised in a Safety Assessment and Feasibility Interim Report (SAFIR). 

 In 2001, SAFIR-2 was presented summarising the RD&D studies over the period 

1990-2001. SAFIR-2 and its national (Board of Governors) and international 

(Nuclear Energy Agency) peer reviews confirmed that the proposed solution for 

disposal in Boom Clay was promising and that no major flaws in the proposed 

concept were identified. However, in the SAFIR-2 assessment, the safety 

methodology, the management of uncertainties, the operational safety issues, the 

consideration of Category B waste, and the understanding of the behaviour of the 

engineered barrier system (EBS) were limited. 

 In 2011, the Waste Plan with its accompanying strategic environmental assessment 

(SEA) was submitted to the Belgian federal government. This report compared 

different possible options for long-term management (including geological disposal, 

perpetual storage, partitioning and transmutation, etc.) and was intended to lead to 

a decision-in-principle (i.e. policy according to EC directive 2011/70/Euratom) 

regarding the type of solution to be implemented for the long-term management of 

Category B and C waste. 

 In 2013 the RD&D Plan was published. It presents the status of knowledge regarding 

the development of geological disposal of Category B and C waste in poorly 

indurated clays. 

Objective of the SFC-1 

In the future, in line with international practice, ONDRAF/NIRAS will produce Safety and 

Feasibility Cases (SFCs) for the management option that will be selected in Belgium. 

Assuming that the policy for long-term management of Category B and C waste will be 

that proposed by ONDRAF/NIRAS, i.e. geological disposal, the SFCs that are expected in 

the coming decades are: 

 A methodological SFC (SFC-1): 

o to synthesise the scientific knowledge acquired since the start of the GDF 

programme in Belgium; 

o to test the safety assessment methodology and methodological tools developed 

at ONDRAF/NIRAS, through an illustrative assessment of the safety and 

feasibility of a GDF in poorly indurated clays (generic sites) based on current 

knowledge, considering an updated reference repository design and using 

safety assessment models developed by ONDRAF/NIRAS; 

 One or several SFC(s) to confirm the safety and the feasibility for specific sites. 

Within the framework of the first, methodological SFC, SFC-1, the reference design of the 

Belgian GDF is conceptual and without any presumption about the exact location of the 

facility. This SFC considers a broad region in the north of Belgium where Boom Clay and 

Ypresian Clays are present at different depths and in various geological configurations. 

Generic geological sites will be analysed in SFC-1. They cover the different types of 

geological configuration in the region of investigation. The main features distinguishing 

these generic sites are the depth of the host layer, and the structure of associated aquitards 
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and aquifers, with different assumptions regarding their hydraulic properties. These features 

of the geological environment are the most relevant in terms of engineering feasibility and 

long-term safety. 

In the absence of political decision and legal framework, this generic approach is preferred 

to an in-depth study of specific RD&D sites. A generic approach is sufficient at this stage 

of the programme to test methodological tools and to guide future RD&D. This generic 

methodology allows the minimum requirements for safe and feasible disposal of Category B 

and C waste in poorly indurated clays to be identified (as well as the interdependences 

between these requirements). Providing generic criteria, separately from the specific 

characteristics of a particular RD&D site, allows an iterative process to be followed towards 

choice of a specific site, including interaction with regulators and the public. 

Reference design for SFC-1 

The reference option for radioactive waste disposal foresees conditioning in dedicated 

surface facilities of Category B and Category C wastes in disposal packages, respectively 

called the Monolith B and the Supercontainer. The Monolith B and the Supercontainer will 

then be emplaced in the GDF. The reference option design results from an update of the 

GDF layout dating from 2003. The current layout takes into account the range of depth 

(200 to 600 m) and considers results from a preliminary optimisation of GDF operational 

safety. It also integrates the update of the reference programmes (waste inventory) of the 

waste producers. The GDF will be constructed, operated and closed during two distinct 

periods (with no overlap between these periods). In a first step, the GDF for Category B 

waste will be constructed, operated and eventually closed. In a second step, the GDF for 

Category C waste will be constructed, operated and eventually closed. The conceptual 

development of the GDF for Category B and C wastes is illustrated in Figure 1. 

Figure 1: SFC-1 GDF reference layout 

 
 

The structure of the SFC-1 safety case 

SFC-1 will consist of one self-supporting report illustrating the application of the safety 

assessment methodology to a GDF for Category B and C waste in poorly indurated clays, 

based on the current state of knowledge. It will describe the reference design and present 

the arguments to sustain the safety and feasibility of construction and operation of the GDF 

design in poorly indurated clays. 
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This self-supporting report will be supported by a set of underlying reports containing more 

scientific and technical detail. The target audiences for the underlying reports are experts 

requiring detailed information on the safety arguments and their substantiation and, more 

widely, experts requiring detailed information on a specific methodological, scientific or 

technical area referred to in the SFC-1. The report will allow to intensify a comprehensive 

dialogue with the safety authority. 

The preliminary structure of the SFC-1 report is illustrated in Figure 2 and comprises  

the following: 

 The assessment context, which is composed of two chapters: the introduction 

describing, among other things, the boundary conditions of the SFC, the organisation 

of the safety case and the safety strategy. 

 The assessment basis containing the basic information on which the safety 

assessments can be performed. The assessment basis is in turn further divided into 

two parts covering the scientific basis and the technical basis: 

o The scientific basis is subdivided into four disciplines: the waste characteristics, 

the engineered materials (cementitious material and metal components), the 

natural components (poorly indurated clays and surrounding geological layers), 

and the migration (transportation of solutes) in poorly indurated clays. 

o The technical basis is subdivided into the design development of the Monolith B, 

the design development of the Supercontainer, the design and construction of 

the GDF, and the operation and closure of the GDF. 

 The system evolution describing the expected effect of internal and external drivers. 

 The safety assessments, including aspects of radiological protection, operational 

safety and long-term safety. 

 A conclusion which provides a synthesis of the arguments supporting the claim that 

disposal of Category B and C waste in poorly indurated clays is safe and feasible. 

Recommendations and a planned way forward will be given to tackle the remaining 

open questions or knowledge gaps related to safety and feasibility. This synthesis 

will provide the elements paving the way to site selection and site-specific SFCs. 

The safety and feasibility statements are a central methodological tool in SFC-1. These 

statements consist of claims regarding how the disposal system is expected to perform, and 

its properties relevant to operational and long-term safety and to feasibility. These statements 

are organised in a structured and hierarchical form, with lower-level claims underpinning 

higher-level claims. The establishment of safety and feasibility statements provides several 

functions: 

 The statements cover all aspects of the SFC and are used to structure the safety 

case reports. 

 By providing a synoptic view, the safety and feasibility statements provide a tool 

to steer the RD&D. All open issues are related to a safety and feasibility statement, 

allowing their prioritisation in the RD&D programme. 

 The structure of the statements will be used in the uncertainty analysis to evaluate 

the impact of perturbing processes, events and associated uncertainties on the 

safety statements underpinning the safety functions of the disposal system.  
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As part of the methodological tools, a robust verification process of SFC-1 will be conducted 

(e.g. internal and external peer reviews of the detailed supporting studies and methodologies, 

organisation of a reading committee, use of verification templates). 

Figure 2: Preliminary structure of the SFC-1 report 

 
 

The optioneering methodology 

Within the framework of SFC-1, special attention has been paid to the traceability of the 

design option decisions. Indeed, for several GDF design items, various design options exist. 

For major GDF design items which have high impact on the safety and/or cost, the selection 

of a specific design option (decision-making) is required to be fully justified. To do this, 

ONDRAF/NIRAS has developed an optioneering methodology. This methodology is a 

robust, transparent, systematic and traceable design options assessment process that enables 

identification and assessment of alternative systems and designs and identification of a 

preferred option among alternative designs. The optioneering takes into consideration various 

criteria which reflect the four main dimensions of ONDRAF/NIRAS, i.e. environment and 

safety, ethics and society, science and technology, and economy and finance. 

Two types of options assessment are considered in the optioneering methodology: 

 Strategic options assessment, which is mostly concerned with assessing what to do 

(e.g. What is the best layout of galleries and shafts in a GDF?). 

 Specific design or technology [to demonstrate best available techniques (BAT)] 

option assessment, which is normally concerned with how to implement the GDF 

(e.g. How should the galleries be designed and dimensioned?). 

The design options assessment process (i.e. optioneering) is divided into five stages so that 

it can be applied logically, and the results from each stage can be checked for adequacy, 

before moving on to subsequent stages: 
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 Stage A: Define the objectives and scope of the design study.  

 Stage B: Identify possible alternatives and credible options.  

 Stage C: Assess the relative strengths and weaknesses of each credible option using 

relevant attributes. 

 Stage D: Review the outcome of the options assessment (identify uncertainties and 

assess the sensitivity). 

 Stage E: Report the results and identify any further work required. 

A key objective of this staged process is to demonstrate a thorough consideration of available 

options. Once all reasonable options have been identified, a high-level screening is applied 

to identify any obviously non-viable options and, thus, by elimination, identify a shortlist 

of options that can credibly satisfy the design study objective. The shortlisted options are 

then assessed against a series of attributes concerned with safety, environmental protection, 

technical viability, regulatory and stakeholder issues, and cost. 

The preferred option is the one that meets all statutory requirements and provides a reasonable 

balance of performance across all important attributes. 

The main benefit of the optioneering is to provide transparency to the decision-making 

process and lead to options being considered in greater detail. 

Optioneering has been applied in earlier research work by ONDRAF/NIRAS, such as the 

selection of the Supercontainer concept and the optimisation of the GDF layout, and is 

currently being applied to further optimise the reference design (e.g. optimisation of the 

length of the disposal galleries). 

The safety assessment methodology 

Safety assessments are carried out in two main phases: a preparatory phase and a formal 

phase. The aim of preparatory safety assessments is to identify potentially safety-relevant 

uncertainties and to provide quantitative assessments of their impact on system performance 

and safety. This phase is characterised by intense interactions between the three main groups 

of expertise – safety, phenomenology and technology – and leads to the development and 

refinement of the assessment basis, based on the safety concept and in agreement with the 

objectives and the subsequent requirements set for the current programme stage. Formal 

safety assessments aim to show, in a quantitative manner, why the disposal system under 

consideration can be judged to be safe, satisfying all relevant regulatory and stakeholder 

requirements relating to the current programme stage. 

Due to the generic aspect of this SFC, the safety assessment exercise is broader than the 

safety assessment of a specific RD&D site. Specific objectives of the assessment are to: 

 Identify the key features of the disposal system that provide long-term safety. How 

do these safety-relevant features behave at generic sites? 

 Identify the performance targets of the safety functions. A performance target is 

defined here as the minimal performance that the system should have with respect 

to a safety function to be considered effective. The performance targets are estimated 

on the basis of the required safety target(s) that the disposal system as a whole must 

achieve. The performance target is a tool to evaluate safety assessment needs and 

RD&D prioritisation. 
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 Investigate the limits of the analysis of a generic site. What is the impact of the 

spatial variability of the region investigated on long-term safety, or, more generally, 

what is the impact of site-specific elements (e.g. hydraulic gradient)? 

These tasks are performed, among others, by inverse modelling and sensitivity analysis 

during the preparatory phase. They guide identification of the requirements and prioritisation 

of the RD&D. Scenarios will also be identified within SFC-1. A reference case will be 

derived for each of the generic sites defined for SFC-1, based on a conservative hypothesis, 

to address knowledge uncertainties and known spatial variabilities. The derivation of other 

scenarios and cases will be performed by analysing the impact of the uncertainties and 

spatial variabilities on the safety statements related to the long-term safety functions.  

Also in line with the generic approach for the sites investigated, the surface and any 

confined aquifers, as well as the biosphere, are modelled in a stylised way. The most 

influential parameters in the model conceptualisation are retained in this stylisation. 

Conclusion 

In the absence of a political decision and legal framework, a GDF in poorly indurated clays 

is the current reference option considered for the ONDRAF/NIRAS RD&D programme. In 

line with international practice, ONDRAF/NIRAS intends to produce a series of SFCs. 

SFC-1 will be a methodological SFC aiming to test the methodological tools developed by 

ONDRAF/NIRAS, and illustrate the safety and feasibility of a GDF in poorly indurated 

clays (generic geological sites will be analysed). This approach is preferred to an in-depth 

study of specific RD&D sites. These generic cases (representative geological environments) 

are considered sufficient at this stage of the Category B and C programme to guide RD&D 

and to test the methodological tools of the SFC (e.g. safety and feasibility statements, 

optioneering). This generic methodology also allows to identify the minimum requirements 

for the safe and feasible disposal in poorly indurated clays (as well as the interdependences 

between them). SFC-1 will deliver the methodological elements required for future 

site-specific SFCs. 
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Abstract 

The aim of the safety assessment of deep geological repositories (DGR) is to assess the 

performance of the repository system in terms of the radiological impact and other global 

indicators of impacts on safety. A complex safety assessment process has been developed 

in the GoldSim software environment to provide for the evaluation of the long-term safety 

of the construction of a DGR at the selected site. A trial site-specific DGR safety assessment 

has been conducted applying input data parameters obtained from a detailed and 

comprehensive research and development (R&D) programme. 

Introduction 

The aim of the safety assessment of deep geological repositories (DGR) is to assess the 

performance of the repository system in terms of the radiological impact and other global 

indicators of impacts on safety. Such assessments vary in terms of the time frame(s) 

applied, the level of detail, the range of issues considered, the degree of precision required 

with respect to the input data and the resulting calculations. One of the reasons for the 

compilation of both the safety case and the programme development stage is to define both 

the scope of and degree of detail required in the safety assessment (SA) (NEA, 2012). The 

safety case and the supporting SAs will evolve in tandem with the development of the 

disposal facility and will provide assistance and guidance with respect to the siting, design 

and operational decision-making processes (IAEA, 2012). 

The Czech DGR programme aims for the selection of two candidate sites in 2025, and an 

inseparable part of the site selection process consists of the compilation of the safety case 

in the form of a collection of scientific, technical, administrative and managerial arguments 

pertaining to all the preselected candidate sites (2018). 

Czech disposal concept 

The Czech DGR concept assumes that waste packages containing spent nuclear fuel (SNF) 

assemblies will be enclosed in steel-based canisters placed in vertical or horizontal boreholes 

at a depth of ~500 m below the surface. The void between the canisters and the host 

crystalline rock will be backfilled with compacted bentonite, which will make up the final 

engineered barrier. The reference SNF canister consists of two protective layers, an outer 

layer of carbon steel which will corrode very slowly under anaerobic conditions and a second 
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inner layer of stainless steel which will corrode at an almost negligible general corrosion 

rate and exhibit a low tendency to local corrosion under anaerobic conditions. It is also 

assumed that the buffer material will be sourced from Czech bentonite deposits; so-called 

Rokle bentonite (Ca-Mg bentonite) is currently being used for experimentation purposes. 

In addition to SNF and high-level waste (HLW), intermediate-level waste (ILW) containing 

long-lived radionuclides such as decommissioned reactor core parts and serpentinite 

concrete which does not meet the criteria for disposal in near-surface repositories will also 

be disposed of in the future DGR. However, ILW will be disposed of in a separate section 

of the repository from that of the SNF assemblies, since it is essential that the potential for 

the SNF and ILW to exert an impact on each other be avoided. ILW will be emplaced in 

concrete canisters in specially excavated chambers that will then be backfilled with a 

bentonite-based material. 

Safety assessment approach 

To prove the long-term safety of the future DGR (over a period of 1 million years), a 

complex SA model employing GoldSim software has been under development since 2006. 

While preliminary SAs compiled in 1999 and 2011 employed non-site-specific and archive 

data, the compilation of a preliminary trial SA specifically for the Kraví hora site commenced 

in 2018. In this case, the input data for each of the components of the model were identified 

on the basis of a detailed literature review and supporting research. The main consideration 

was to adhere as closely as possible to conditions prevailing within a real DGR according 

both to the laboratory and in situ R&D conducted to date. 

The complex SA model assumes a two-layer waste disposal package (WDP; 10 cm of carbon 

steel and 2 cm of stainless steel) with an average lifetime of more than 100 000 years and 

a carbon steel corrosion rate of 1 μm/year and that of stainless steel of less than 0.1 μm/year. 

The central normal repository development scenario considers damage to a limited number 

of WDPs during one year after a period of 10 000 years and the subsequent gradual failure 

of the other WDPs from which radionuclides escape to one location in the biosphere. The 

safety calculations assumed that the maximum instant release fraction (IRF) inventory of 

the initial failed WDPs followed a single transport path along a fault situated at a distance 

of 50 m from the disposal boreholes; the chosen fault represents the shortest possible path 

to a well used by the local community.  

The data employed for the compilation of the Kraví hora site SA was site-specific with 

respect to the geological, hydrogeological and transport models. Moreover, a large part of 

the input data consisted of the results of a comprehensive R&D programme implemented 

in the form of a number of individual projects funded by SÚRAO, which covered a wide 

range of topics relevant to the various SA input parameters, i.e.: 

 SNF and ILW radionuclide inventory that cannot be accepted for disposal at 

LLW/ILW repositories; 

 canister material corrosion; 

 radionuclide migration within the engineered barriers (bentonite, concrete); 

 the development of 3D structural geological, hydrogeological and transport models 

of the potential sites; 

 radionuclide migration in the host rock. 

Examples of the use of site-specific data as SA input are provided below. 
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R&D for SA support 

Engineered barriers 

The Czech DGR engineered barrier (EB) concept assumes that waste packages containing 

SNF assemblies will be enclosed in steel-based canisters placed in vertical or horizontal 

boreholes at a depth of ~ 500 m below the surface. The void between the canisters and the 

host crystalline rock will be backfilled with compacted bentonite which will make up the 

final EB. The reference SNF canister consists of two protective layers, i.e. an outer layer 

of carbon steel and a stainless steel inner component. 

The research of canister materials conducted as part of the development of the Czech DGR 

disposal concept includes both laboratory and real rock massif scale experimentation. 

Extensive research on the impact of the corrosion of carbon steel, titanium and copper on 

Rokle bentonite has been conducted at the ÚJV laboratories under defined anaerobic 

conditions and included studies on both the corrosion of these materials on contact with the 

bentonite and the influence of radiation on the corrosion of the materials that make up the 

canister. 

To approximate as closely as possible real DGR conditions, ÚJV Řež and SÚRAO are 

involved in the Material Corrosion Test (MACOTE) project under way at the Grimsel Test 

Site in Switzerland. In 2015, five heated modules (of ÚJV construction) containing corrosion 

samples (steel, copper; Czech Ca-Mg bentonite and MX-80 bentonite) were inserted into 

the rock massif up to a depth of 5 meters under anaerobic conditions. The first two modules 

were extracted in 2016 and 2017 and the remaining modules will be extracted in 2018, 

2020 and 2022 (after 3, 5 and 7 years of experimentation). It is planned that the results of 

the ÚJV and Grimsel projects will be combined once all the results are available. 

It is assumed that the buffer material will be sourced from Czech bentonite deposits, and 

Rokle bentonite (Ca-Mg bentonite) is currently being used for experimentation purposes. 

It is further assumed that radionuclide migration within the bentonite will proceed via the 

diffusion process. Subsequently, the radionuclides will be transported by means of 

groundwater flow from the near-field boundary towards a preferential path within the 

geosphere. 

Radionuclide diffusion data for SA purposes is usually obtained via the conducting of 

laboratory through-diffusion experiments employing radioactive tracers. Through-diffusion 

experiments are based on the diffusive transport of tracers through the bentonite in the 

direction of the concentration gradient. In the case of bentonite, a description of the process 

is particularly important with respect to anionic radionuclides (e.g. I, Se, Tc) concerning 

which relative retardation is anticipated as a result of anionic exclusion. 

Host rock 

The migration of radionuclides in fractured host rock is driven principally by the advective 

process, and potential radionuclide transport paths from the repository to the nearest 

drainage basins are estimated using the particle tracking method based on site-specific 

hydrogeological models (Říha et al., 2018). Matrix diffusion is also important, e.g. with 

respect to the volume of the rock massif and the interconnected pore network. Radionuclide 

migration processes in crystalline rock in relation to anticipated conditions in the future 

Czech DGR have been studied under both laboratory and in situ conditions (see Havlová 

et al., 2017, 2018; Soler et al., 2015; Zuna et al., 2016). While laboratory experiments are 
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able to provide reliable results under well-defined conditions, they are not able to fully 

reflect the conditions of the rock massif.  

Laboratory through-diffusion experiments on magmatic and metamorphic rocks collected 

from potential Czech DGR sites have revealed a range of effective diffusion coefficients 

(De) with respect to conservative tracers and anions. Moreover, the data set obtained was 

supported by the results of the study of additional Bohemian Massif rock samples (Zuna, 

et al., 2018) and the results of the in situ Long-Term Diffusion (LTD) project (Phase III) 

conducted at the Grimsel Test Site using the radionuclides 3H, 22Na, 133Ba, 134Cs and 

non-active Se(VI) at depths in excess of 500 m in a real granitic rock massif. The results 

supported the assumption that the diffusion process in crystalline rocks is influenced to a 

greater extent by the rock type than by the internal structure of the rock (foliation). The 

valuable data obtained will provide an updated data set for use in the future site 

pre-selection process. 

Fracture properties (fracture wetted surface, aperture, permeability) are usually determined 

via tracer tests, concerning which a unique in situ experiment was conducted at the Josef 

underground research laboratory (URL) in 2018. This included the first radionuclide tracer 

test (3H) to be carried out in the crystalline rock of the Bohemian Massif. 

Conclusions 

The Czech DGR site selection process will culminate in 2025 with the performance of a 

site-specific SA, concerning which the inclusion of site-specific data will be essential. 

Following the conclusion of the site pre-selection process in 2018, detailed information on 

the geology, hydrogeology, geochemistry, composition of rock samples collected during 

the site investigation stage, and groundwater composition at each site will form the basis 

for a more precise assessment of the long-term performance of the future DGR at individual 

sites. In the meantime, the complex GoldSim model will continue to be developed so as to 

fully reflect the latest data and information. 
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Abstract 

Deep borehole disposal (DBD) for the geologic isolation of spent nuclear fuel (SNF) and 

high-level radioactive waste (HLW) has been considered for many years; beginning with 

evaluations of nuclear waste disposal options in the United States in the late 1950s and 

continuing with intermittent evaluations in several countries (Freeze et al., 2016, Table 1-1). 

This paper summarises recent research on the safety and viability of the DBD concept, 

culminating in the development of a preliminary safety case for DBD of SNF and HLW 

(Freeze et al., 2016). The preliminary safety case focuses on the generic feasibility of the 

DBD concept, based on potential system designs, waste forms, engineering and geologic 

conditions; no specific site or regulatory framework exists. 

DBD has possible economic advantages over mined repository disposal in that drilling, 

construction and operating costs scale linearly with waste inventory and the number of 

required boreholes. As a result, DBD may be particularly attractive for countries with 

smaller radioactive waste inventories, where the modular cost of a few boreholes may be 

preferable to the upfront capital investment in a mined repository. 

Introduction 

The DBD concept consists of drilling a deep, large-diameter borehole into competent rock, 

placing waste packages in the lower, waste emplacement zone portion of the borehole, and 

sealing and plugging the upper portion of the borehole. Several design alternatives exist 

that satisfy the basic DBD concept, depending on a variety of factors, most notably the size 

and characteristics of the waste form and packaging. Waste packages designed to encapsulate 

commercial SNF (e.g. a single pressurised water reactor assembly) can fit in a borehole with 

a bottom-hole diameter of approximately 0.43 m (17 in) (Brady et al., 2009; Arnold et al., 

2013). Smaller HLW waste forms could be emplaced in a borehole with a bottom-hole 

diameter as small as 0.22 m (8.5 in) (Freeze et al., 2016). 

Robust isolation can be attained by emplacing waste very deep (e.g. 2 000-5 000 m) in 

low-permeability crystalline basement rock that is hydrologically isolated from overlying 

circulating groundwater systems. If properly sited and constructed, this “very deep” concept 

relies almost entirely on the natural system to completely and permanently prevent the waste 

from being released to the subsurface hydrogeology and biosphere. Engineered seals, 
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emplaced in the borehole above the waste, are only relied upon during the period of upward 

flow due to thermal perturbation from decay heat in the waste, if any. This reliance on the 

deep natural system is unlike that of a mined geologic repository, where post-closure safety 

is achieved by relying on the combination of engineered and relatively shallow natural 

systems to prevent or reduce releases of radioactivity into the subsurface hydrogeology  

and biosphere. 

Depending on the target geologies and waste forms, other shallower borehole disposal 

concepts with different borehole diameters and depths may also be viable and safe. These 

concepts range from low-level waste (LLW) and sealed sources in shallow boreholes 

(< hundreds of meters deep) to intermediate-level waste (ILW) and HLW in deeper boreholes 

(< ~2 000 m). For these shallower borehole concepts, demonstration of post-closure safety 

relies on a combination of engineered and natural system performance, much like a mined 

repository, and the reliance on the engineered seals may be greater. 

Safety case considerations 

A safety case includes quantitative (e.g. safety assessments) and qualitative information 

related to both pre-closure (operational) and post-closure safety (NEA, 2013). Normally, a 

safety case and associated safety assessments address: 

 a specific repository site, design and concept of operations; 

 a well-defined inventory, waste form and waste package; 

 an established regulatory environment. 

However, this level of specificity does not currently exist for the DBD concept. Instead, a 

DBD reference case for very deep disposal of HLW in a single borehole was established as 

a surrogate for site-specific and design-specific information upon which a safety case can 

be developed. 

The reference case considers the disposal 1 936 caesium (Cs) and strontium (Sr) capsules 

currently stored at the Hanford Waste Encapsulation and Storage Facility (WESF) that are 

all less than 0.09 m (3.5 in) in diameter (SNL, 2014). These Cs and Sr capsules contain 

short-lived 90Sr and 137Cs, and long-lived 135Cs; other radionuclides have decayed away 

(SNL, 2014). The reference DBD concept (Figure 1) for the Cs and Sr capsules consists of 

a borehole drilled to a depth of 5 000 m into crystalline basement rock. 

Waste packages (WPs) containing the Cs and Sr capsule waste forms (WFs) are emplaced 

in the lower emplacement zone (EZ) portion of the borehole (between 4 466 m and 5 000 m 

depth); the overlying seal zone (SZ) and upper borehole zone (UBZ) are sealed with 

alternating layers of cement, bentonite clay and sand/crushed rock [Figure 1(a)]. Each WP 

is assumed to contain 18 capsules, stacked in six layers of three capsules (three-packs) each 

[Figure 1(b)]. Each WP has an outside diameter of 0.219 m (8.625 in) and a total length of 

4.76 m, which includes 3.76 m for the six layers of capsules, a 0.3-m long fishing neck  

(to facilitate retrieval during operations), and a 0.7-m-long impact limiter (to minimise 

damage from drops). This reference design requires 108 WPs (74 for Cs capsules, 34 for 

Sr capsules), all of which fit in a single borehole with an EZ 0.311 m (12.25 in) in diameter 

and 534 m long (this length includes 10-m-long cement plugs above the 40th and 80th WPs 

for structural support). The cooler Cs WPs are emplaced in the lower portion of the EZ. 

Analyses supporting the safety case are summarised in the following sections. These 

include qualitative information and preliminary qualitative results from pre-closure hazard 

analyses and post-closure performance assessment (PA) calculations. 
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Figure 1: Reference deep borehole disposal concept for Cs and Sr capsules 

 
 

Pre-closure hazards analysis 

The reference design for surface operations includes consideration of on-site receipt, surface 

handling, and downhole emplacement of WPs, all of which require radiation shielding 

and/or remote handling operations. A wireline emplacement system [Figure 1(c)] was 

selected as the preferred approach to lower WPs, one at a time, down to the EZ (SNL, 2016; 

Peretz and Hardin, 2017). Pre-closure safety considers potential hazards associated with the 

surface and downhole emplacement activities, under both normal and off-normal conditions. 

Risks include worker radiation exposure (e.g. from loss of shielding) and/or radionuclide 

release [e.g. from accidents causing a WP breach (SNL, 2016)]. Qualitative information 

relevant to the pre-closure safety case includes (SNL, 2016; Freeze et al., 2016): 

 Site characterisation – Regional and downhole scientific analyses can be 

performed to adequately characterise the suitability of the heterogeneous 

subsurface conditions for DBD facility. 

 Deep drilling – Drilling and casing a straight, large-diameter borehole to 5 000 m 

depth in crystalline basement rock is expected to be achievable with existing 

drilling technology, such that there is a minimal probability of packages becoming 

stuck during emplacement. 

 Engineering design – WPs can be engineered to maintain structural integrity and 

provide a high level of assurance that no leakage of radioactive materials will occur 

during loading, transportation, handling and emplacement. 

 Site operations – The facilities and components for surface (waste receipt, WP 

surface handling) and downhole (WP emplacement and retrieval, borehole sealing 

and plugging) activities can be safely engineered and operated, with consideration 

of the potential impacts of off-normal events. 

A preliminary pre-closure safety analysis (PCSA) of disposal operations, from waste receipt 

to borehole closure, was performed to provide quantitative support for these observations 
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(Hardin et al., 2017; Peretz and Hardin, 2017). The DBD PCSA approach involves describing 

DBD operations, identifying end states and initiating events (“top events”), constructing 

fault trees for initiating events, estimating event probabilities, characterising radiological 

consequences from failed end states, constructing event trees and summing probabilities 

for all outcomes (Hardin et al., 2017). 

The process for receiving, handling and emplacing WPs, and eventually sealing the disposal 

borehole, was diagrammed as a series of activity sequences and nodes, as shown in Figure 2. 

Node A represents the starting point; following Sequence 1 (borehole qualification), 

Sequences 2-8 proceed in linear fashion. A decision point is shown after Sequence 8. If a 

string of 40 WPs has been placed, Sequences 9 and 10 are used to place a cement interval 

plug. Otherwise, the process flow returns to Node A and emplacement activities for the 

next WP begin. A second decision point follows Sequence 10 (set cement interval plug); if 

space remains in the borehole EZ the flow again returns to Node A. If the EZ has been 

filled, the borehole is closed under Sequence 11. 

Figure 2: Event tree for wireline emplacement of WPs 

 

Source: Peretz and Hardin (2017), Figure 10. 

Event trees were developed to describe normal and off-normal operations for each of the 

activity sequences with the potential for release of radioactive material (i.e. from WP breach) 

or worker exposure (i.e. from loss of shielding) (Peretz and Hardin, 2017). Each event tree 

identifies the top events, and the end states associated with success or failure of the top 

events, with failure probabilities for each end state assigned through fault tree analysis. 

Numerical quantification of dose or radiological release consequences was not attempted. 

Instead, the radiological consequence associated with each end state was represented by a 

set of categories which included: success, loss of shielding with minor to moderate worker 

exposure, WP damage during surface handling and WP damage downhole. The overall 

probability of successfully completing a borehole disposal campaign is calculated from the 

aggregation of the probabilities from each of the various activity sequences and possible 

end states. Using “non-conservative” assumptions for each of the different consequence 

categories (Peretz and Hardin, 2017), the probability of a successful borehole completion 
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with 108 WPs and 2 EZ plugs was estimated to be 99.4%. The probability of WP loss of 

shielding was 0.5% and the probability of WP damage downhole (e.g. from drops), with 

low probability of breach and radionuclide release, was 0.1%. The low probability of 

breach is due in part to the impact limiters on the bottom of the WPs. 

Post-closure performance assessment 

Post-closure safety considers scenarios for long-term radionuclide transport to the 

biosphere. For undisturbed conditions, the low permeability of the crystalline host rock is 

expected to limit radionuclide releases, if they occur, to short-duration (< ~500 years) 

thermally-induced upward advective transport through the borehole seals and/or disturbed 

rock zone (DRZ) followed by longer-term slow diffusive transport. Qualitative information 

relevant to post-closure safety includes (SNL, 2016; Freeze et al., 2016): 

 Great depth of emplacement – Waste emplacement is between 4 000 and 5 000 m 

depth, well below the extent of naturally circulating groundwater, and with at least 

1 000 m of low permeability crystalline rock overlying the EZ. 

 Isolation and long residence time of deep groundwater – Recent studies have 

shown that groundwater deeper than 2 km in the Precambrian basement may have 

been isolated from the atmosphere for at least 1 billion years.  

 Density stratification at depth – A density gradient (fresher water near the surface, 

more concentrated brines at depth) is stabilising and tends to inhibit vertical flow 

or mixing. 

 Low permeability of crystalline host rock – Bulk permeability of deep crystalline 

rocks is generally low and decreases with depth, contributing to isolation of deep 

groundwater.  

 High likelihood of diffusion-dominated transport – Low permeability and porosity 

of the crystalline host rock limits advective transport and favours aqueous diffusion, 

a slower transport process.  

 Geochemically-reducing conditions at depth – Reducing conditions in the deep 

subsurface stabilise low solubility phases and enhance sorption of many 

radionuclides, leading to limited mobility in groundwater. 

 Low permeability and high sorption capacity of seal materials – The low 

permeability of bentonite and cement and the high sorption capacity of bentonite 

inhibits vertical fluid flux and radionuclide transport up the borehole. The integrity 

of the borehole seals is of primary importance only during thermally-induced 

upward groundwater flow (typically a period of a few hundred years). 

A preliminary post-closure performance assessment (PA) for Cs and Sr disposal was 

performed to quantitatively examine releases and doses from 90Sr, 135Cs and 137Cs under 

undisturbed conditions. The undisturbed scenario includes (Figure 1; Freeze et al., 2016): 

 Solid WFs (CsCl in the Cs capsules and SrF2 in the Sr capsules) that are assumed 

to degrade immediately after emplacement and do not perform any function 

(e.g. gradual dissolution) that would delay radionuclide release or transport. Thermal 

output and radioactivity from the Cs and Sr capsules assumes surface storage/ageing 

until borehole emplacement in 2050. 
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 A 534 m EZ that contains 108 WPs (74 for Cs capsules and 34 for Sr capsules). 

The WPs are assumed to maintain structural integrity during surface handling and 

emplacement, but are assumed to be degraded immediately (one year) after sealing 

and do not perform any function (e.g. gradual corrosion) that would delay 

radionuclide release or transport.  

 A 2 000 m SZ with permeability and porosity consistent with degraded properties 

of cement plugs and/or bentonite clay (Table 1). The lowermost seal, directly 

overlying the EZ, is a 100-m-long cement plug. 

 A sparsely fractured crystalline basement rock with low permeability and porosity 

and no regional head gradient (Table 1). 

 A DRZ around the borehole is assumed to have an elevated permeability with 

respect to the adjacent intact basement rock due to changes in stress induced by 

drilling (Table 1). 

 A temperature gradient with depth, calculated assuming a geothermal heat flux of 

60 mW/m2 at 6 000 m depth and an average annual surface temperature of 10°C. 

The resulting thermal gradient is ~25°C/km, with ambient temperatures of about 

125°C at the top of the EZ and 140°C at the bottom of the EZ. 

 Radionuclide mobilisation and transport properties based on geochemically 

reducing conditions consistent with deep crystalline rock (Table 1). 

Table 1: Material properties used in the PA simulation 

Region Permeability [m2] Porosity [-] De [m2/s]a Cs Kd [L/kg]b Sr Kd [L/kg]b 

Crystalline 1  10–18 0.005 1.00  10–12 22.5 1.7 

DRZ 1  10–16 0.005 1.00  10–12 22.5 1.7 

SZ cement 1  10–18 0.175 3.06  10–11 0.0 0.0 

SZ bentonite 1  10–18 0.450 2.03  10–10 1 525.0 560.0 

Note: a De = effective diffusion coefficient = free water diffusion coefficient (Dw = 1  10–9 m2/s)  tortuosity 

 porosity 
 b Kd = distribution coefficient (for linear sorption) 

Source: Freeze et al. (2016), Table 5-6. 

PA simulations of thermal-hydrology and radionuclide mobilisation and transport were 

performed using PFLOTRAN, an open source, state-of-the-art massively parallel 

subsurface flow and reactive transport code (Hammond et al., 2014), in a high-performance 

computing environment. 

The subsurface features and components, as seen in Figure 1(a), were discretised into a 2D 

axisymmetric PA model domain with a radius (r) of ~920 m and a height (z) of 2 534 m. 

In the vertical direction, the bottom of the domain is at z = -6 000 m, which is 1 000 m below 

the bottom of the EZ; the top of the domain is at z = -3 466 m, which includes only the 

lowest 1 000 m of the SZ, consisting of alternating lengths of cement, bentonite and sand/ 

crushed rock ballast. In the radial direction, the borehole (outer r = 0.155 m) is surrounded 

by the DRZ (outer r = 0.305 m), which is further surrounded by the crystalline host rock. 

At the time of WP breach (one year after sealing), the entire (decayed) inventory of 137Cs, 
135Cs, and/or 90Sr in a WP is assumed to be present in solution within the WP model cell, 

based on the reference case assumption of unlimited solubility of Cs and Sr in the EZ. 

Instantaneous dissolution of the entire 18-capsule inventory (in 2050) in a WP into the void 
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space of the WP produces a dissolved concentration (source term) of approximately 

0.83 mol/L for Cs (from 135Cs and 137Cs) and approximately 0.25 mol/L for Sr (from 90Sr). 

Unlimited solubility for Cs and Sr is also assumed in the PA model domain beyond the EZ. 

Predicted temperatures, fluid fluxes and radionuclide concentrations for 10 000 000 years 

(135Cs has a 2 300 000-year half-life) were captured at several observation point depths 

within the model domain, with a focus on the EZ and lowermost SZ cement plug, including 

the surrounding DRZ. 

Temperatures in the EZ, driven by the heat of radioactive decay, peak at ~3 years, reaching 

240°C near the midpoint of the EZ. The increase in temperature creates a thermally-driven 

upward fluid flux that includes effects from fluid thermal expansion (early fluxes of very 

short duration) and buoyant convection (later fluxes due to buoyancy of the hot fluid, which 

generally peak at the same time as temperatures, and are relevant to possible radionuclide 

transport) (SNL, 2016). The buoyancy-driven flux is largest in the EZ portion of the borehole. 

However, ~25 m above the top of the EZ, buoyancy-driven vertical specific discharge does 

not exceed 0.0001 m/yr within the lowermost SZ cement plug or 0.006 m/yr within the 

surrounding DRZ. 

Figure 3 shows the concentration of long-lived 135Cs throughout the model domain at 

10 000 000 years. The lack of significant buoyancy-driven fluid flux in the SZ is apparent 

from the negligible 135Cs concentration within the SZ. Even at only ~25 m above the top of 

the EZ, the concentration of 135Cs never rises above the initial background concentration of 

10-20 mol/L within the lowermost SZ cement plug or within the surrounding DRZ for the 

entire simulation duration. Instead, most of the 135Cs remains in the lower part of the EZ, 

where the 74 WPs containing the Cs capsules were originally emplaced. 135Cs also diffuses 

laterally through the crystalline host rock away from the EZ. However, after 10 000 000 

years, the 135Cs concentration contour of 10-15 mol/L has only reached a radius of 

approximately 20 m beyond the EZ. No 135Cs reaches the biosphere, so there is no dose. 

Figure 3: Dissolved concentration of 135Cs at 100 000 years 

 

Source: Freeze et al. (2016), Figure 5-8. 
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Summary and conclusions 

This paper describes qualitative and quantitative safety case considerations to assess the 

feasibility of the DBD concept. Qualitative information relevant to the pre-closure safety 

case was introduced to suggest that site characterisation, deep drilling, engineering design 

and site operations could be feasibly and safely performed. Quantitative PCSA results were 

provided to support these observations.  

Qualitative information relevant to the post-closure safety case was introduced to suggest 

that the likelihood of radionuclide releases to the biosphere was very low due to: 

 the great depth of emplacement in low permeability rock that favours slow 

diffusion-dominated transport; 

 isolation and long residence time of deep groundwater; 

 density stratification and geochemically reducing conditions at depth; 

 low permeability and high sorption seal materials, especially during the 100-year 

period (approximately) of thermally-induced upward groundwater flow.  

The first three are particularly applicable to the very deep concept; they are less relevant to 

the safety case for concepts with an EZ of less than ~2 000 m deep. 

Quantitative results from pre-closure PCSA and post-closure PA calculations for a specific 

reference case of DBD of Cs and Sr capsules further suggest that a feasible safety case can 

be developed for DBD. The post-closure PA results are consistent with earlier results for 

very deep disposal of SNF that also predicted slow diffusion-dominated transport under 

undisturbed conditions (Brady et al., 2009; Arnold et al., 2013; Freeze et al., 2013). 
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Abstract 

Siting, construction and waste operations of a deep geologic repository for commercial 

spent nuclear fuel (SNF) is expected to take multiple decades. During this multi-decade 

timeline, geologic site and engineering data, as well as computer hardware and software, 

will advance significantly. An objective of the US effort is to develop a post-closure safety 

assessment capability that is flexible enough to take advantage of these advances. This 

capability is based on a massively parallel, high-performance computing (HPC) 

environment. The US effort also has the objective of improving transparency in model 

development and application and is developing the new post-closure safety assessment 

capability in an open-source licensing format. This new Geologic Disposal Safety Assessment 

(GDSA) Framework consists of two main open-source software components that are 

optimised for parallel computations in an HPC environment: PFLOTRAN for multi-physics 

domain simulation and Dakota for uncertainty quantification and sensitivity analyses. To 

increase confidence and transparency in the repository safety case, the development 

philosophy for GDSA Framework is based on one increasingly mechanistic representations 

of multi-physics couplings, two realistic three-dimensional spatial resolution of features 

and processes, including explicit representation of all emplaced waste packages, and 

appropriate quantification and propagation of uncertainties. The work described here 

summarises the capabilities of GDSA Framework and its application to a generic 

repository concept for waste disposal in a crystalline host rock. 

Introduction 

Throughout the expected decades-long time frame for geologic repository development, it 

is anticipated that conceptual models, numerical models, computer hardware and computer 

software will evolve significantly through various knowledge gathering and research and 

development (R&D) efforts, as indicated schematically in Figure 1. This evolution from 

generic models during the concept evaluation stage (the current stage in the United States) 

to site-specific models (after final site selection) demands that total system safety assessment, 

or performance assessment (PA), be flexible enough to accommodate concomitant software 

and hardware advances. This is an important motivating factor for the current effort in the  
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Figure 1: Illustrative timeline for evolution of a repository project and its  

associated safety case, as well as the temporal iteration among knowledge  

gathering (technical bases), safety assessment and R&D prioritisation decisions 

 
 

United States to build a high-performance PA modelling capability based on the most 

advanced and flexible hardware and software architectures currently available. Flexibility, 

as well as transparency, are also the motivation for developing system PA software in an 

open-source format (Hammond et al., 2014). Development of this high-performance 

software, Geologic Disposal Safety Assessment (GDSA) Framework (pa.sandia.gov), for 

modelling deep geologic disposal of SNF and HLW, has been ongoing for several years in 

the US repository programme (Sevougian et al., 2015, 2016; Mariner et al., 2016). 

A repository safety case (or licensing case) also evolves during the decades-long siting and 

development process of a repository project (Figure 1); and at each major milestone or 

stage in such a project, the primary elements of the project and its safety case are updated 

based on the most recent information available. Figure 2 shows typical elements of a safety 

case for documenting and building confidence in the technical feasibility, safety and 

performance of any deep geologic repository. With respect to satisfying health and 

environmental safety regulations for the long-term (post-closure) performance of the 

disposal system, periodic project updates primarily involve the interplay between 

Elements 3.3 and 4.2 of the safety case shown in Figure 2, i.e. the evolving technical 

(knowledge/engineering) bases and the latest safety assessment analyses, as previously 

shown in Figure 1. This interplay between technical-basis knowledge, safety assessment 

and future R&D is shown in more detail in Figure 3, as a relational or flow diagram, for a 

single stage (or iteration) of the repository project (Sevougian et al., 2017). 
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Figure 2: Major elements of the safety case 

 
 

Figure 3: Evolution and iteration of technical bases and performance assessment 

Reference case components are enclosed by blue dotted boxes.  

KRA and TRA are explained in Sevougian and MacKinnon (2017). 
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GDSA Framework architecture 

During the evolution from generic safety assessments to later site-specific safety assessments 

(Figure 1), the associated PA model and software has three primary, ongoing roles: 

 quantitatively evaluate potential disposal concepts and sites in various host rock 

media; 

 build confidence in the repository safety case – first generic, then site-specific; 

 help prioritise R&D activities through multiple stages of the repository programme. 

These three roles are facilitated by building confidence in the quantitative evaluations of 

total system performance over long regulatory time frames. Two desired capabilities of the 

PA model are helpful in this regard: 

 less reliance on assumptions, simplifications and process abstractions, i.e. more 

direct (or mechanistic) representation of multi-physics couplings over a large 

heterogeneous three-dimensional domain, including explicit representation of all 

emplaced waste packages when appropriate; 

 a numerical solution and code architecture that can evolve throughout the 

repository life cycle and which can use the most advanced hardware and numerical 

solvers available from the outset. 

Overlying these capabilities is the necessity for reliable quantification and propagation of 

uncertainties, both aleatory and epistemic, from input to output. 

In light of the above three roles and desired capabilities of the PA model, the GDSA 

Framework is built on the following key components: 

 a numerically scalable reactive multi-phase flow and transport code (PFLOTRAN 

at bitbucket.org/pflotran/pflotran), working in concert with coupled process model 

codes; 

 open-source statistical software for sampling, sensitivity analysis and uncertainty 

quantification (Dakota at dakota.sandia.org); 

 open-source computational support software and scripts for workflow, and for 

processing and visualising results (e.g. Python, ParaView, VisIt); 

 free but licensed software for mesh generation (CUBIT at cubit.sandia.gov). 

These key components are depicted schematically in Figure 4. In a probabilistic PA 

simulation, Dakota generates a set of parameter input vectors based on random sampling 

of the uncertainty distributions defined in the input set. The sampled input vectors are used 

by PFLOTRAN and any coupled process models to simulate source term release, 

engineered barrier system (EBS) evolution, flow and transport through the EBS and natural 

barrier system (NBS), and uptake in the biosphere. After the simulation, various software 

packages may be used to analyse and visualise the output time histories of parameters and 

performance metrics. Dakota may also be used to evaluate the effects of parameter 

uncertainty on specific outputs, such as dose. 
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Figure 4: Schematic depiction of GDSA Framework architecture 

 
 

PFLOTRAN (Hammond et al., 2011; Lichtner and Hammond, 2012; Lichtner et al., 2018) 

is an open source (documentation.pflotran.org; bitbucket.org/pflotran/pflotran), reactive 

multi-phase flow and transport simulator designed to leverage massively parallel 

high-performance computing (HPC) to simulate subsurface earth system processes. 

PFLOTRAN has been employed on peta-scale leadership-class Department of Energy 

(DOE) computing resources to simulate thermal-hydrologic-chemical (THC) processes at 

the Nevada Test Site (Mills et al., 2007), multi-phase CO2-H2O flow for carbon sequestration 

(Lu and Lichtner, 2007), CO2 leakage within shallow aquifers (Navarre-Sitchler et al., 

2013), and uranium fate and transport at the Hanford 300 Area (Chen et al., 2013). 

PFLOTRAN solves the non-linear partial differential equations describing mass, 

momentum and energy transport in porous media. Parallelisation is achieved through 

domain decomposition using the Portable Extensible Toolkit for Scientific Computation 

(PETSc) (Balay et al., 2013). PETSc provides a flexible interface to data structures and 

solvers that facilitates the use of parallel computing. PFLOTRAN is written in Fortran 

2003/2008 and leverages state-of-the-art Fortran programming (i.e. Fortran classes, pointers 

to procedures, etc.) to support its object-oriented design. PFLOTRAN employs a single, 

unified framework for simulating multi-physics processes on both structured and 

unstructured grid discretisations. The code requires a small, select set of third-party 

libraries (e.g. MPI, PETSc, BLAS/LAPACK, HDF5, Metis/Parmetis). Both the unified 

structured/unstructured framework and the limited number of third-party libraries greatly 

facilitate usability for the end user. PFLOTRAN scales well to over 10 000 processes or 

cores (Hammond et al., 2014). 

PFLOTRAN provides “factories” (code that constructs data structures, linkages, etc.) 

within which the developer can integrate a custom set of process models and time integrators 

for simulating surface and subsurface multi-physics processes. Within the execution step, 

any number of process models can be coupled and run at identical or dissimilar time scales. 

The Process Model Coupler (PMC) class enables this flexibility (Sevougian et al., 2016; 

Hammond and Frederick, 2017). 
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The Dakota software toolkit is open-source software developed and supported at Sandia 

National Laboratories (Adams et al., 2013). It is intended as a flexible, extensible interface 

between simulation codes and a variety of iterative systems analysis methods, including 

optimisation, uncertainty quantification, non-linear least squares methods, and sensitivity/ 

variance analysis. GDSA Framework uses Dakota as the interface between input parameters 

and PFLOTRAN. Dakota is also used to analyse the effects of uncertainty in parameter 

values on repository performance. Specific Dakota capabilities important to GDSA 

Framework include: 

 scalable parallel computations on HPC clusters; 

 uncertainty sampling and propagation; 

 probabilistic sensitivity analysis methods. 

Despite the robustness of the HPC and open-source concept used by GDSA Framework, 

computer hardware limitations will still be a consideration for the foreseeable future given 

the large spatial-temporal scales, complex coupled processes and multiple uncertainty 

distributions necessary to represent post-closure repository evolution over perhaps 1 million 

years. Thus, scale averaging methods and surrogate models must be analysed and applied 

for some parts of the spatial-temporal domain, at least during the current early repository 

stages, prior to final site selection. 

Application of GDSA Framework to an SNF repository in a generic crystalline 

host rock 

In the current concept evaluation stage of repository development in the United States 

(Figure 1), generic “reference cases” are used to represent potential repositories in various 

host rock media, based on typical geologies and properties for clay/shale, salt or granite/ 

crystalline host rock in the United States, along with generic engineered designed concepts 

that are appropriate for these host rocks. A reference case is a representative “surrogate” 

for site- and design-specific information not yet available during the current concept 

evaluation stage, but which can be used to demonstrate capabilities of the PA model/software 

framework, in preparation for its use during site screening and site evaluation. Detailed 

characteristics, parameters and analyses associated with the generic crystalline host rock 

reference case are briefly summarised below, but fully documented in Mariner et al. (2016). 

The crystalline reference case calls for a mined repository located at about 600 m below 

land surface in a fractured crystalline rock. It is assumed that this repository would hold 

70 000 MTHM of commercial SNF. Within cylindrical disposal drifts, waste packages are 

cantered in a buffer consisting of compacted bentonite pellets or bricks. The bentonite 

buffer serves as an impermeable barrier to bulk movement of pore water, effectively isolating 

the waste container (and its radionuclide inventory) from connection with possible fractures 

in the host rock and in the disturbed rock zone (DRZ) surrounding the drift excavation. 

The representation of fractured crystalline rock in the generic reference case is based 

primarily on the well-characterised, sparsely fractured metagranite at Forsmark, Sweden 

(Follin et al., 2014). Conceptually, the crystalline host rock is comprised of two media: 

fractures and rock matrix. Numerically it is simulated in GDSA Framework with two types 

of grid cells: those containing a fracture or fractures and those without fractures (the matrix). 

The fracture networks in these simulations are originally generated as discrete fracture 

networks (DFNs), which are sets of 2D planes distributed in a 3D domain (Figure 5). The 

method used in GDSA Framework maps the stochastically generated DFN to an equivalent 

continuous porous medium (ECPM) domain that allows for the simulation of coupled heat  
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Figure 5: Transparent view of the generic crystalline repository  

model domain at 1 000 years after repository closure 

Coloured by temperature and indicating major structural features (upper right) and disc-shaped fractures, as 

well as the repository emplacement drifts, for a single realisation of the uncertain fracture network (Domain6). 

 
 

flow, fluid flow and radionuclide transport, including heat conduction through the matrix 

of the fractured rock, which are coupled processes not easily modelled in an explicit DFN 

model. Computational efficiency is also greatly enhanced using the ECPM method, allowing 

for multi-realisation PA analyses in a reasonable wall-clock time on an HPC cluster (Stein 

et al., 2017). 

PA simulations were divided into two sets: 

 a set of 15 “fracture realisations”, i.e. 15 simulations of the repository system, each 

with a different realisation of the uncertain fracture network, but with the same 

sampling of other uncertain parameters such as buffer porosity, aquifer 

permeability, etc.; 

 a set of 50 realisations based on a single fracture network (Domain6) but using a 

50-vector random sample of other uncertain input parameters. 

Both sets were run using GDSA Framework on an unstructured mesh in three dimensions. 

The unstructured mesh was constructed with CUBIT (Blacker et al., 2016). DFNs were 

generated with dfnWorks (Hyman et al., 2015) and mapped to an ECPM domain with a 

Python script. The ECPM domain contains 4 848 260 cells; of these, about 2.5 million are 

smaller grid cells in and around the repository. Sensitivity analyses [Speakman rank 

correlation coefficients of maximum (129I) over 1 000 000 years versus the distributions of 

the eight sampled input parameters] were conducted using the second set of 50 realisations 

and indicated, as might be expected, a strong positive correlation of 129I concentration with 

aquifer permeability and waste package degradation rate (Mariner et al., 2016). 

Thermal output of the SNF must be considered in the simulations and can influence the rate 

and timing of waste package failure and waste form degradation, as well as fluid flux due 

to thermal expansion around the repository horizon. Temperatures peak just below 200C 

at approximately 200 years after waste emplacement but the repository remains warmer 

than background for about 10 000 years (Mariner et al., 2016). Figure 5 is a transparent view 

of the generic crystalline repository model domain at 1 000 years after repository closure, 
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coloured by temperature, for one specific realisation of the heterogeneous distribution of 

fractures (called “Domain6”). Figure 6 shows the spatial distribution of the conservative 

tracer 129I at 400 years after repository closure (after about 3% of the waste packages have 

been breached by general corrosion processes) for this same fracture network (Domain6) 

and for typical (“deterministic”) values of the uncertain model input parameters, i.e. the 

same fixed parameter values used in the 15-realisation fracture simulation set described 

above. At this time of 400 years, transport in highly permeable connected fractures has 

carried 129I to the east (right) face of the model domain, 1.5 km from the repository. Also 

indicated in this figure is the process of 129I diffusion from the repository, as well as from 

fractures into the crystalline rock matrix. 

Figure 6: 129I concentration at 400 years in the deterministic simulation of fracture Domain6 

Concentration is contoured on a log scale at intervals of 10–12 mol/L  

to 10–5 mol/L; contours are coloured by 129I concentration. 

 
 

Time histories of 129I concentration are plotted in Figure 7 for both sets of simulations, at 

an “observation point” in the sediments (glacial till) at the top of the model domain. 

Figure 7(a) shows 129I concentration at observation point “glacial2” for the 15 different 

realisations of the stochastic fracture network. Differing degrees of fracture distribution, 

size and permeability result in significantly different transport times for 129I through the 

crystalline host rock to the surface (i.e. to the biosphere), because of the randomness of 

fracture network connectivity (and resulting transport time) to the surface. This wide 

variation in transport times, based on fracture-distribution uncertainty alone, may be 

contrasted with the more uniformity of transport time through the host rock [Figure 7(b)] for 

the 50-realisation simulation set, which is based only on uncertainties in several underlying 

rock, fluid, waste and EBS parameters, such as bentonite porosity, aquifer permeability and 

SNF degradation rate (Mariner et al., 2016), for a single fracture domain (Domain6). 
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Figure 7: (a) Predicted 129I concentration versus time at observation  

point “glacial2” for 15 fracture-network realisations – the heavy orange line is  

Domain6; (b) predicted 129I concentration versus time for 50 sampled realisations of 

uncertain parameters at observation point “glacial2” for fracture network Domain6 

      
 

Summary and conclusions 

Development of an enhanced PA capability for geologic disposal of SNF and HLW  

has been ongoing for several years in the US repository programme. The new GDSA 

Framework software is intended to be flexible enough to evolve through the various stages 

of repository activities, beginning with generic PA activities in the current concept evaluation 

stage to site-specific PA modelling in the repository development stage. GDSA Framework 

utilises modern software and hardware capabilities by being based on open-source software 

architecture and being configured to run in a massively parallel, high-performance computing 

(HPC) environment. It consists of two main components, the open-source Dakota uncertainty 

sampling and analysis software and the PFLOTRAN reactive multi-phase flow and 

transport simulator. 

Reference cases or “generic repositories” have been and are being developed, based on 

typical properties for potential salt, clay and granite host-rock formations and corresponding 

engineered design concepts for each medium, in order to demonstrate the capabilities of 

the new PA software and to prepare for future repository stages, such as site screening and 

site evaluation. 

Progress in the development of GDSA Framework continues to affirm that HPC-capable 

codes can be used to simulate important multi-physics couplings directly in a total system 

performance assessment of a deep geologic repository. The generic repository applications 

modelled to date indicate that the developing capability can simulate complex coupled 

processes in a multi-kilometre domain, while simultaneously simulating the coupled 

behaviour of metre-scale features, including every waste package within the domain. 

  

(a) (b) 
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Abstract 

The Swiss site selection process for deep geological repositories (DGR) is a stepwise 

narrowing-down process based on safety and engineering feasibility criteria. Currently, 

the last step is being approached, during which one site per repository type will be selected 

from the remaining siting regions of rather similar geological characteristics. As 

site-discriminating factors become more subtle, there is a need to refine existing site 

selection criteria, and to gather more detailed relevant site-specific data. Probabilistic 

sensitivity analyses on dose calculations improve our system understanding and help guide 

the geological exploration campaign so that uncertainty in the most relevant parameters 

can be reduced. Moreover, aspects can be checked with respect to relevance, correlation 

and discriminating power. The geological characteristics of the remaining geological 

siting regions guided the focus on examining the role of horizontal or potential vertical 

features of higher transmissivity. The importance of the properties of such features that are 

closest to the repository has indeed been confirmed by results of the sensitivity analyses.  

Introduction 

The Swiss site selection process for deep geological repositories (DGR) is a stepwise 

approach defined by the Sectoral Plan for Deep Geological Repositories issued by the 

Swiss Federal Office of Energy in 2008 (BFE, 2008). The narrowing down process is 

performed by comparing various geological siting regions per repository type based on 

safety and engineering feasibility criteria according to the Sectoral Plan. Currently, the 

National Cooperative for the Disposal of Radioactive Waste (Nagra) is preparing for the 

final stage of the Sectoral Plan, during which one site per repository type [high-level waste 

(HLW) and low-/intermediate-level waste (L/ILW)] will be selected from the remaining 

geological siting regions, followed by submitting the respective general licence application. 

The geological characteristics of the remaining siting regions are rather similar to the host 

rock, being Opalinus Clay for both repository types. Therefore, site-discriminating factors 

become more subtle when compared to earlier stages of the site selection process. On the  
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one hand, more detailed site-specific data need to be gathered and on the other hand site 

selection criteria may need to be refined in order to be able to select the optimal site and to 

build a sound safety case. 

Probabilistic sensitivity analyses on dose calculations that consider the current knowledge, 

models and data can be used: 

 to provide input to the geological exploration campaign so that uncertainties in the 

most relevant parameters, from the point of view of dose calculations, can be reduced; 

 to check relevance, correlation and discriminating power of these parameters for 

the site selection. 

After setting the general context in the next section, we present our strategy to implementing 

the probabilistic framework. We then show how this framework is used to improve system 

understanding, to provide input to the upcoming geological exploration campaign and to 

analyse barrier efficiency. 

Context – The status of the Swiss site selection process from a safety analysis 

point of view 

The current state of knowledge in the Swiss site selection process is based on the results of 

Stages 1 and 2 of the Sectoral Plan for Deep Geological Repositories (Nagra, 2008a, 

2014a). For narrowing down the potential sites during Stage 2, Nagra performed extensive 

dose calculations (2014b) to respond to the requirements for the provisional safety analyses 

and the safety-based comparison of the siting regions that were specified by the Swiss 

Federal Nuclear Safety Inspectorate (ENSI). The remaining sites that will be further 

evaluated in Stage 3 are of a similar geological nature: All feature Opalinus Clay as host 

rock with so-called confining units above and below; therefore, they can be conceptualised 

by similar geological models (Figure 1). While, based on the current data and concepts, 

none of the remaining sites shows relevant deficiencies in a safety-based comparison, the 

geological setting guides the focus on examining further the role of potential horizontal or 

vertical features of higher transmissivity. This study represents a sensitivity analysis that 

explicitly considers transmissivities of such features that are not expected in the siting 

areas. In fact, highly transmissive faults at depths greater than about 200 m below ground 

have never been detected in Opalinus Clay in northern Switzerland as it has excellent 

self-sealing properties. 

Approach – Model concept and probabilistic framework 

To evaluate the repository performance in any of the siting regions with a focus on the role 

of potential horizontal and vertical features of higher transmissivity (sedimentary layers 

and faults, respectively), the geological concept models (Figure 1) have been simplified to 

one single model per repository type consisting of an L/ILW repository cavern (or HLW 

disposal tunnel) vertically centred in Opalinus Clay host rock with confining units and one 

horizontal and one vertical feature at any location in the model domain (Figure 2). For 

computational reasons, vertical and horizontal symmetries have been postulated, hence 

only a quarter of the model domain is actually implemented in the numerical 2D model, 

which leads to slight overestimation of radionuclide release rates. 
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Figure 1: Geological concept models for the remaining  

three candidate sites in northern Switzerland 

Horizontal (and potential vertical; not shown) features with higher transmissivity  

(blue horizontal arrows) might impact the overall geological barrier performance. 

 

Note: The three candidate sites remain to be confirmed by the Swiss federal government. 

Source: Nagra (2014b). 

Figure 2: Model concept for dose calculations and the sensitivity analyses 
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Dose calculations are set up for this model to analyse the transport of radionuclides 

dissolved in porewater from the repository through the host rock and confining units. It is 

conservatively assumed that from there the radionuclides are transported directly 

(i.e. without any further retention and radioactive decay) to the biosphere. System analyses 

carried out separately during earlier stages showed that, if the repository is designed 

appropriately, all repository-induced effects on the safety barriers can be kept small. These 

are therefore not considered explicitly in the present dose calculations. 

The parameter space, i.e. the statistical distribution of all parameter values, is defined such 

as to encompass all three potential siting regions including uncertainty due to the long-term 

geological evolution (e.g. erosion and associated decompaction). Parameter values of the 

transmissive features are explicitly chosen to vary over larger than expected ranges to 

explore their sensitivity. Geometrical parameters, e.g. the distances of the highly transmissive 

features from the emplacement room, are also allowed to vary. Finally, engineering materials 

and their properties and the inventory, including instant release fractions and dissolution 

rates, are parameterised as in the models of Stage 2 of the Sectoral Plan (Nagra, 2014).  

In a first step, a parameter screening using the Morris One at a Time (OAT) (1991) method 

was applied to determine the most sensitive parameters. In a second step, a Monte Carlo 

set was generated using Latin Hypercube Sampling (McKay et al., 1971) and the results 

were analysed to identify the most sensitive parameters’ respective features.  

Results – Sensitivity analysis  

The Morris OAT screening indicates that the most relevant geological parameters in our 

system are permeabilities’ respective transmissivities of the host rock and the vertical and 

horizontal transmissive features, directly followed by the diffusion coefficients of the host 

rock. This result agrees with the overall phenomenological and geological understanding 

of the remaining sites as well as with the understanding developed during earlier, 

deterministic safety and sensitivity analyses (see e.g. Nagra, 2008b, 2014b). 

The results of the Monte Carlo set of simulations (Figure 3) show a rather clear overall 

pattern of the maximum dose rates in the sub-parameter space related to, e.g. the vertical 

transmissive feature. A region where higher doses must be expected can be identified for 

features that are either close to the disposal tunnel, highly transmissive or both, and this 

independent of the other sampled parameters. 

Figure 3 also shows that the identified overall pattern with respect to the vertical feature is 

perturbed by individual model calculations with high maximum dose rates that are caused 

by high permeability of the host rock, high transmissivity of the horizontal feature or 

proximity of the horizontal feature. In order to further explore the parameter space and 

associated calculated dose rates and to better identify existing correlations, the rock and the 

two discrete features can be considered independent release pathways that may be deactivated 

by filtering away sample calculations with high permeability or high transmissivity values 

or small distances of the discrete features to the repository. 

This approach is illustrated in Figure 4. For instance, if both transmissive features are far 

away from the disposal tunnel or of rather low transmissivity, the dose rates clearly depend 

on the permeability of the rock for permeability values higher than 310–13 m/s (left). If 

simulations with a prominent vertical transmissive feature and a high permeable rock are 

filtered away, correlations of maximum dose rates with transmissivity of the horizontal 

feature appear (right). 
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Figure 3: Dose calculation results for the HLW repository 

Maximum dose rates show a clear dependency on transmissive features and their properties (shown here  

for a vertical feature at distance dSt from the disposal tunnel centre and with transmissivity TSt). Qualitatively, 

snapshots of radionuclide concentrations showing transmissive features were active (insets) for four individual 

realisations out of the overall set of 10 000 simulations performed on a Latin Hypercube Sampling set. 

 
 

Figure 4: Dose calculation results for the HLW repository  

in different sub-sections of the parameter space 

Maximum dose rates in function of the permeability of the host rock, Kv, and the  

transmissivity of the horizontal feature, THB, for a subset of the parameter space (see text). 

 
 

Discussion – Guiding the exploration campaign and analysing barrier efficiency 

The sensitivity analyses and the exploration of the parameter space may be used to analyse 

the geological barrier efficiency (Table 1). For instance, for a geological barrier to reach a 

performance level defined by the maximum dose rate being less than 0.01 mSv/a, all the 

following optimisation requirements must be met: 
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 The permeability of the host rock, Kv, must be < 310–12 m/s. 

 Any horizontal transmissive feature must be either: 

o of transmissivity THB < 10–9 m2/s; 

o or THB < 10–8 m2/s and at a distance Lv,HB > 20 m from the disposal tunnel; 

o or at a distance Lv,HB > 40 m from the disposal tunnel (without further requirement 

on the transmissivity). 

 Any vertical transmissive feature must be either: 

o of transmissivity TSt < 10–10 m2/s; 

o or TSt < 10–9 m2/s and at a distance Lh,St > 20 m from the disposal tunnel; 

o or at a distance Lh,St > 40 m from the disposal tunnel (without further requirement 

on the transmissivity). 

To reach a geological barrier efficiency defined by the maximum dose rate being less than 

10–3 mSv/a, besides tighter bounds on the requirements above, an additional requirement 

on the diffusion coefficient in the host rock, Dv < 310–12 m2/s must be satisfied. 

Table 1: Analysis of the geological barrier efficiency for the HLW repository 

For each performance level defined by an upper bound of the maximum dose rate,  

the parameters must conform to all the requirements simultaneously (see text).  

The symbols “||” and “&&” represent logical “OR” and “AND”, respectively. 

Max. dose 
rate 

[mSv/a] 

Kv  
[m/s] 

Dv 
[m2/s] 

THB 
[m2/s] 

Lv,HB 
[m] 

TSt 
[m2/s] 

Lh,St 
[m] 

< 0.1 < 310–11 – 
THB < 10-8 

|| Lv,HB > 20 

TSt < 10–9 && Lh,St > 0 

||   Lh,St  > 20 

< 0.01 < 310–12 – 

THB < 10–9 

|| THB< 10–8 && Lv,HB > 20 

 ||  Lv,HB > 40 

TSt < 10–10 && Lh,St > 0 

|| TSt < 10–9 && Lh,St > 20 

||   Lh,St > 40 

< 110–3 < 310–13 < 310–12 

THB< 10-10  

|| THB < 10–9 && Lv,HB > 20 

|| THB < 10–8 && Lv,HB > 40 

||  Lv,HB > 100 

TSt < 10–11 && Lh,St > 0 

|| TSt < 10–10 && Lh,St > 20 

|| TSt < 10–9 && Lh,St > 40 

 ||   Lh,St > 100 

 

The above analyses show that, besides the properties of the host rock, knowledge on 

transmissive features that are closest to the repository is of primary interest when evaluating 

the geological barrier efficiency. Moreover, simple mathematical operators may be used to 

define coupled requirements. 

Conclusion 

In the last stage of the Swiss site selection process for deep geological repositories, one site 

per repository type will be selected from three remaining geological sites that are of similar 

geological characteristics. Based on the geological conceptual models of the sites we 

implemented a simplified but conservative safety analysis respective dose calculation model. 

We performed probabilistic sensitivity analyses on a parameter space that encompasses the 

geometries, properties and features of all the remaining sites for any conceivable future 

scenario. Morris screening could underpin that highly transmissive features that are closest 
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to the repository are, besides the host rock properties, most relevant for the geological barrier 

performance. This provides relevant input to guide the upcoming exploration campaign. 

Analysis on a Monte Carlo set of simulations allowed us to further explore the effect of 

various parameter combinations on calculated doses and to deduce requirements that may 

be used for a safety-based analysis of the overall barrier performance.  
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Abstract 

In assessing the risk to future populations from radioactive waste buried in a geological 

disposal facility by dilution and transport in slowly moving groundwater, probabilistic 

numerical simulations of radionuclide transport are used. We have developed simple 

analytical models, termed “insight” models, which approximate the numerical models, and 

which are very fast to run. When run probabilistically, they have been shown to give good 

agreement with the numerical models and are useful in comparing the contributions to 

safety for different options for waste packaging, disposal concepts and geology. A particular 

challenge was to find a graphical method of communicating the results in a way that makes 

uncertainties clear. 

Introduction 

In the evaluation of the post-closure performance of a geological disposal facility for 

radioactive waste, the radiological risk to future populations is a quantity which is subject 

to large uncertainties because of the long geological timescales involved. These include 

data uncertainties, model uncertainties and uncertainties about future evolution of the system 

and future human actions. These uncertainties are analysed using a dynamic probabilistic 

total system model (TSM) which propagates the uncertainty in input parameters through to 

performance measures such as risk. One such model considers the risk from the groundwater 

pathway, the pathway by which radionuclides may be released from their waste form, after 

the waste containers corrode, dissolve in groundwater and move slowly through the rock 

to the surface. 

Noting that in such a dynamic model, the uncertainty in the input parameters is generally 

much larger than the uncertainty arising from approximations made in the model, it is 

possible to develop simple analytic expressions (termed an “insight” model) that capture 

very approximately the behaviour of the system, which can then also be run probabilistically, 

but significantly faster than the dynamic version of the TSM. It has previously been found 

that when run probabilistically, there was good agreement between the insight model and 

the full dynamic implementation (Poole, 2009). 
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The principles of the insight model are that it should only be as complicated as is necessary 

to resolve the uncertainty, such that understanding of the system can be readily gained. 

Because it is fast to run, it can readily be used for the testing of different scenarios, for 

example different disposal concept options, different packaging options and different 

contributions to safety from the geology at different sites, while the whole time recognising 

the level of uncertainty that exists, and not drawing conclusions that cannot be justified 

given that uncertainty. We have developed a version of the insight model that calculates the 

relative contribution to safety for different radionuclides from four barriers: the container, 

waste form, buffer or backfill and the geosphere, taking full account of uncertainty. 

The insight modelling approach 

The insight modelling approach was originally developed for two barriers, the source term 

and geosphere (see Vol. 3 of Nirex [1997]), and was deterministic. A probabilistic version 

was developed some time later (Poole, 2009), and has now been developed in the current 

work to split the source term into three barriers, the container, waste form and buffer or 

backfill, giving four barriers in total. 

The “insight” model computes performance metrics for each barrier, and from these overall 

system performance, i.e. risk. The performance metrics for each barrier are attenuation, 

time delay and spreading time. The attenuation in a barrier is the fraction of the material 

that enters a barrier that will decay within that barrier. An increased attenuation will result 

in less material being transported to the biosphere and hence a reduced risk to future 

populations. The time delay is the mean time that it will take material that will exit from a 

barrier to do so. The spreading time is a measure of the range of time delays that will occur 

for a barrier. Increasing the spreading time will lead to a reduced peak risk. Increasing the 

time delay will increase the time of the peak risk, and potentially allow for more radioactive 

decay. 

Expressions for these performance metrics are derived from the mathematical equations 

that define the transport through each of the barriers. In this model the following processes 

are considered for each of the barriers. The barrier performance of the container is defined 

by the failure time for the container and the range over which this will occur. For the waste 

form, the key parameters are the instant release fraction (the fraction that is immediately 

dissolved in groundwater after container failure) and the matrix dissolution rate (how long 

it takes for the matrix holding the wastes to degrade). The buffer or backfill barrier is 

defined through the flow rate of water through the engineered barrier system, and solubility 

limits and sorption to the backfill. The geosphere barrier is defined by the flow equations for 

advection through a porous medium, advection through fractures, diffusion and dispersion. 

The mathematics are summarised in Box 1. 

The time evolution of the risk is treated relatively coarsely. The attenuation and spreading 

time are used with the initial mass and the biosphere factor to generate the height of the 

peak. The peak is then represented as a pseudo-square pulse with the centre at the time 

delay and extending over the range defined by the spreading time. By sampling many 

realisations, a mean risk time profile can be generated which closely matches that of the 

dynamic TSM. 

The insight model is designed for individual radionuclides, and so additional approximations 

are required for decay chains. Ingrowth of radionuclides over the timescales of geological 

disposal can be significant. This is particularly true for the daughters of 238U, where the 

shorter-lived daughters can lead to significantly higher biosphere doses than the 238U parent. 
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Box 1: Summary of mathematics used in the model 

If the flux of material out of a barrier is f(t) then the total amount of material getting through 

a barrier is M1 = ∫ f(t)dt. If the initial mass of material was M0, the fraction persisting through 

the barrier is: 

A =
M1

M0

 

The mean time delay for the barrier is: 

T =
∫ tf(t)dt

M1

 

The spreading time for a barrier is: 

σ = √
∫(t − T)2f(t)dt

M1

 

These three quantities for each barrier can be combined to give overall quantities for the 

fraction persisting, the time delay and the spreading time as follows: 

ATot = ∏ Ai
i

 

TTot = ∑ Ti
i

 

σTot = √∑ σi
2

i
 

 

Three approaches have been taken in this model to treat decay and ingrowth. Firstly, for 

those species where the daughter is short-lived it is assumed that it is in secular equilibrium 

with its parent. The biosphere risk is calculated by multiplying the risk from the parent by 

the ratio of the biosphere factors of the parent and daughter, and by the ratio of the 

retardation factors in the final geosphere layer of the parent and daughter. In cases where 

the parent isotope is short-lived, the ingrowth is modelled by adding the inventory to that 

of the daughter. If the geosphere travel time is sufficiently short that the parent would not 

have decayed fully, this would lead to a “double counting” error, which would be 

conservative. The third approach is similar to the first and has been specifically developed 

for the use with 233U. 233U is the daughter of 237Np, both of these radionuclides have long 

half-lives (159 000 years and 2 140 000 years, respectively). The method chosen in this 

case is more complicated. The fraction of the 237Np calculated to decay in each barrier is 

propagated forward through the system using the parameters calculated for 233U. This does 

increase the total calculation time; however as 233U is a significant radionuclide in terms of 

contribution to risk, this approach is proportionate. The results are comparable with those 

using the full dynamic simulation of the TSM. 

Implementation in software 

The insight model has been built as a static model using GoldSim, a Monte Carlo simulation 

software solution (GoldSim, 2010), to make use of the probabilistic framework for handling 

uncertainty. Additionally, we use GoldSim for our dynamic TSM for the groundwater 

pathway, so all the relevant data input elements can be simply copied across. 
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The input data are controlled in a number of ways. Data which relate to the sorption and 

solubilities of individual elements in different environments have been taken from the 

existing TSM. These are documented in the Data Report published by RWM as part of the 

generic Disposal System Safety Case (DSSC) in 2016 (RWM, 2016a). 

The input data related to individual groups of wastes, such as the radionuclide inventory, 

are imported through an Excel spreadsheet. Currently up to two different inventories can 

be considered in a simulation; however, further groups could be included in later versions. 

The selection of the geosphere and its properties is performed through a dashboard interface 

within the GoldSim software. Here the type of rock can be selected for each layer; the 

sorption data are again taken from the 2016 DSSC (RWM, 2016a). Properties such as path 

length and travel time can also be specified. 

The outputs are exported to Excel spreadsheets which can be subsequently interrogated and 

plotted using Python scripts. This provides opportunity for flexibility and consistency in 

the graphical outputs from the model. 

Visualisation of model results 

As noted above, the insight model calculates performance metrics for each barrier, and 

system performance measures, including uncertainty. If we want to use the model to compare 

and contrast performance of the various barriers for different concepts, etc., a key challenge 

is to find a way of visualising the differences while respecting the large uncertainty that 

may exist, to be sure that any conclusions that are drawn are justified and not simply noise. 

This means we need to visualise a lot of information all at once in order to get an idea of 

what is important. 

In the following example case, the conditions have been chosen to be similar to those of 

the modelling performed by RWM as part of the 2016 generic DSSC (RWM, 2016b). The 

example uses the same inventory of radionuclides, along with the same properties for the 

various flow rates, and slight modifications to the container lifetime. The geosphere has 

been simplified to a single layer with the properties of a sandstone with reducing chemical 

conditions. For the geosphere travel time a log-triangular probability distribution has been 

assumed, with minimum 60 000 yr, logarithmic peak 600 000 yr and maximum 6 000 000 yr. 

Figure 1 shows for each radionuclide, as a mini-bar chart, the contribution that each of the 

barriers make to safety. This is calculated as either the fraction that decays in each barrier, or, 

if there is any release to the biosphere, the fraction of total spreading time, or a combination 

of the two measures. The bars in the figures are solid up to the fifth percentile and fade to 

white up to the ninety-fifth percentile. The amount of uncertainty can thus be clearly seen. 

The borders are coloured to correspond with the peak mean risk for the radionuclide (purple 

borders have a peak mean risk greater than 10–6 yr–1, red borders 10–8 yr–1, orange borders 

10–10 yr–1, yellow borders 10–12 yr–1 and green borders less than 10–12 yr–1). Radionuclides 

with asterisks next to them are members of decay chains where the contribution to safety 

from the various barriers is best illustrated by a different member of the decay chain, 

because it is present for longer in the whole system. The border colour, however, reflects 

the risk from the radionuclide in question. 

A further example is shown in Figure 2. This example uses the same parameters as the 

previous one with the exception that the geosphere travel time has been shortened by a 

factor of 60. Therefore the shortest geosphere travel time sampled is 1 000 years with 

100 000 years being the longest. This places greater emphasis on the earlier barriers within  
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Figure 1: Contribution to safety of each of the barriers in a scenario  

comparable with the higher strength rock TSM in the 2016 DSSC 

 
 

Figure 2: Contribution to safety of each of the barriers in an alternative scenario with a much 

shorter geosphere travel time and longer containment in the waste form and containers 
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the multi-barrier system. The waste form dissolution rate has been reduced by a factor of 

10, and the duration over which the containers fail after the first failure is determined by 

another probability distribution (with parameters equal to those of the initial failure time). 

This second scenario results in significantly higher risks, due to the substantially reduced 

effectiveness of the geosphere barrier. As can be seen for a number of important radionuclides 

the contribution to safety from the other barriers is increased, whereas the contribution from 

the geosphere is reduced. It is worth noting that although the absolute values for the decay 

and spreading time of the barriers other than the geosphere have changed, the relative 

contribution of the early barriers is further emphasised by the reduced geosphere contribution. 

Those radionuclides which have decayed before exiting the engineered barrier system are 

unaffected by the change in the geosphere travel time. 

Perhaps the most important observation, given the amount of uncertainty, is that there are 

relatively few really significant differences between the two figures in terms of the bar 

charts – the role of the geosphere can be seen clearly for key radionuclides 36Cl and 129I, 

but for many other radionuclides there are few observable differences. 

Conclusions 

We have developed a simple analytical model, termed an “insight” model, for assessing the 

risk from the groundwater pathway from a geological disposal facility for radioactive waste. 

The model also calculates the relative contribution to safety for different radionuclides from 

four barriers: the container, waste form, buffer or backfill and the geosphere. The model 

takes full account of uncertainty and is run probabilistically. We have developed a graphical 

method of visualising the results in a way that makes uncertainties clear, such that when 

comparing different calculation cases, it can be clearly seen when differences in results are 

significant given the uncertainties, and when they are not. 
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Abstract 

As a response to the public debate of 2013, the National Agency for Radioactive Waste 

Management (Andra) established the “safety options dossier” (dossier d’options de sûreté, 

DOS), or Cigéo 2015 (Andra, 2015) to precede the license application. In that framework, 

operational and post-closure safety assessments have been conducted and as such in a 

co-ordinated approach. 

In line with the 2008 guidance outlined by the Nuclear Safety Authority (ASN), Andra has 

structured its approach for overall performance and potential radioactive impact of the 

waste disposal facility on humans and the environment on the evaluation of scenarios. 

Identification and definition of scenarios represent therefore the basis for quantitative 

assessments. In the case of the post-closure safety assessment in the framework of the  

2015 DOS, Andra accounted for some peculiarities in the definition of scenarios. One 

objective was in that framework to present a preliminary assessment of post-closure 

impacts and performances based on a series of key scenarios defined to include the safety 

requirements and some margins. Methodological developments considered declination of 

scenarios into “situations” or “calculation cases”, which offered the possibility to account 

for requirements applicable to Cigéo (Industrial Centre for Geological Disposal), to 

introduce some margins and to account for some uncertainties. 

In line with international practices (NEA, 2015), Andra considers a series of scenarios that 

fall in the following categories: normal evolution scenario (NES), altered evolution 

scenario (SEA), what-if scenario and inadvertent human intrusion scenario (IHIS). Each 

scenario provides a description of how the radionuclides in the waste may reach humans 

and their environment and the structural choices made to represent the components they 

pass through. Definition of the scenarios (except for IHIS) relies upon a risk and uncertainty 

analysis which aims at addressing uncertainties resulting from scientific and technological 

knowledge, and a series of external events, by analysing their effects on the post-closure 

safety functions, which is now acknowledged international practice (NEA, 2012). The 

presentation will focus on Andra’s approach for the establishment of the list of post-closure 

safety scenarios, their classification, their definition (including safety requirements and 

margins) and their selection for quantitative evaluations that were presented in the 

post-closure DOS of Cigéo 2015.  
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Andra’s approach for definition of post-closure scenarios in the 2015 French DOS  

of Cigéo 

National guidance 

For Cigéo, the development of scenarios is framed by the 2008 ASN guidance dedicated to 

geological disposal, which requires safety to be quantitatively evaluated by means of 

“situations” that encompass different possible evolutions of the repository that can be 

reasonably foreseen. The safety guide stipulates that two kinds of situations must be 

addressed in the safety demonstration, a “reference situation” and “altered situations”: 

 The “reference situation” refers to knowledge of the phenomena governing the 

evolution of the waste repository including underground water circulation 

modelling with radionuclides transfers. Events to consider are: 

o events due to the presence of the repository, and to the overall degradation 

processes of waste packages and engineered components (thermal, gas, 

mechanical effects, transient processes such as desaturation, etc.); 

o a set of most probable natural events (climate change, seismic activity, 

subsidence or uplift, sedimentation and erosion cycles). 

For this situation, the calculated individual effective dose shall not exceed the 

value of 0.25 mSv/year. 

 “Altered situations” refer to events with low probability, yet plausible, occurring in 

case of natural events (high seismic activity, unusual glaciation, etc.) or human 

actions likely to alter the expected behaviour. They concern major climatic changes 

(including changes due to human activity, greenhouse effect), exceptional vertical 

movements or earthquakes, various possible forms of human intrusion, waste 

package defects, and engineered barrier defects (seal defects for example). As regards 

human intrusion, Andra should define the scenarios regardless of the probability of 

the event, after memory of the existence of the disposal is considered lost [estimated 

at 500 years after closure in ASN (2008)]. 

The safety guide also recommends accounting for climatic events in the definition of 

biosphere leading to the description of biospheres typical of the different climatic states 

that can be foreseen in the future (Griffault et al., 2011). 

Concerning the safety assessment, the ASN guidance of 2008 also recommend the safety 

assessment to be structured around three objectives: 

 Checking that, from a safety point of view, the performance of disposal system 

components designed to contribute to the safety functions individually (packages, 

engineered components, Callovo-Oxfordian) and as a whole is favourable. 

 Assessing the disturbances caused within the disposal system by interaction between 

its different components and estimating the consequences of these disturbances for 

the fulfilment of the safety functions, taking account of the preventive and remedial 

measures included in the disposal system design to minimise these disturbances or 

their effects. 

 Modelling the behaviour over time of the disposal system for a set of scenarios, and 

estimating the impact associated with each of these scenarios. In this context, the 

evaluation of individual exposure involves studying a limited number of situations 
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representative of the different families of events, or sequences or combinations of 

events, for which the associated consequences are most severe among all the 

situations that could be envisaged. This approach requires a selection of events 

considered reasonably plausible and representative of the risks and uncertainties.  

Following the ASN guide, to ensure the protection of man and the environment from 

radioactive waste, the potential impact and overall performance of the disposal facility are 

to be addressed for a series of key scenarios. Identification and definition of scenarios 

therefore represent a major step in the quantitative assessment after closure of the disposal. 

Consistency with international practices 

Since the 1990s, in the context of international exercises, Andra has had regular 

opportunities to compare itself with its counterparts and to check that its safety approach is 

consistent with international practices. In particular, Andra is reusing the global approach 

presented in the 2001 and 2005 Dossiers (Andra, 2005), which was evaluated by its peers 

under the aegis of the NEA in 2003 and 2006. Andra also introduced the findings of recent 

exercises such as the MeSA project (NEA, 2012), and a workshop run in Paris from 

1-3 June 2015 by the NEA. The conclusions of this workshop stressed that, since 1999 

(NEA Workshop on Scenario Development in Madrid), a number of organisations have 

made methodological developments in defining scenarios. These developments are generally 

motivated by the need for “comprehensiveness” in the list of scenarios to be considered, 

traceability of decision-making, and logical and structured integration of knowledge from 

various disciplines. In the last few decades, methodological developments have started to 

consider the uncertainties resulting from scientific and technical knowledge in their 

scenario identification and development approaches. This means a systematic analysis of 

uncertainties on features, events and processes (FEPs) of the disposal system and their 

effects on safety functions. 

These analyses result in a series of scenarios that generally fall into four generic categories 

according to NEA (2015): 

4. Scenarios that aim to represent the expected evolution of the disposal system taking 

account of certain or highly likely events or processes. 

5. “Altered evolution” scenarios, representing events or processes that are less-likely 

but plausible. This category includes scenarios in which disposal system 

components fail. 

6. “What-if” scenarios based on the very unlikely nature of the events considered, or 

based on conventional choices, to consider for example the loss of one or more safety 

functions. These scenarios enable some failures to be “pushed” to the extreme and 

are used to demonstrate the robustness of the disposal system as a whole. 

7. Inadvertent human intrusion scenarios. 

According to the classification: 

 The NES (Normal evolution scenario) addresses several complementary objectives. 

The main one is to verify that the repository, as designed and to the extent that its 

evolution over time is understood by contemporary science, fulfils the safety 

objectives assigned to it. That means confirming that performances are achieved as 

indicated by the chosen indicators and are consistent with the predefined threshold 

values. 
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 Calculation results based on the AES and what-if scenarios aim at evaluating 

overall repository robustness.  

This workshop provided an opportunity to check that the scenario definition method and 

the scenario classification proposed by Andra were consistent with international practices 

(Figure 1). In line with international practices, the inadvertent human intrusion scenarios 

used for Cigéo are considered in a specific class and respond to the requirements in the 

safety guide for the geological repository (ASN, 2008). They are intrusion situations due 

to the drilling of boreholes. They are not developed further in this paper. 

Figure 1: Four classes of scenarios for post-closure safety 

 
 

Post-closure safety approach and definition of scenarios 

A fundamental objective to protecting humans and the environment from radiological and 

chemical hazards is assigned to any radioactive waste disposal. As mentioned in the 

previous sections, scenarios are the fundamental basis for quantitative evaluations. 

Establishing scenarios requires calling on many disciplines and implementing specific 

methods at the interface between those disciplines (Figure 2) (Voinis et al., 2020). It relies 

on the detailed scientific and technological knowledge acquired on the disposal component 

(one by one), on their evolution and on the disposal system as a whole. It also relies on the 

declination of the protective objectives into post-closure safety functions and associated 

safety requirements for post-closure safety (Voinis et al., 2020). 
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Figure 2: Overall approach for the safety case 

 

In the 2015 DOS, the normal evolution scenario (NES) therefore: 

 Encompasses all the possibilities for the expected evolution of the repository over 

time and space, from its closure, assuming that all the defined safety functions are 

fulfilled and that these evolution possibilities include all the evolutions that seem 

likely enough to be considered “normal” as defined by the safety guide for the 

geological repository (ASN, 2008). 

 Enables to account for some uncertainties with effects that are still within the 

normal evolution range meaning safety functions are fulfilled. 

The term “scenarios” refers commonly to the NEA (2013) definition, which indicates, “a 

scenario is understood as a simplified description of a potential evolution of the repository 

system from a given initial state. Scenarios are a fundamental basis for the assessment of 

post-closure safety, which includes assessing the potential consequences on humans and 

the environment.” 

Andra further developed this definition by considering that a scenario is understood as a 

simplified description of how radionuclides from the waste may reach humans and their 

environment (Figure 3). Andra proposes the choices made to represent the component they 

pass through taking into account the evolution of the disposal system and potential internal 

and external disturbances. Using such an approach, scenarios differ from the description  

of a potential evolution of the repository realised in a scientific way (e.g. detailed site 

characterisation data or detailed simulations). Definition of scenarios provides a series of 

“structural choices” of how to represent the geometric characteristics of the successive 

components of the system the radionuclides may go through, with their associated transport 

and retention properties which may be presented with more or less conservatism. 
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Figure 3: Schematic illustration of potential pathways of radionuclides  

from the waste to the biosphere for the definition of scenarios 

 
 

The approach thus considers all the repository components involved in radionuclide transfer 

up to the biosphere. In the case of Cigéo, it considers transfer from the disposal waste 

container via the Callovo-Oxfordian formation or via disposal vault, drift and surface-bottom 

structures. The surrounding rock formation and the biosphere are also described, even 

though they do not contribute to safety functions, because they are transfer pathways that 

are required for calculating the radiological impact (Figure 3). 

In the case of Cigéo, scenario development for the post-closure safety assessment for the 

2015 DOS accounted for some peculiarities (Andra, 2015). Andra has structured its 

approach to present a preliminary assessment of post-closure impacts and performances 

based on a series of key scenarios defined to include the safety requirements but also some 

margins in the NES. In that case, the NES was not a single calculation case but a normal 

evolution domain that included a series of situations accounting for more or less 

conservatism. Two situations within the NES have been defined for the Cigéo 2015 DOS 

(Figure 4): 

 A “reference situation” which represents the repository as designed, and which is 

based on a set of assumptions and data selected on the basis of the best scientific 

and technical knowledge available. In this context, the characteristics and processes 

with the most solid scientific support are generally chosen; they produce models 

and data described as being “to the best available knowledge”. 

 A “bounding situation” which corresponds to repository requirements applicable to 

Cigéo, meaning that the specified requirements and values for the post-closure safety, 

used by the designer at this stage of the project, are selected. If no requirements 

were specified for certain characteristics of the components contributing to the 

safety functions, assumptions and data corresponding to the most conservative 

limits of the knowledge available are used (e.g. choosing conservative values for 

the parameters). This representation is described as “bounding” but the concept of 

bounding in this context corresponds to the specified requirements applicable to 

Cigéo. It is less representative of the probable evolution of the repository because 

it can consider the accumulation of a set of conservative assumptions, even though 

their simultaneous occurrence is unlikely but it offers a less favourable vision of 

post-closure safety. 
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Figure 4: Schematic illustration of the NES declined in two situations 

 
 

The bounding situation, built on specified requirements, has been used for the development 

of the AES and what-if scenarios. Furthermore, in the definition of the NES, if a component 

does not contribute to the post-closure safety functions (e.g. the concrete liners of the drifts), 

conventional choices could have been made, meaning that its characteristics were not taken 

into account, even though they could be favourable to delaying and reducing radionuclide 

transfers. Thus “pessimistic” models and values have been assigned to the processes and 

phenomena involved (e.g. not taking account of the retention capacity of the drift liners). 

Methodology and tools 

In a similar way to classical risk analysis during operational safety, a risk and uncertainties 

analysis is used in post-closure safety approach to identify possible causes of failures of 

the component(s) contributing to safety functions (Figure 5). For a component contributing 

to a safety function, the analysis examines in a systematic way, component by component, 

whether the risks and uncertainties could: 

 affect the fulfilment of the safety function and the associated performance required 

of the component; 

 affect the ability of another component to perform its safety function and achieve 

its associated performance. 

The analysis then examines which performance levels of which safety functions may be 

affected. 

A method to account for the risk or uncertainty is then proposed: 

 by design measures which reduce their effect, for example, the use of a leak tight 

disposal container to prevent uncertainties about the behaviour of the radionuclides 

at temperature. 

 by the definition of scenarios. If the effect on the safety function remains in the 

normal evolution domain (i.e. no loss of safety function), the risk or uncertainty is 

included in the NES (either in the reference or in bounding situations, Figure 5). 

Selection is then made according to the logic defined for each situation meaning a 
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minimum conservatism in the reference situation if scientific knowledge relies 

upon detailed characterisation or higher conservatism in the bounding situation if 

uncertainty is stronger.  

The causes of component failures that could lead to significant degradation of performance 

or the loss of a function that would bring the disposal system out of the normal evolution 

range are identified and a qualitative judgement is made about their likelihood: 

 if the identified causes of the failure are unlikely, then AES are defined. 

 if the causes of the failure are very unlikely, what-if scenarios are defined. 

The analysis also looks at certain combinations or accumulations of uncertainties, focusing 

on the effects of potential aggravating accumulations as part of the what-if scenarios. It 

should be noted that some scenarios are conventionally used to respond to the ASN’s 

requests in order to test the robustness of the disposal system. 

The uncertainties analysed in the context of post-closure safety are the type of uncertainties 

presented in the ASN 2008 safety guide: 

 uncertainties regarding the input data of the repository project [waste inventory and 

characteristics, geological formations (host formation, surrounding rock formations 

and hydrogeology)]; 

 uncertainties about the characteristics of the repository components; 

 uncertainties about the processes governing the repository’s evolution, including 

the initial state on closure; 

 technological uncertainties.  

Figure 5: Schematic illustration of the analysis for identification and definition of scenarios 
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The risks analysed in the context of post-closure safety are mainly linked to external events, 

inadvertent human intrusions and criticality. They therefore include: 

 uncertainties associated with future events of natural origin (climate-related, 

geodynamic, etc.); 

 uncertainties associated with human activities (inadvertent intrusions, anthropogenic 

effects); 

 the presence of fissile materials after repository closure and uncertainty about the 

inventory and the behaviour of the cells over time. 

Towards licensing 

Andra is now preparing scenarios for the Preliminary Safety Report (RPrS) that will be part 

of the licence application (see Voinis et al. [2020]). The global approach for scenario 

definition will be pursued taking into account some complementary issues raised during 

reviews (IRSN, 2017; IAEA, 2016), such as: 

 quantifying all identified scenarios; 

 considering more what-if scenarios in order to further demonstrate robustness of 

the disposal system; 

 developing the use of the international FEPs database; 

 including all the types of biosphere for quantitative assessment; 

 treating human intrusion in accordance with international practices. 
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Abstract 

The current paper deals with the development of the research programme for a Russian 

URL in the Archean gneisses of the Nizhnekansky Massif (Krasnoyarsk Region). The 

research programme involves such types of work as monitoring (ground and underground), 

development of technologies, field studies in the geosphere, the EBS system and their 

contact, as well as laboratory studies on selected samples. The results of the research will 

be summarised in models and used for their verification. Scientific support of the research 

programme is carried out with the help of a special knowledge base (PULSE). 

Introduction 

The Russian project for the development of a deep geological repository (DGR) for 

radioactive waste was launched over 30 years ago and was associated with the plans for the 

construction of the WWER-1000 spent nuclear fuel (SNF) reprocessing plant. Several years 

of comparative studies (in particular those performed in the Chelyabinsk Region and 

Novaya Zemlya) resulted in a decision of 1992 on the selection of the Krasnoyarsk Region 

as the preferred location for future repository construction. More precise location of the site 

itself was decided upon in 2005 following specific geophysical investigations and rock 

characterisation by means of drilling. 

In 2008, the government made a formal decision on the start of design activities. 

It should be noted that the legal framework (nuclear, environmental, sanitary and hygienic, 

etc.) has been considerably altered, as well as relevant procedures for work implementation 

(responsible organisations having changed several times). At the start, the project itself was 

considered exclusively as an industrial-level programme, and now the future repository has 

been designated a status of a facility of federal importance. Main changes were associated 

with the adoption of the Radioactive Waste (RW) Management Law in 2011 and the 

establishment of a National Operator for Radioactive Waste Management in 2012. 
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The formal site selection process was finalised in 2016, and relevant siting and construction 

licenses for an underground research laboratory (URL) were issued. Pre-construction efforts 

are currently being performed at the site before actual construction of primary surface 

facilities can be started. 

In early 2018, the head of the state RW management authority (ROSATOM) approved a 

strategy for construction of a geological disposal facility (Figure 1) (New Documents, 2018). 

Figure 1: Timeline elaborating the strategy for RW  

deep geological repository development in Russia 

 
 

The strategy involves specific stages for URL construction and operation. The time frames 

specifying the duration of URL construction and research and development (R&D) have 

been extended until 2030 at least if compared to the initially set ones. Moreover, the R&D 

concerning the long-term safety assessments performed enabled considerable modification 

of the repository concept. The strategy specifically suggests that international peer review 

of relevant safety case portfolios be required. 

R&D programme development 

Development of an R&D programme for the site (at the surface, inside the URL, as well as 

during excavation activities performed during construction) is considered to be the most 

urgent task for the moment. Development of R&D programme is viewed as a key topic of 

this paper. International experience gained in crystalline rock URLs, as well as challenging 

issues associated with relevant uncertainties were accounted for during the development of 

this programme. 

Uncertainties associated with RW to be disposed of in this facility are mainly associated 

with the issues outlined here. First, there are several potential waste streams, namely: 

 PA Mayak where five waste vitrification facilities producing aluminium-phosphate 

glass were operated; 

 PDC where SNF is planned to be reprocessed resulting in borosilicate matrix; 

 RW resulting from the development of reactors with lead coolant.  

Second, as PA Mayak reprocessed RW and SNF of different origin [nuclear power plants, 

reactor fuel of nuclear submarines and other] uncertainties regarding the radionuclide 

inventory of specific packages evolved. Third, the actual state of stored vitrified RW is also 
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associated with a number of uncertainties as regards relevant conditions of vitrification and 

storage (integrity of glass and waste packages). Management of these uncertainties under 

the R&D programme provides for a series of efforts aiming to specify RW origin and 

investigate the characteristics of RW pending their disposal in the repository, as well as 

non-destructive control of waste packages. 

Although the site was recognised as being potentially suitable for repository construction 

certain uncertainties remained, requiring special focus to be placed on the investigation of 

the geological environment. Thus, research enabling to elaborate the characteristics of 

filtration flows is required, as well as more detailed knowledge gained on the distribution 

of highly fractured and sheared zones, especially those found in the target formation. The 

presence of such reduced zones also requires special attention to be devoted to the 

excavation activities performed and regular assessment of stress distribution in the rock 

massif. Obviously, no site ideal in all respects can be found, though knowledge of relevant 

drawbacks enables to develop necessary mitigating efforts. 

To date, the following activities were performed as part of efforts aimed at effective R&D 

programme development: 

 A new scientific journal Radioactive Waste (www.radwaste-journal.ru/) was 

established, providing a platform for scientific discussion of RW management issues, 

as well as a platform for publishing most of the scientific and technical materials 

associated with the repository development project including URL activities. 

 A Strategic Master Plan enabling to demonstrate the long-term safety of the 

repository was developed, acting as key tool in terms of scientific and technical 

support of relevant R&D and enabling staged planning and implementation of 

practical efforts performed as part of long-term safety assessments for all stages of 

repository lifetime (eng.radwaste-journal.ru). 

 Development of technical specifications for URL construction is under way, also 

accounting for the possibility of implementing relevant R&Ds in parallel with 

underground excavation. 

 The information and analytical system PULSE (Svitelman et al., 2018) is being 

developed. On the one hand, PULSE development is aimed to accumulate various 

data associated with the project (knowledge base), and on the other hand it serves 

as a platform enabling the integration of computational and engineering models 

(Figure 2). System evolution is aimed at its transformation into a digital URL. 

The PULSE knowledge base currently contains data on the project (design documentation, 

remarks of the regulatory authority, etc.), international recommendations on the safety and 

safety case development process [FEPs from the OECD/NEA database (2014), 

recommendations from International Atomic Energy Agency (IAEA) documents], R&D 

programme and a library containing over 1 000 literature sources. 

Modelling findings discussing the long-term evolution of disposal system elements (for 

example, RW and immobilising matrix, engineered barrier system, geosphere, biosphere, 

radionuclide migration through these media and their impact on biosphere media, etc.) play 

a key role in the development of a safety case for a RW disposal facility. Obviously, the 

degree to which different processes and their interactions can be described depends on our 

knowledge of relevant objects. Thus, parameters of actual environment and EBS materials 

should be elaborated as R&D proceed. PULSE sees as its objective to integrate various 

models describing processes, as well as to enable their elaboration and verification. 
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Figure 2: Information and analytical platform 

 

Source: Svitelman et al. (2018). 

R&D programme structure 

The R&D programme is considered to be a multidisciplinary document. For this reason, its 

development suggests that the activities included into this document are evaluated from 

different perspectives. A special structure was developed enabling its storage inside the 

knowledge base and several options for its representation. 

Each R&D is aimed at investigating specific system elements (RW, EBS, geosphere, 

equipment, biosphere) and its execution is associated with a particular action: 

 Monitoring – Regular monitoring over a specific characteristic under realistic 

conditions. 

 Field investigations – A planned experiment conducted under realistic conditions 

of outer environment. 

 Laboratory, stand and industrial investigations – Investigations involving samples 

under different conditions including those simulating the realistic ones. 

 Elaboration of technologies – Research enabling the optimisation of engineering 

conditions for the development of repository materials and structures and their 

assemblage. 

 Analytical assessments and modelling – Development of models and scenarios, 

performance of multivariate calculations as part of safety assessments, as well as 

the development of a methodology providing the arguments required for safety case 

development. 

The elements and actions can be represented using a research matrix presented in Figure 3, 

where a crossing between an element and an action denotes an R&D area providing for 

increased knowledge on particular element using the specified action. A particular line 

inside the matrix refers to support efforts such as maintenance and elaboration of the 

database, engineering, technical and scientific escort of activities performed, regulatory 

support, etc. 
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Figure 3: Research matrix 

 
 

As can be seen from the research matrix (Figure 3), much of the R&D is devoted to 

comprehensive investigation of the geosphere.  

Actions aimed at reduction of uncertainties associated with RW are provided in the relevant 

RW column. These activities are aimed at investigating the characteristics of RW pending 

their disposal in the DGR, including prospective RW streams. Consistency of specified 

waste acceptance criteria with provisions of a relevant methodology for waste characteristics 

verification is viewed as an important aspect of the R&D. 

Any area of the R&D matrix may be transformed into a list of research presented as a 

hierarchical structure. Figure 4 depicts R&D structure covering the area of hydrogeological 

investigations performed under GEO-NAT cell. 

Figure 4: Hierarchical structure of R&Ds covering the area  

of hydrogeological investigations under GEO-NAT cell 

 
 

A passport is provided for each particular R&D specifying its objectives, necessary materials 

and equipment, expected results and their further applications, as well as the completion 

schedule and costs. 

To store R&D information, these passports involve some additional cells providing the data 

on the requirements to relevant excavations and experiments conducted in their vicinity, 

description of the facility/installation itself, as well as of necessary materials, tools, sensors, 
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duration and control schedules, necessary modelling, analytical, laboratory investigations 

or stands, international analogues. 

Relationships between different R&D areas are shown in Figure 5. Similar but more 

accurate depiction of actual interconnections between different R&Ds is possible. 

Figure 5: Relationships between different research areas 

 
 

Conclusion 

The R&D programme was developed and structured so that the results of relevant 

investigations can be used as arguments as part of the repository safety case development, 

its international peer review and, if necessary, to adjust particular stages of repository 

construction. 
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Abstract 

The OECD Nuclear Energy Agency (NEA) has carried out activities related to the 

compilation and use of lists and databases containing features, events and processes (FEP) 

of relevance to safety and performance assessment studies for deep geological repositories 

(DGR) since the early 1990s. A key product of these activities is the NEA International 

FEP List (IFEP) – a comprehensive and structured list of FEPs, assembled through a long-

term international collaboration, relevant to assessments of the post-closure safety of any 

DGR. In 2019 the NEA completed and published a major update to its international FEP 

list. At the same time, the NEA launched a new web-based FEP Database designed to store 

and display the IFEP list and any project-specific FEP lists supplied by member 

organisations. The updated IFEP list and FEP Database are now available on the NEA’s 

website. 

Introduction 

The Nuclear Energy Agency’s (NEA) Integration Group for the Safety Case (IGSC), and 

its predecessor, the Performance Assessment Advisory Group (PAAG), have carried out 

activities related to the compilation and use of lists and databases containing features, 

events and processes (FEPs) of relevance to safety and performance assessment studies for 

deep geological repositories (DGRs) since the early 1990s. 

The NEA International FEP (IFEP) List is a comprehensive and structured list of generic 

FEPs, relevant to assessments of the post-closure safety of any DGR, which has been 

assembled through a long-term international collaboration between radioactive waste 

management organisations (RWMOs) through the NEA. It is intended to support national 

programmes in the production of their safety cases through the provision of a comprehensive 

and internationally accepted list of factors that may need to be considered when assessing 

the safety of DGRs. 

RWMOs have complemented the generic IFEP List with so-called “Project-Specific” FEP 

(PFEP) lists that are tailored to the specific wastes, geologies or disposal concepts of 

interest to them and therefore are of less general applicability than the IFEP List. Individual 

project FEPs have been related to relevant international FEPs. 

                                                      
10. This contribution was originally listed in the symposium programme as two separate items, “The 

NEA International FEP List 3.0” and a poster contribution, “The NEA FEP Database”. The two 

topics being linked, it made sense to prepare a unified text that addressed both topics. 
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In addition to the IFEP List, the NEA has commissioned the production of a number of 

electronic FEP databases, which are designed to store the IFEP List and PFEP Lists in an 

easily navigable and searchable format. 

In 2019 NEA completed and published a major update to the IFEP List. To coincide with 

this release, a major revision has also been made to the most recent NEA FEP Database, 

transitioning it to a public web-based system accessible from the NEA website. This 

database has been designed to allow full version control of lists and is intended to provide 

a home for all releases of the IFEP List in future. 

This paper describes the development of the updated IFEP List and provides a high-level 

summary of its contents. The new web-based FEP Database is also introduced and its 

features and capabilities are described. 

International FEP List 

In 2000, the NEA released in a public report the first version of the international FEP List 

and developed an electronic database – the FEP Database – to support its use. After ten 

years, improvements to underlying scientific understanding and developments in safety 

assessment methodologies led the NEA to review the work carried out in 2000. In 2010, 

the NEA sent a questionnaire to IGSC members to: 

 examine the use of FEPs or equivalent concepts in safety assessment; 

 provide a basis for judging the need for any future IGSC activities related to further 

development of the IFEP List, FEP Database or underlying methodologies. 

Responses from the questionnaire led to the conclusion that: 

 The IFEP List released in 2000 had been widely used but many RWMOs were 

concerned that it was out of date and did not reflect more recent experience in safety 

assessments, including their wider and more detailed scope. 

 The FEP Database has been less widely used despite its several updates but was 

regarded as important by those who used it. 

 The IGSC strongly supported the maintenance and a new update of the IFEP List 

and the FEP Database. 

Considering these results, the NEA decided to support a revision of the IFEP List and  

FEP Database to ensure that both remain useful and relevant to the work of NEA  

member countries. 

In commissioning the update, the IGSC agreed that the renewed IFEP List should be: 

 relevant to all stages of a repository development programme, from inception to 

repository closure; 

 relevant to both safety assessors and individual topic experts; 

 limited to the post-closure safety of deep geological disposal facilities; 

 relevant to all designs of geological disposal facilities; 

 relevant to all categories of radioactive waste proposed for disposal in geological 

disposal facilities; 

 relevant to the assessment of the radiological and non-radiological impacts of 

contaminant releases on both humans and non-human biota. 
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Note that operational safety, surface and near-surface disposal facilities (i.e. those on or 

within 30 m of the surface), and borehole disposal are beyond the scope of the current list. 

This updated version of the IFEP List has been developed in light of a review of various 

project-specific lists and databases undertaken in 2012 (NEA, 2013a). The resulting 

revisions to the structure of the IFEP List (NEA, 2013b) were subsequently approved by 

the NEA Integration Group for the Safety Case (IGSC). 

The new IFEP List can be used in a number of ways. It can be used as a starting point for 

the development of a new PFEP List for geological disposal programmes that are in the 

early stages of planning. The PFEP List produced can then be used in the post-closure 

safety assessment of the repository, e.g. for the identification and development of scenarios 

and/or conceptual models for performance assessment. For more developed programmes, 

the IFEP List can be used to provide an audit to check the completeness of scenarios, 

conceptual models and/or their implementation in software tools for a particular safety 

assessment. Such an audit could be carried out by either the assessor or by a reviewer of 

the assessment. Finally, for PFEP Lists that have been developed independently from the 

updated IFEP List, the IFEP List can be used as an audit tool to check their completeness. 

The IFEP List has been revised both in terms of its structure and its content in comparison 

with the 2000 IFEP List. Consistent with many of the more recent project-specific FEP 

Lists (e.g. those from Finland, Japan and Sweden), the new IFEP List is structured around 

a classification scheme based on external factors and disposal components (waste package, 

repository, geosphere and biosphere), rather than on the 2000 IFEP List scheme that used 

external, environment and contaminant factors. Table 1 shows FEP groups and subgroups 

within the international FEP List. 

In total, there are 268 IFEPs (including FEP groups and subgroups) in the updated IFEP 

List. Each IFEP has a unique identification number and title, along with the properties shown 

in Table 2. An important property in the updated list is the introduction of a commentary 

describing the relevance of the IFEP to the performance and safety of the DGR. 

FEP Database 

The NEA FEP Database is an electronic database, which is used to store the International 

FEP List and Project-Specific FEP (PFEP) Lists. The software allows each PFEP to be 

related to one or more IFEPs to allow organisations to demonstrate completeness and 

consistency with the generic international list. 

Early versions of the FEP Database were standalone and based on a proprietary software 

platform. Based on IGSC member feedback, a decision was taken in 2012 to produce a new 

web-based version of the FEP Database with enhanced functionality. The new version 

makes use of modern web standards and can store IFEP and PFEP Lists with full version 

history and auditing of all subsequent changes to lists. Additional features include: 
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Table 1: IFEP List structure (FEP groups and subgroups only) 

FEP number and title 

1 External factors 

1.1 

1.2 

1.3 

1.4 

1.5 

Repository issues 

Geological factors 

Climatic factors 

Future human actions 

Other external factors 

2 Waste package factors 

2.1 

2.2 

2.3 

2.4 

2.5 

Waste form characteristics and properties  

Waste packaging characteristics and properties  

Waste package processes  

Contaminant release (from waste form)  

Contaminant transport (waste package) 

3 Repository factors 

3.1 

3.2 

3.3 

Repository characteristics and properties  

Repository processes  

Contaminant transport (repository) 

4 Geosphere factors 

4.1 

4.2 

4.3 

Geosphere characteristics and properties  

Geosphere processes  

Contaminant transport (geosphere) 

5 Biosphere factors 

5.1 

5.2 

5.3 

5.4 

Surface environment  

Human behaviour  

Contaminant transport (biosphere) 

Exposure factors 

 

Table 2: Properties within the International FEP List 

Description 

Description of the FEP.  

Category 

Categorisation as a Feature, Event and/or Process. 

 “Features” are physical components of the disposal system and environment being assessed. Examples include waste 
packaging, backfill, surface soils. Features typically interact with one another via processes and in some cases events. 

 “Events” are dynamic interactions among features that occur over time periods that are short compared to the safety 
assessment time frame such as a gas explosion or meteorite impact. 

 "Processes" are issues or dynamic interactions among features that generally occur over a significant proportion of the 
safety assessment time frame and may occur over the whole of this time frame. Events and processes may be coupled 
to one another (i.e. may influence one another). 

The classification of a FEP as an event or process depends upon the assessment context because the classification is 
undertaken with reference to an assessment time frame. In this generic IFEP List, many IFEPs are classified as both Events 
and Processes; users will need to decide which of these classifications is relevant to their context and its time frames. 

Comments 

The “Comments” field, when present, contains any additional explanation of the IFEP, beyond that implicit in the FEP's 
description and provided in the “Relevance to Performance and Safety” field. This additional explanation may include, where 
appropriate, the IFEPs characteristics, the circumstances under which it might be relevant and its relationship to other 
(especially similar) IFEPs. 

Relevance to Performance and Safety 

The “Relevance to Performance and Safety” field contains an explanation of how the IFEP might influence the performance 
and safety of the disposal system under consideration through its impact on the evolution of the repository system and on the 
release, migration and/or uptake of repository-derived contaminants. 

2000 List 

A reference to the related FEP(s) within the 2000 NEA IFEP List. 
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 full-text search across the system; 

 modern styling across the system using bootstrap which works with multiple screen 

sizes and touch interfaces; 

 split view with expandable tree for each FEP list; 

 the possibility to include rich content in FEP definitions, such as images or tables; 

 easier navigation with a breadcrumb trail; 

 bulk import and export of FEP lists; 

 user notification when a new FEP list is published. 

Where enabled, users may also submit comments on FEP lists to list owners. A screenshot 

of the FEP Database is shown in Figure 1. 

Figure 1: The NEA FEP Database 

 
 

Summary 

The NEA has recently released an update to the NEA IFEP list. This paper has introduced 

the IFEP List and explained its potential use to DGR programmes. The NEA has also 

developed a web-based FEP Database which allows users to view, search and version 

control FEP Lists. This is intended to provide a home for the IFEP List and project-specific 

FEP lists supplied by members countries. The updated IFEP List and FEP Database may 

be freely accessed through the NEA website: 

www.oecd-nea.org/rwm/igsc/assessment-tools.html 
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Abstract 

The Thermochemical Database (TDB) Project was launched 35 years ago and has since 

been in continuous development under the auspices of the NEA Data Bank. It came as a 

response to the recommendations of the international radioactive waste management 

community to set a point of reference for high quality and consistency in thermodynamic 

data employed for the performance assessments of deep geological repositories. Over the 

last three decades, thermochemical values for a vast number of compounds related to the 

long-term disposal of high-level radioactive waste have been selected and the NEA TDB 

has become the worldwide standard in the field of geological disposal. 

Introduction 

The assessment of a repository not only depends on the behaviour of radionuclides as such, 

but also on other chemical processes, for instance their interaction with rock surfaces and 

coatings and the formation of insoluble compounds. These mechanisms can greatly influence 

the migration of hazardous substances into the environment. In this context, to assess and 

predict the geochemical behaviour of a repository, numerical simulations, speciation 

calculations and modelling of processes in natural and man-made systems are of paramount 

importance. The use of chemical thermodynamic data, among others, is a key component 

in this regard. 

A great number of databases have been assembled for the purpose of performance assessment 

over the years. Depending on the scope and applications of each project, different aspects 

are given higher or lower importance at the time of the database development (Ragoussi 

et al., 2017). It is worth noting that speciation-solubility models can lead to erroneous results 

if data from different databases are employed, since these may not be thermodynamically 
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consistent with each other. It has been observed that calculations carried out by different 

groups for similar conditions, but using different geochemical computer codes and data, 

often differ by orders of magnitude. This aspect, thoroughly addressed by Grauer in 

Chapter IV of Modelling in Aquatic Chemistry (NEA, 1997), highlights the importance of 

defining an internationally recognised, high quality and consistent thermodynamic 

database, by developing a common set of requirements and evaluation criteria widely 

accepted by performance assessors. Harmonisation of concepts and approaches is crucial, 

not only for the safety of the repositories as such, but also for confidence building and 

driving consensus among stakeholders and policy makers. 

Fundamentals of the TDB Project 

The NEA TDB Project was launched with the ambition of building a much-needed 

international reference in the field of thermodynamic databases, as described above 

(Ragoussi and Brassinnes, 2015; Costa et al., 2017). The project puts weight on the 

assessment of thermodynamic data in low-ionic strength aqueous solutions for the most 

important elements related to radioactive waste geological disposal, and proposes a 

standard method for the analysis of ionic interactions between components dissolved in 

water (TDB-5, 1999). Additionally, solid and gaseous species of interest are assessed, but 

sorption phenomena as well as diffusion and kinetic data are not considered, despite their 

importance in performance assessment, since they are outside the scope of the project. 

Furthermore, complexation in non-aqueous solvents, and for the most part low-temperature 

data, alloys and other non-stoichiometric compounds as well as melts, are also excluded, 

keeping in mind that the target audience is the nuclear waste management community. All 

formation and reaction data are presented at the infinite dilution standard state, as this is 

defined by IUPAC (Mills et al., 1993) and at standard temperature (298.15 K). The selected 

thermodynamic quantities, together with their uncertainty intervals, are the standard Gibbs 

energy and enthalpy of formation, standard entropy, standard heat capacity, as well as the 

equilibrium constant of reaction and the standard Gibbs energy, enthalpy and entropy of 

reaction. Ion interaction coefficients for ionic strength corrections using the Specific 

Interaction Theory (SIT) are also provided (TDB-5, 1999). 

The data that populate the TDB database are selected on the basis of a well-defined and 

thorough review procedure, under a common frame of requirements and evaluation criteria 

approved by performance assessors. The TDB guidelines provide firm instructions on the 

data selection procedure and are rigorously followed along all the stages of the project 

(TDB-0-TDB-6, 1999). All TDB qualified data sets become freely available online. So far, 

13 major reviews have been published (TDB publications), containing selected values for 

around 1 500 species, of which more than 700 aqueous species, 650 solids and 150 gases, 

for the most significant radioelements and their compounds related to high-level radioactive 

waste. Additionally, in recent years, state-of-the-art reports that present current knowledge 

on how to deal with issues related to deep geological disposal have become part of the 

Project’s programme of work. State-of-the-art reports follow a significantly different 

philosophy in comparison to other TDB reviews. Such reports consist of literature 

assessments that aim at analysing and systematising methods and techniques for the study 

of systems related to waste disposal and are not focused on the selection of accurate 

thermodynamic values. All TDB publications, as well as ongoing projects are listed in 

Table 1 (Costa et al., 2017). 
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Table 1: Past and forthcoming publications of the TDB Project 

Publications – 1992-2013 Forthcoming publications – 2018-2019 

Uranium, Americium, Technetium, Neptunium/Plutonium, 
First Update of Actinides and Technetium, Nickel, Selenium, 
Zirconium, Organic Ligands, Solid Solutions (state-of-the-art 
report), Thorium, Tin, Iron (Part 1) 

2018: Iron (Part 2), Ancillary Data, Second Update of 
Actinides and Technetium 

2019: Cements (state-of-the-art report), High-Ionic Strength 
Systems (state-of-the-art report), Molybdenum review 

 

The major value of the NEA TDB stems from the scientific robustness of the applied 

methodology, the easily accessible data, and the knowledge management at all levels 

(creation, preservation, transfer and sharing), giving rise to worldwide recognition and 

acceptance by the international scientific community. Moreover, the critical evaluation of 

all available sources by the authors, which is described in detail throughout the books 

giving the rationale behind the data selection, as well as the peer review of the publications, 

which provides an independent validation of the compilations, are key assets in this respect. 

Given the status that the NEA TDB data have acquired throughout the years, as the 

international standard with respect to quality and consistency, a number of important 

national programmes with regard to waste management have used the NEA TDB as their 

basis, both in terms of recommended data and guidelines. A detailed article on this topic 

was recently published (Ragoussi et al., 2017). 

The new TDB electronic database 

The NEA Data Bank also makes available the data to external third parties in an electronic 

format. A new software meeting the technological standards of modern databases was 

designed and developed during 2015-2017 and released in July 2018 (Ragoussi and Costa, 

2015). A number of advantages characterise the newly built tool, including consistency 

checks for the integrity of the data, direct access to the users and flexibility for advanced 

searches, as well as tailored parameter files for PHREEQC. More specifically: 

 Access to the database and advanced search capabilities for external users. In the 

previous approach, TDB data users did not have direct access to the database, and 

could only retrieve selected values through the published Chemical Thermodynamics 

Series or as text files via the TDB webpage. This prevented them from performing 

advanced searches. A search interface has now been developed and the possibility 

for external users to access the database in a read-only format has been 

implemented (see Figure 1). 

 Data file format. Within the scope of the new system, a functionality to export TDB 

data in a format compatible with PHREEQC was envisaged and developed. 

Formats for other common modelling tools will also be considered in the future. 

 Thermodynamic consistency checks. Internal consistency of the published data is a 

primary concern, which was the driver for implementing enriched automatic checks 

that enable a robust verification of the internal thermodynamic consistency of 

stored data. 

The TDB database can be found at www.oecd-nea.org/dbtdb/tdbdata/. Registration with 

the NEA is required in order to obtain access rights. 
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Conclusion 

Since its initiation in 1984, the TDB Project has unfolded in five phases, providing high 

quality thermochemical data for the most important elements related to radioactive waste 

geological disposal. Looking into the future of the TDB, a sixth phase (TDB-6) is anticipated, 

starting in 2019, considering that the Project continues to be relevant providing value to the 

user community by leveraging national programme resources to evolve the understanding 

and impact of chemistry related to geochemical modelling. Participating organisations have 

expressed interest in a number of new topics, not only in radionuclide chemistry but also 

analysis of approaches and techniques relevant to performance assessment. Discussions of 

the programme of work for TDB-6 are currently ongoing. 

Figure 1: Change of concept of the TDB database 
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Summary 

The Crystalline Club (CRC), an expert group which operates under the auspices of the 

Nuclear Energy Agency (NEA)/Integration Group for the Safety Case (IGSC), boasts a 

membership of more than 30 experts from nine countries interested in research topics 

stemming from the field of radioactive waste disposal in crystalline host rock environment. 

The CRC was established in 2017 to promote the exchange of scientific information aimed 

at demonstrating the long-term safety of geological disposal facilities in crystalline rock 

formations. The countries involved include those in the early stages of the siting process 

and concept development, as well as countries with more mature disposal programmes. 

Introduction and mandate 

A combination of engineered and natural barriers are used in deep geological repositories 

in order to safely contain and isolate radioactive waste from people and the environment. 

Consensus exists among major nuclear regulatory and implementing organisations that 

repositories establish the responsible way forward with consideration for the long-term 

management of such materials. The development of deep geological repositories for the 

disposal of long-lived radioactive waste and spent nuclear fuel constitutes a strategic area 

within the overall NEA Radioactive Waste Management Committee (RWMC) work 

programme. In terms of the various geological formations currently considered suitable for 

hosting geological repositories, the main advantages of crystalline rocks consist of their 

high degree of strength, thus providing for cavity stability, favourable thermal properties 

and rock mass permeability and long-term integrity. Although fractures are common in 

crystalline rocks, the problem of the resulting fracture permeability can be resolved through 
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the installation of engineered barriers, including a bentonite backfill, which ensure the 

long-term containment of the waste. Several countries (e.g. Canada, Czech Republic, 

Finland, Russia, Sweden) are currently considering developing or plan to develop 

geological disposal facilities for radioactive waste in crystalline rocks. In view of the clear 

mutual benefits accruing from joint international research programmes as well as the 

success of the NEA Clay Club and Salt Club, members of the RWMC Integration Group 

for the Safety Case (IGSC) requested the NEA to establish a similar group for the study of 

crystalline rock environments. As with the Clay Club and the Salt Club, the CRC is composed 

of senior technical experts with extensive experience in the research of crystalline 

environments as the host rock for deep geological disposal facilities. CRC members 

represent waste management agencies/organisations, regulatory authorities and academic 

and research and development institutions. The CRC promotes the exchange of scientific 

knowledge aimed at demonstrating the safety of geological disposal facilities constructed 

in crystalline rock formations through: 

 Support and communication of the fundamental research in those areas in which 

current understanding is incomplete or in which further progress is required. 

 Promotion of the exchange of information on approaches, methods, methodologies 

and technologies in order to enhance the understanding of the characteristics of 

crystalline rocks and to fully exploit their advantages with respect to hosting deep 

geological repositories (DGR) through the application of specific methods aimed 

at the retention of the long-term stability of the multi-barrier system. Unresolved 

uncertainties that exist in any of the stages involved in the development of such 

deep geological disposal facilities and the safety significance thereof will be first 

identified and subsequently investigated via application of a step-by-step approach. 

 Exchange of scientific knowledge aimed at both improving and expanding R&D 

support and input data for the safety case in all the stages of DGR development/the 

decision-making process. 

 Compilation and exchange of information specific to certain geological media 

between those countries currently employing or considering crystalline rock as the 

DGR host rock. 

 Communication of topics of common interest and/or exchange with other working 

groups and international projects on issues of common interest. 

The current mandate and work programme will expire at the end of 2018. The extension of 

the mandate as well as the approval of the new work programme will be confirmed by 

IGSC members at the 20th IGSC plenary meeting. 

Members and Bureau 

The CRC currently constitutes 36 senior technical experts from nine countries. The chair 

is Lukáš Vondrovic (Czech Republic) followed by seven vice-chairs, one from each member 

country: Judith Flügge (Germany), Motoyuki Yamada (Japan), Alice Ionescu (Romania), 

Anna Talitskaya (Russia), Tiziana Missana (Spain), Ingo Blechsmidt (Switzerland) and 

Paul E. Mariner (United States). The working format consists of one annual meeting and 

at least two electronic meetings each year. The membership is made up of experts from 

waste management organisations, universities and research and other institutions. Each 

CRC country has one representative Bureau. Moreover, the results of research being 

conducted at three underground laboratories (Bukov Underground Research Facility, 
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Grimsel Test Site and Mizunami URF) are available through the membership. The choice 

of project topics is driven by the common interests of the Club’s members. Efficient 

communication is ensured by the hosting of plenary meetings, periodic general workshops 

and through use of electronic media. Three plenary meetings followed by expert workshops 

as well as several electronic meetings have taken place during the current two-year mandate 

period. All potential interested experts or countries are invited to be part of the CRC through 

nomination by a national delegate of the NEA. Membership is open to non-NEA member 

countries. The membership is free of charge and the CRC benefits from the voluntary work 

of its members.  

Work programme (2017-2018) 

Two of the key objectives of the CRC are to promote the exchange of information and share 

state-of-the-art approaches/methods aimed at improving the understanding of crystalline 

rocks as a potential host environment for DGRs. The work of the CRC consists of two stages:  

 the compilation of a status report on the characterisation of crystalline rock; 

 the definition and prioritisation of further research requirements of common interest. 

The status report provides a description of the current level of research and understanding 

as well as a comparison of the situation in each member country. The report further describes 

the regulatory background, inventory, current situation in terms of the characterisation of 

the geosphere, safety functions and EBS requirements, the safety assessment process  

and those parameters that make up essential input for the safety assessment models. The 

2019-2020 work programme is being drawn up based on this report. 

Plenary meetings 

Two plenary meetings have been held during the current mandate period. The first plenary 

meeting took place in Prague in December 2017 and focused on the CRC members getting 

to know each other and the presentation of the current situation in each of the member 

countries. The meeting also confirmed the official structure of the CRC as well as the 

detailed work programme for 2017-2018. Moreover, work on the compilation of a status 

report commenced via the establishment of the various chapter editors. The meeting was 

followed by an excursion to the Bukov Underground Research Facility. 

The second meeting took place in Mizunami in June 2018 and focused on the characterisation 

of rock formations at underground laboratories and the synthesis of the data obtained into 

the form of a generic safety case. The topical session of the meeting was dedicated to brittle 

fractures and the evolution of faults and their characterisation and modelling, and resulted 

in a comprehensive process overview from fracture initiation and detailed description for 

potential use in the construction of models. The most important outputs consisted of the 

submission of country updates and work on the status report. The meeting concluded with 

a site tour of the Mizunami underground laboratory. 

Proposed work programme (2019-2020) 

The safety assessment of DGRs is based on a complex workflow of activities, commencing 

with the collection of field and laboratory data and the acquisition of the relevant knowledge 

and argumentation, and concluding with the final dose calculation for a representative 

person. The workflow consists of a large number of subsequent stages, each of which is 
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based on multiple assumptions and necessarily generates a wide range of simplifications. 

It is proposed that the comparison of the different safety assessment approaches, including 

with respect to the use of data and incorporation in the descriptive models in the final dose 

evaluation process in CRC countries, will represent a valuable step forward in terms of 

improving the confidence of the crystalline host rock environment safety assessment process. 

The proposed CRC work programme 2019-2020 includes the following tasks:  

 identification of the key data to be obtained from crystalline rock environments 

from the siting process (the geosphere) that are relevant to the safety assessment 

process; 

 comparison and evaluation of the transfer of data for the compilation of both 

descriptive and safety assessment models; 

 identification of requirements or guidelines for the development of siting criteria 

concerning crystalline host rock environments. 

Conclusion 

The CRC provides a platform for the exchange of research and scientific knowledge, the 

membership of which is made up of experts from several countries interested in issues 

surrounding the development and implementation of deep geological repositories in 

crystalline host rock environments. We are open to any new members who are keen to work 

with us to improve our understanding of the complex issues related to the research of 

crystalline rocks. For details visit www.oecd-nea.org/rwm/crystallineclub/. 
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Abstract 

The International Atomic Energy Agency (IAEA) GEOSAF II project was initiated with the 

objective to reach a joint understanding, and to work towards harmonisation of views and 

expectations regarding the safety of the operational phase for geological disposal of 

radioactive waste and its inter-relation with post-closure safety. 

During discussion, concern was expressed that significant safety risk exists during the 

operational phase itself. This is, amongst others, because of concurrent mining/ 

construction work underground combined with handling heavy loads of radioactive material 

from the surface to the underground facility. Therefore, an assessment was made whether 

specific guidance is also required in this area or if this is already available in existing 

IAEA documentation or elsewhere. For that purpose, the Task Group on Operational Safety 

was formed. 

The task group examined in which area additional guidance may be required, whether such 

guidance already exists, and if so, whether such information is readily accessible in 

existing relevant documents, including IAEA Safety Standards, Safety Reports and 

TECDOCs. This was done to identify subjects that are covered and where there are gaps, 

as well as where the information is too scattered to be readily used. The outcome would 

reveal any potential need for additional guidance. 

To meet this objective, a matrix was developed as a tool for performing gap analysis. The 

matrix contains topics identified as important to operational safety of a geological disposal 

facility and the coverage of these topics in IAEA documents. This analysis indicates that 

much information already exists on operational safety. This information can be used to 

frame the reflection about operational safety for geological disposal. There are, however, 

several topics specific to geological disposal facilities for which the development of specific 

guides may be necessary.  
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Introduction 

In the particular field of radioactive waste disposal, the International Project on 

Demonstrating the Safety of Geological Disposal (GEOSAF) was organised by the IAEA. 

At the end of the first edition of GEOSAF, member states decided that it would be 

beneficial to pursue working on the development of the safety case for geological disposal, 

giving a higher focus on the relations between the operational phase and post-closure safety. 

GEOSAF II was initiated with the objective to reach a joint understanding of, and work 

towards harmonisation of views and expectations regarding the safety of the operational 

phase for geological disposal of radioactive waste and its inter-relation with post-closure 

safety. The implications of operational safety on the long-term safety are not addressed by 

the current international guidance. Therefore, additional specific guidance on this topic was 

addressed. 

To achieve this last objective, in the final year of the GEOSAF II project a specific task 

group was launched. The aim of the Task Group on Operational Safety was to provide 

recommendations to the GEOSAF II core group and the IAEA concerning potential 

benefits from issuing a TECDOC on this topic. For that purpose, a broad range of existing 

IAEA publications was examined. A gap analysis was performed and rationale for 

additional guidance was provided.  

Methodology 

Three questions were formulated that capture the situation at the outset: 

 For the purpose of addressing operational safety issues, where in the existing corpus 

of IAEA publications is which type of information available? Furthermore, how 

can this information be gathered in order to address the operational safety issue? 

 More specifically, is there already relevant guidance and/or recommendations for 

the operational safety of geological disposal facilities within the corpus of the 

 IAEA publications (including Safety Standards other than those focused on safety 

assessment or the management of radioactive waste, such as those addressing 

nuclear power plants, radiological protection, site evaluation, research reactors, 

transport, etc.), and if so, where? 

 If there are provisions related to operational safety in other IAEA documents than 

those consulted “by default”, are these provisions complete? 

In response to these three questions, a completeness check was performed making use of a 

broad set of the existing documents. 

There are many hundreds of potentially relevant IAEA publications. Consequently, the 

work started with a document screening proposed by the team leader of the working group. 

The screening was done based on the title, table of contents and nature of the publications. 

Documents considered were IAEA published Safety Standards, Safety Standards under 

development, draft Safety Standards posted for official comments from member states as 

well as other IAEA publications (e.g. TECDOCs). This initial “raw list” consisted of about 

400 publications. After this first screening, the list could be reduced to about 60 documents. 

The documents remaining after ranking were also classified according to the topics nuclear 

power plants, radioactive waste management (RWM), decommissioning (DECOM), etc. 
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As the next step, the Task Group on Operational Safety divided into three working groups 

(five persons each), checked the proposed ranking and suggested some additions of relevant 

publications within the IAEA corpus. Then the list of documents was correspondingly 

extended to 116 publications, followed by revision of the individual document ranking. 

Two different approaches were taken in order to develop the list of topics relevant for 

operational safety, including grouping/delineating them by introducing a hierarchy of topics: 

 Approach 1: (working group of ten experts) was based on the skim-reading of the 

IAEA publications (table of contents, relevant chapters, etc.). 

 Approach 2: (working group of five experts) consisted of work on a “reference list” 

from a totally different set of documents/material. The key materials used were the 

findings of the EC SITEX project (that produced a list of safety-related topics, of 

which one is related to operational safety and divided into several sub-topics), the 

GEOSAF I project companion report related to operational safety, as well as the 

experience from Canadian uranium mining. This group also introduced topics 

based on their expert judgement. 

In order to populate the “reference list” and to give it a new stimulus, in a next step the 

Western European Nuclear Regulators Association (WENRA) report was also used (2014). 

The WENRA report is mainly based on a screening of the IAEA publications, but with a 

different perspective (regulatory). 

A comparison of the outcomes of those two approaches was made in order to identify where 

topics listed by the two working groups were common or did not exist in the reference list. 

If some topics were missing in the reference list, they were added (cross-fertilisation).  

A colour code was used to ensure traceability. This way of working harmonised the two 

different lists of topics, without losing track of their origin. 

At this point, the two lists, namely the IAEA topics list and the reference list were frozen 

with respect to the list of topics. 

The working group working on the reference list provided comments on the relevance of 

topics not originally included in this list. The exercise was then extended to all the sub-

topics to compare their relevance to nuclear power plants, mines and deep geological 

repositories (DGRs). 

The other working group looked for IAEA references for sub-topics that were introduced 

through comparison with the reference list. 

The list of sub-topics drafted from the IAEA publications was polished. Since it was not 

possible, given the limited time and resources, to go through all the possible existing 

publications, the way of filling up the list of sub-topics had to be checked from a 

completeness point of view. If additional randomly selected publications do not provide 

new topics, the list may be considered sufficiently robust. The initial set of 18 skim-read 

publications was extended. The skim-reading was stopped after 29 documents as the 

number of items was judged to have converged. 

The list of sub-topics from the IAEA publications was then merged with the reference list 

in order to produce a consolidated list of 295 topics. 

The consolidated list of 295 topics together with the 116 publications was used to build a 

matrix. A methodology flow chart for establishing the matrix is shown in Figure 1. 
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Figure 1: Methodology flow chart for establishing a matrix with topics and publications 

 
 

Different qualifiers were used to perform the gap analysis: 

 The classification of the publication regarding their scope (1 to 4). See upper part/ 

above the red line of Figure 2. (Scope 1 for publications focusing on geological 

disposal, Scope 2 for publications focusing on disposal in general, Scope 3 for 

publications focusing on waste management and Scope 4 for other publications). 

 The classification of the publications with respect to their relevance for a specific 

topic (0 to 2). See lower part/under the red line of Figure 2 (with 0 for a topic not 

covered by the publication, 1 for a topic partially covered/mentioned and 2 for a 

topic well covered by the publication). 

 The topics were classified as specific for operational safety or generic 

(e.g. retrievability is specific whereas management system is generic). Not 

reproduced in Figure 2. 

A provisional gap analysis was performed to identify topics specific to operational safety 

of geological disposal facilities that are not or poorly covered by the existing guidance. 

Methodological limitations 

The challenge in this work was, after detailing the scope of operational safety, how to 

ensure the comprehensiveness of topics and sources of guidance (check against existing 

IAEA documents, other documents, expert judgement, etc.). To meet this challenge, the 

task group followed an approach for information and knowledge. The existing IAEA 

documents (“known knowns”) were complemented with other independent sources of 

information (SITEX, WENRA, etc.) in order to delineate less known areas (“known 

unknowns”).  

As for the “unknown unknowns”, similar to an FEP approach, it is a forthcoming and 

ongoing process. 

To start the work, the task group screened about 400 IAEA publications (published Safety 

Standards, draft Safety Standards, Guidelines, etc.). These publications were not only 
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related to radioactive waste management. A limitation of the screening is that it was based  
 

Figure 2: Excerpt of the matrix showing the assigned scope (1 to 4) of the publications (above 

the red line) and the three hierarchical levels (0 to 2) of the topics (below the red line) 

 
 

on titles and tables of contents only. Another limitation is that only 29 of the 116 publications 

remaining after the first screening were skimmed in order to build the list of topics, 

sub-topics and sub-sub-topics related to operational safety. The skim-reading stopped after 

29 documents when the number of items was judged to have converged. Even with the 

295 items resulting from this process, it is evident that some topics could not be fully 

covered by the sub-topics and therefore the level of detail varied. 

Each IAEA document in the subset of 116 publications kept for the matrix was assessed 

for its relevance for each item. However, this could only be achieved by skim-reading 

(number of documents in the time available). The scale used for the assessment varied 

between the subgroups due to differences in interpretation. For example, “2” is interpreted 

as “very well covered” by some, but others would not grant a “2” unless the coverage was 

fully comprehensive for a geological disposal facility. Besides, the division of the scale 

into only three categories imposes limitations. Finally, judgement of coverage using the 

defined scale reflects individual experience in a particular topic and therefore introduced 

variability in the marking. 

To support the presentation of the results, the task group decided to assign either “specific” 

or “generic” to each topic. This assignment is based on expert judgement by the task  

group members. 

One may observe that some items appear more than once in the matrix (in sub-topics), but if 

so in different contexts (main topics). This is a deliberate choice to avoid losing information. 

Results 

The analysis indicates that much information already exists on operational safety or at least 

can be used to frame the reflection about operational safety for geological disposal. 

Nevertheless, 94 out of 145 topics (65%) specific to the operational safety of geological 
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disposal facilities are not or are poorly addressed by the existing guidance. For these topics, 

the development of specific guidance may be beneficial. Some important examples are:  

 documents and records regarding characteristics of the waste emplaced and location 

of the waste packages in the repository; 

 emergency response; 

 erosion; 

 natural fires; 

 mining activities; 

 concurrent activities. 

Concurrent activities refer to e.g. the emplacement of waste and excavation of underground 

tunnels or rooms that might be conducted in parallel in a geological disposal facility. 

For the generic topics related to operational safety, information not contained in publications 

specifically related to geological disposal (Scope 1) can generally be found in publications 

on disposal (Scope 2), on radioactive waste management (Scope 3) or in “others” (Scope 4). 

This is exemplified by the topic “management system”. If developing new guidance for these 

topics, information in publications with Scope 2, 3 or 4 may be used as a starting point. 

Several generic topics are not addressed in publications related to geological disposal, nor 

to disposal in general (Scopes 1 and 2). Examples are: 

 conventional waste management; 

 safeguard requirements; 

 threat assessment. 

These topics may need further consideration. 

There is no topic in the list not covered at all (at least superficially, Ranking 1) and by at 

least one publication (at least “general in scope”). This reflects the recursive methodology 

used where topics were identified from existing IAEA publications. However, topics were 

also identified from other documents and from expert judgement, and the analysis shows that 

there are no complete gaps. Consequently, if new guidance is established, the concern is 

more about the level of detail than about the comprehensiveness and variability of the topics. 

Conclusions 

The objective of the work was to examine to what extent guidance is required on operational 

safety of geological disposal facilities, in particular whether such guidance already exists, 

and if so, whether or not such information is readily accessible in a small number of well 

identified documents. To meet this objective, a matrix was developed as a tool for 

performing gap analysis. The matrix contains topics identified as important to operational 

safety of a geological disposal facility and the coverage of these topics in IAEA documents.  

The developed matrix has been used to perform an analysis of potential gaps in IAEA 

documents. This analysis also illustrates how the matrix can be used in support of 

developing new guidance. 

This analysis indicates that much information already exists on operational safety. This 

information can be used to frame the reflection about operational safety for geological 
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disposal. There are, however, several topics specific to geological disposal facilities for 

which the development of specific guides may be necessary.  

There is no topic in the list that is not covered at all, at least partially and by at least one 

publication “general in scope”. This conclusion is valid for generic and specific topics. This 

means that within the limitations of the methodology used, there are no topics identified 

from other than IAEA documents as well as from expert judgement that were not at least 

found in the IAEA documents. Consequently, if more detailed analysis confirms the need 

for “new” guidance (e.g. in the form of a TECDOC), that work can start using material 

spread over the existing publications. The “matrix” can be used to identify the location of 

existing guidance in the existing set of documents. For these reasons, the concerns with 

developing new guidance are not the variability of topics, but rather defining the desired 

level of detail. 

In summary, the matrix developed is a tool that could be used in forthcoming analysis for 

the need of guidance specific to the operational safety of geological disposal facilities.  

It can also be used to identify pertinent information in existing documents. The methodology 

followed in setting up the matrix is based on comparing non-IAEA documents and expert 

judgement with the existing body of IAEA documents. An additional review should 

precede the start of establishing new guidance to ensure that topics have not been missed. 
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Abstract 

This paper describes the status of an ongoing joint sensitivity analysis exercise. Some 

recent findings are reported. 

Introduction 

Initiated by exchanges between the European Union’s Implementing Geological Disposal 

of Radioactive Waste Technology Platform (IGD-TP) and NEA’s Integration Group for 

the Safety Case (IGSC), since 2015 a collaboration of several waste management, consultant 

and research organisations (Enresa, Fortum, Galson Sciences, GRS, Nagra, ONDRAF/ 

NIRAS, Posiva, SCKCEN, SKB, SNL, TUC, RWM) has evolved. Several issues related 

to the treatment of uncertainties are addressed within this network. Parameter uncertainty 

quantification, uncertainty communication and sensitivity analysis (SA) have been examined 

at a series of annual workshops. In 2017, several of the organisations decided to initiate an 

SA exercise aimed at identifying advantages and drawbacks of various SA methods vis-à-vis 

the characteristics of the model(s) under scrutiny and exploring the possibilities for joint or 

shared approaches to SA dependent on the models’ specifics. The paper presented here 

describes the exercise approach and, by means of example, the current state of work. 

The exercise is restricted to global SA methods; we study the relationships between the inputs 

and output(s) of HMC, performance assessment (PA) or safety assessment models. The 

input uncertainties of these models are described using joint probability distributions for the 

input parameter sets. The models themselves are considered as “black boxes” for which a 

number of realisations with varying inputs generated by using a sampling strategy is 

calculated. The relationship between inputs and output(s) is then studied by applying 

statistical estimators to the joint input/output distributions. By such means, questions about 
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the importance (or lack thereof) of each input for the output uncertainty, about the joint 

impact of two or more inputs (“interactions”) as well as about general model behaviour 

(linearity or lack thereof, monotonicity, etc.) can be addressed. 

For decades, SA has been applied in safety cases for radioactive waste repositories. 

Methods commonly applied are, besides local/deterministic methods (not addressed in this 

paper), mainly global methods based on linear and rank regression or correlation, which 

are able to identify linear and monotonic relationships between single inputs and outputs, 

respectively. These methods are easy to understand and straightforward to apply. In some 

safety cases variance-based methods were also applied. Here, the impact of the variance of 

an input (or of a combination of several inputs) on the output variance is being estimated 

(“Sobol’ indices”). This allows for identifying non-monotonic relationships as well as 

interactions. However, such methods are harder to understand for practitioners, and the 

estimation methods are sometimes expensive and not easy to apply. 

Research work of the past decades has been directed at, among other things, better 

estimation methods for variance-based approaches and at complementary numerical and 

graphical approaches (Borgonovo and Plischke, 2016), some of which are introduced later 

in this paper. However, such advanced SA methods are hardly being used in safety cases 

despite of the fact that many numerical models applied in safety cases exhibit a rather 

complicated structure (e.g. non-monotonic, discrete, or threshold behaviour as well as 

interactions). The question arises whether, under which circumstances and to which extent 

recent research results are applicable and useful in the safety case context. The exercise 

described here aims at investigating the performance, usefulness and practicability of SA 

methods and can thus be seen as a continuation of related efforts undertaken within CEC’s 

PAMINA project (2007-2009, www.ip-pamina.eu). Ideally, it could result in a “practitioner’s 

guide for SA” indicating under which circumstances and in which order which SA method 

should be applied (Kuhlmann et al., 2013; Spiessl and Becker, 2017). 

Approach 

At a workshop held in August 2017 in Albuquerque, NM, it became clear that participants: 

 had experience with a number of SA methods (some of which they developed); 

 had access to a number of practice-related THMC and PA models of different 

nature which might serve as test cases. 

As a first step, a questionnaire was developed to characterise the features of each potential 

test case. Based on the responses, it was then decided to address a series of cases with 

increasing complexity: 

 a PA model for a spent nuclear fuel/high-level waste (SNF/HLW) repository in clay 

provided by GRS; 

 a model of a disposal facility in shale (SNL); 

 a model for a surface repository at Dessel (Belgium); 

 a model for a generic low-/intermediate-level waste (LILW) repository in a salt 

mine (GRS); 

 a reactive transport model (SNL); 

 a disposal model in crystalline rock (SNL); 

 the PA model used in the 2014 WIPP CRA. 
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Most of the models generate time-dependent outputs. They vary with regard to the number 

of inputs, dependency of inputs (or lack thereof) and model behaviour. It was agreed that 

each participant should address the cases using “his/her” method(s), by doing so using only 

existing data to be provided by the “owners” of the cases. In other words, methods relying 

on predefined sampling schemes such as FAST would be excluded. This paper will focus 

on the Dessel case which is presently under scrutiny. We do not describe the model and its 

properties, but simply regard it as a “black box” calculating a time-dependent output value 

(129I radionuclide flux) from 22 input parameters with uniform or log uniform distributions. 

Time-dependent sensitivity analysis of the Dessel example 

For the Dessel model, two different data sets, originating from 256 and 1 024 runs were 

available. Model output values have been calculated for 200 points in time between 650 and 

2 000 years after disposal, so that the evolution over time of sensitivity measures can be 

analysed. All evaluations presented here are based on the larger data set. Comparisons for 

different sample sizes have been undertaken but are not reported here. 

Histograms of the time-dependent output distribution show that in the early phase there are 

many very low output values which may be caused by numerical scatter. Therefore, 

calculated sensitivities for the first years of model time should not be taken too seriously. 

In Figure 1, selected scatterplots are presented. These show the dependency of the model 

output on the values of the five most conspicuous parameters for several points in time. 

Obviously, the sensitivity of at least some of the parameters is distinctly time-dependent. 

To analyse this in detail, the participants independently calculated the evolution over time 

of different sensitivity estimators using their available tools. While correlation- and 

regression-based methods yield values between -1 and 1, the sign indicating the direction 

of influence, variance-based methods are designed to calculate Sobol’s sensitivity indices, 

which lie between 0 and 1.  

Table 1 gives an overview of the time-dependent evaluations, including the method of 

calculation in the case of variance-based sensitivity indices. The standardised regression 

coefficients (SRC) and sensitivity indices calculated using the Effective Algorithm for 

Computing Global Sensitivity Indices [EASI, cf. Plischke (2010)] are in very good 

agreement, which is not too surprising as the mathematical algorithms applied are the same. 

This is a good mutual verification of the software tools. More interesting from a scientific 

point of view is the comparison between the results for first-order SI calculated with EASI 

(SCKCEN/GRS), with PCE [SNL, cf. Adams et al. (2018)] and CUSUNORO slope [TUC, 

cf. Plischke (2012)] as presented in Figure 2. While the curves show similar qualitative 

behaviour, there are considerable differences in detail. PCE computes higher index values 

for KD_waste and, specifically, KD_emb. This is probably due to the fact that PCE uses an 

internal surrogate model, which itself requires additional assumptions and parameters that 

have to be well adjusted. For this investigation, second-order polynomials were used. 

Figure 3 presents the comparison of a direct and a rank-based sensitivity analysis, using the 

SRC and standardised rank regression coefficients (SRRC) methods. The rank transformation 

makes the time curves smoother and yields higher sensitivities for some of the parameters 

in the early phase. Typically, ranking leads to more pronounced differences of low values 

but less pronounced differences of high values. It can be concluded that the parameters 

flux_increase_time, Kd_waste and Kd_emb mainly influence the low model output values 

at early times. Kd_emb changes its direction of influence around 1 000 years after disposal;  
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Figure 1: Scatterplots for the five most conspicuous parameters and several points in time 

 
 

Table 1: Time-dependent sensitivity measures calculated by different participants 

Sensitivity measure SNL SCKCEN GRS TUC 

Standardised regression coefficients (SRC)  X X  

Standardised rank regression coefficients (SRRC)  X X  

SRC with transformation   X  

Pearson’s correlation coefficients (CC) X    

Spearman’s rank correlation coefficients (RCC) X    

Partial correlation coefficients (PCC) X    

Partial rank correlation coefficients (PRCC) X X   

First order sensitivity index (SI1) PCE EASI EASI EASI/CSN 

Second order sensitivity index (SI2)    Harmonic regress. 

Total order sensitivity index (SIT) PCE    
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Figure 2: First-order sensitivity index calculated with PCE, EASI and CUSUNORO 

(a) SNL (PCE), (b) GRS (EASI), (c) TUC (CUSUNORO slope) 

      

 
 

Figure 3: SRC vs. SRRC (GRS) 

 
 

after that time its influence becomes positive (higher value implies higher output) but seems 

to affect mainly the high model output values, as SRC is much higher than SRRC at medium 

times. The same conclusion can be drawn for Kd_waste at late times. 

The different sensitivity estimators agree about the most influential parameters, although 

at each point in time they calculate different rankings. Parameter ranking, however, should 

not be regarded as the most relevant result of SA. In fact, a well-understood SA with 

different methods, each addressing its specific aspects, can essentially increase detailed 

understanding of model behaviour and thus confidence in the model. 

(a) (b) 

(c) 



NEA/RWM/R(2018)7  297 
 

CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE  
  

CUSUNORO curves 

The cumulative sum of the normalised reordered outputs (CUSUNORO) curves have been 

suggested in Plischke (2012) as a visual tool for variance-based sensitivity analysis: 

𝑠𝑛: 𝜃 ↦  
𝜃

√𝕍[𝑌]
 𝔼[𝔼[𝑌] − 𝑌|𝑋𝑖 ≤ 𝐹𝑖

−1(𝜃)], 𝑖 = 1, . . . , 𝑑 

with 𝐹𝑖
−1(𝜃) being the inverse cdf of the ith input parameter Xi. Instead of screening d 

different scatterplots for each of the inputs Xi versus the output Y, one inspects d curves in 

one plot. Alternatively, one may display time-dependent CUSUNORO curves for one input 

parameter, demonstrating the change of parameter influence over time. 

CUSUNORO plots can be used for regional sensitivity analysis as the parameter influence 

is resolved over its range. The indicator for sensitivity is not the deviance from zero line, 

but the slope. First-order effects are given by the mean squared gradient of these curves. 

The estimates from a polyline approximation of the CUSUNORO curve for the Dessel 

example are presented in Figure 2(c). 

Transport simulations with pronounced breakthrough curves will be mapped into 

CUSUNORO curves with sharp bends. Moreover, non-linear behaviour may be spotted by 

non-centralised curves. The curves for selected time points are presented in Figure 4.  

As to be expected from the scatterplots, there are CUSUNORO curves with heavy kinks. 

Note that for different times, some parameters change their influence on the trend of the 

output from positive to negative (i.e. above or below zero in the CUSUNORO plots). 

Figure 4: CUSUNORO curves for different time points (TUC) (a, b, c)  

and for a fixed input parameter over time (GRS) (d) 

Different sets of parameters influence the output behaviour.  

Inside grey ellipsoid: less significant contributions to the change of output mean. 

      

      
 

(a) (b) 

(c) (d) 
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Interactions 

If the functional dependence of the output upon the inputs is not explained by linear or 

additive functions (i.e. in form of a low goodness-of-fit R2 or a low sum of first-order effects) 

then the missing part can be explained by the presence of interactions. As a consequence, 

first-order effects (and therefore also CUSUNORO plots) are not able to detect interactions. 

Figure 5 demonstrates this for the Dessel example where, especially for the large output 

variance in the time span between 680 to 720 years, about 30% remain unaccounted for by 

first-order effects. In this figure, absolute rather than relative contributions to the variance 

are shown, which reveals additional information when considering sensitivities evolving over 

time. One may be tempted to screen out parameters which do not contribute to first-order 

effects but may be important in driving interactions. 

Figure 5: Sum of first-order effects and absolute contribution to output variance 

Numbers denote the significant parameters for first-order contributions (TUC). 

 
 

In the framework of a factor fixing sensitivity setting the methodology of choice is the 

computation of total effects via the Sobol’ or EFAST methods. However, these methods 

require a special sampling scheme and cannot be used directly without an intermediate 

meta-modelling layer. One may choose a weaker approach by estimating second-order 

effects for quantifying two-term interactions from available observations. 

For the Dessel example, total effects were computed via a polynomial chaos expansion 

(PCE) meta-model. However, the qualitative behaviour in the critical time span closely 

follows that of first-order effects. Second-order effects were estimated by a harmonic 

regression but were not able to resolve the missing fraction of the variance. Most likely this 

is due to the output distribution being very skewed so that variance is not a good measure 

of uncertainty.  

Conclusions 

For the studied Dessel example, the standard set of SA methods does not sufficiently 

explain the model behaviour. To be able to detect such a situation, goodness-of-fit measures 

of the used sensitivity method must be reported to obtain information on its explanatory 

power for the case under consideration. Possible ways to address this issue are output 

transformations or moment-independent methods which account for the whole distribution 

instead of point-estimators of conditional means or variances. Future works include the 

application of such advanced methods as well as the study of additional test cases. 



NEA/RWM/R(2018)7  299 
 

CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE  
  

 

References 

Adams, B.M. et al. (2018), Dakota, A Multilevel Parallel Object-Oriented Framework for 

Design Optimization, Parameter Estimation, Uncertainty Quantification, and 

Sensitivity Analysis: Version 6.8 User’s Manual, SAND2014-4253, Sandia National 

Laboratories, Albuquerque, NM. 

Borgonovo, E. and E. Plischke (2016), “Sensitivity analysis: A review of recent advances”, 

European Journal of Operational Research, Vol. 248 (3), pp. 869-887.  

Kuhlmann, S. et al. (2013), “Sensitivity analysis: Theory and practical application in safety 

cases”, in The Safety Case for Deep Geological Disposal of Radioactive Waste: 

2013 State of the Art, Symposium Proceedings, Paris, France, 7-9 October, 

NEA/RWM/R(2013)9, pp. 169-176, OECD/NEA, Paris. 

Plischke, E. (2010), “An effective algorithm for computing global sensitivity indices 

(EASI)”, Reliability Engineering & System Safety, Vol. 95, pp. 354-360. 

Plischke, E. (2012), “An adaptive correlation ratio method using the cumulative sum of the 

reordered output”, Reliability Engineering & System Safety, Vol. 107, pp. 149-156. 

Spiessl, S. and D.-A. Becker (2017), Investigation of Modern Methods of Probabilistic 

Sensitivity Analysis of Final Repository Performance Assessment Models (MOSEL), 

GRS-412, Gesellschaft für Anlagen- und Reaktorsicherhet (GRS) gGmbH, Köln. 

 

  



300  NEA/RWM/R(2018)7 
 

 CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE 
  

Parallel session 4: Information management 
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Abstract 

Radioactive Waste Management Ltd (RWM) has set up a project to explore future 

enhancements to its environmental safety case (ESC) and its production process by making 

the links between environmental safety claims and underpinning evidence more transparent, 

and using digital technologies to make the safety case easier to assemble, maintain and 

communicate in future. This paper summarises key ideas within this project and briefly 

introduces VISI, a safety case management system which RWM is currently developing. 

Introduction 

The United Kingdom is committed to the safe management and disposal of higher activity 

radioactive waste through a policy of secure interim storage prior to final disposal in a deep 

geological disposal facility (GDF). A GDF will be a highly-engineered facility, located 

deep underground, where the waste will be isolated within a system of multiple engineered 

and natural barriers designed to prevent the release of harmful quantities of radioactivity 

and non-radioactive contaminants to the surface environment. 

RWM has been established as the delivery organisation responsible for the implementation 

of a safe, sustainable and publicly acceptable programme for geological disposal. As yet, 

no site has been identified for a GDF. The siting process will involve partnership with local 

communities, RWM and government (DECC, 2014). 

Since 2010 RWM has maintained a generic disposal system safety case (gDSSC) to give 

confidence that a GDF can be implemented safely and sustainably within the United 

Kingdom; the most recent update of the gDSSC is dated December 2016 (RWM, 2016b). 

A key document within the gDSSC is the generic environmental safety case (gESC) (RWM, 

2016a) which considers environmental safety, both during operations and, following closure, 

long-term into the future. A separate paper has been submitted to discuss the 2016 gESC 

and the challenges associated with the production of such a document at a generic stage 

(see Bailey and Hicks). 
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Following publication of the gDSSC, RWM’s environmental safety team started to 

consider future enhancements to the gESC and its production process, taking into account 

improvements identified and “lessons learnt” during production of the 2016 suite. As part 

of this process proposals were made to enhance the structure of the ESC by making the 

links between environmental safety claims and underpinning evidence more transparent, 

and to explore how modern digital technologies could help the team to assemble, maintain 

and communicate the ESC in future. In principle these may appear to be two distinct aims, 

however, in practice, close synergies can be identified between each, and a project has been 

initiated to develop these proposals further and to apply them to the ESC. 

This paper describes progress on this project and, at a high-level, the ideas and approaches 

being adopted. A companion paper has also been submitted (see Hall et al.) to describe 

VISI (introduced later in this paper), one of the information systems being developed within 

this project, in more detail. 

Roadmap 

A roadmap has recently been assembled to define a project goal and the activities needed 

to realise it. To identify activities a number of topics have been considered, with workshops 

held to discuss options, identify benefits and develop approaches. A summary of the key 

topics and proposed approaches are presented in this section. 

Claims, arguments and evidence 

The Environment Agency and Northern Ireland Environment Agency have issued a 

guidance document on the Requirements for Authorisation for a deep GDF (EA and NIEA, 

2009) within the United Kingdom, often referred to as the GRA. A requirement of this 

document is the production of an ESC (Requirement R3), where Section 6.2.2 defines: “An 

environmental safety case is a set of claims concerning the environmental safety of 

disposals of solid radioactive waste, substantiated by a structured collection of arguments 

and evidence.” 

Environmental safety cases are usually suites of long technical documents. In such 

submissions it can be difficult to “see the wood for the trees” and RWM is therefore looking 

to more clearly emphasise this logical, structured, format in the safety case. As one element 

of doing so, a diagrammatic representation is being developed with structure displayed in 

Figure 1. 

Figure 1: The ESC claims, arguments, evidence (CAE) diagram 

 
 

This is being referred to within RWM as the ESC claims, arguments, evidence (CAE) 

diagram and is currently being populated with information from the 2016 gESC. Use of the 

diagram is intended to provide a stronger link between the claims made within the safety 

case and underpinning evidence, and to make this link more visible to stakeholders. In 

addition, the discipline of assembling the diagram is helping the safety case team gain a 

better understanding of what matters to safety and where evidence is weak or missing. The 

CAE diagram will be updated as RWM’s programme advances from the current generic 

stage to a site-specific stage. 
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Requirements management 

At the highest level, claims within the CAE diagram are related to the satisfaction of external 

requirements, which are imposed by regulations and other stakeholders. For example, the 

Guidance on Requirements for Authorisation (GRA) contains 14 explicit requirements 

which a developer or operator is expected to demonstrate being able to fulfil when applying 

for an authorisation to develop or operate a GDF, and each of these would be associated 

with one or more claims on the diagram. Requirement R6 relates to the consistency of 

assessed radiological risk, after closure, from a GDF with a risk guidance level of 10-6 per 

year; this would currently be associated with a claim that “we will” demonstrate 

consistency with this level. Note the use of future tense in this claim at the present generic 

stage, which would become “we have” at the point of applying for a permit. Substantiation 

would then be provided by the results of performance assessment (PA) models, 

complimentary indicators, natural analogues and similar. Arguments may also be multi-

level, for example sub-claims may be made on such PA models to explain, for example, 

why we have confidence in the results, citing evidence of verification, validation, quality 

checking of input data and similar. Through this approach a rigorous decomposition of each 

claim may be made, with contributors identified and appropriate evidence, with a clear 

scope, sought. 

It is important to realise that not all evidence will be related to research or site characterisation 

on such a diagram; in a broader sense “evidence” is anything which is used to underpin a 

claim through an appropriate argument. Requirements within the GRA cover wider aspects, 

for example relating to the existence of an appropriate environmental safety culture within 

an organisation or optimisation of the performance of the disposal system. Evidence provided 

for these may relate to the existence of processes and procedures in a management system, 

the availability of suitability trained and experienced staff and fit-for-purpose record keeping 

systems, amongst others. 

RWM operates a process of requirements management for its disposal system and its 

illustrative designs. Requirements operate in a hierarchy with a statement of need sitting 

above a set of stakeholder requirements, which in turn are satisfied by a set of system 

requirements, which may in turn be split into a set of sub-system requirements and so on. 

As discussed above, stakeholder requirements which relate to environmental safety would 

correspond to claims on the CAE diagram, but it is envisaged that lower-level requirements 

may also feature on the diagram in future – for example the existence of a post-closure 

derived requirement on the design may provide early “evidence” that a suitable design will 

be adopted, prior to the production of a finalised design. 

Needs-driven research 

As discussed earlier, production of the CAE diagram is expected to help identify knowledge 

gaps in the safety case through weak or missing arguments or evidence. This in turn can be 

used to provide a framework to generate tasks within a research programme and thereby 

provide a demonstration that such a programme is “needs-driven”. Outputs of such tasks 

would also lead to updates to the arguments and evidence captured on the diagram, either 

through an improved understanding leading to a new or additional argument, or though 

changes to the robustness of underpinning evidence (Figure 2). When assembling such 

evidence, it is important that a balanced approach be adopted, with any contrary evidence 

being referenced and visibly assessed; this demonstrates a balanced and unbiased approach 

to promote stakeholder confidence. 
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At the generic stage there are evident difficulties in prioritising tasks within such a research 

programme, especially if host geologies or disposal concepts are unknown, and in practice 

intelligent judgement must be used making reference to well-defined assumptions and 

constraints. Systems such as scientific or technical readiness levels may be helpful to 

quantify this process, but again should not be regarded as a substitute for good judgement. 

Figure 2: RWM process for needs-driven research 

 
 

RWM is currently exploring whether extensions to the CAE diagram could benefit concept 

selection during the siting process, or the assessment of packaging proposals from waste 

producers, through an explicit presentation of the safety functions provided by different 

engineered barriers, waste forms and containers. Should multiple sites be volunteered by 

communities it may also be appropriate to introduce additional diagrams to illustrate how a 

safety case may vary in different geological environments with different disposal concepts. 

Although the process of populating a CAE diagram is at an early stage, benefits have 

already been observed in the safety case and research teams working more closely together, 

with both sides gaining a better understanding of the science (evidence), how it is being 

used (arguments) and why it matters (claims). Safety arguments can thereby provide a 

“handshake” between teams which is mutually agreed by both. 

Digital safety case 

There have been significant changes to the way people use information, and the way they 

expect to access, digest and interact with it, in recent years. A myriad of devices is now 

available, including laptops, eBook readers and tablets, most of which are able to display 

rich content including images, video, 3D visualisations and interactive content, and most 

are internet enabled. Third-party services like Twitter, Instagram and Facebook are also 

popular and provide new channels to publish content. Together this has the potential to 
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allow waste management organisations to improve communication with their stakeholders 

and to deliver information in new ways while not excluding those who still wish to receive 

paper content. 

To date, RWM has authored its safety case using traditional word processing software and 

printed, or published to the web, using PDF files. While a safety case is one of the more 

technical products produced by a waste management organisation, it can still benefit from 

digital developments. Technologies exist which allow information to be authored once and 

published to multiple output channels, including print and the web, using a consistent styling 

which may be managed and maintained centrally. Full-text search and indexing can be 

provided to quickly locate information. Metadata (see Carter and Ciambrella) can also be 

embedded to provide context or to identify links to other content. General examples include 

metadata to support publication or archiving, tag content language, record a change history 

or document approval, support search and similar. More scientifically, custom safety case 

metadata could be introduced to tag locations where Features, Events or Processes (FEPs) 

are considered, reference evidence in underlying documents, tag specialised terms from a 

glossary or vocabulary, tag sources of data or the outputs of computer models and similar. 

This embedded metadata can be used for a variety of purposes. It could be used to format 

output, for example, so that in web-based outputs definitions are presented when the cursor 

hovers over terms, or hyperlinks inserted so that underlying documents may be accessed 

more quickly. For organisations which publish in multiple languages, content can be 

filtered to produce documents in each language. It could also be used to support semantic 

queries of the safety case, producing, for example, a FEP audit to demonstrate that all FEPs 

have been considered, or to automatically generate a diagram to show how data and models 

flow through the safety case. Many other examples could also be devised, depending on 

the needs of the waste management organisation. 

Through the use of metadata the CAE diagram described earlier can also be dynamic so 

that individual claims, arguments and evidence can be hyperlinked into the text of the safety 

case, thereby serving as an “index” which can aid knowledge management. 

Together, these technologies allow users to locate content of interest and navigate the safety 

case structure more effectively. 

VISI 

A key output of the roadmap outlined in the previous section is a plan for a new information 

system called Visualisation of System Information (VISI) which will make use of the ideas 

outlined above. VISI is currently at a prototype stage and is under active development with 

a dedicated software company on behalf of RWM. 

Vision 

The following vision has been developed for VISI: 

VISI is the system which RWM will ultimately use to author its environmental 

safety case (ESC) and to manage configuration and control changes to it. The 

system will make use of digital technologies to provide traceability between 

safety claims articulated within the ESC and evidence provided in the 

underlying knowledge base. An intuitive interface will be provided to allow 

users to navigate, view and search all content and to trace this underpinning. 

VISI will support RWM in planning its technical programme by aiding 
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research identification and prioritisation, while also aiding concept selection 

and waste management. 

The system will be made available, as needed, to RWM staff, its supply chain and to 

regulators. 

Viewing the safety case 

The VISI prototype allows users to view the 2016 gESC and its underpinning documents 

via a web browser (Figure 3). Full-text and fielded search facilities are provided to allow 

users to locate relevant content and quickly navigate the suite. Cross references between 

documents are included as hyperlinks to allow users to “mine” additional detail in 

underpinning references, much like Wikipedia, without the need to reproduce content in 

multiple places. Images, tables, equations and media are supported in all content. 

Figure 3: Viewing the ESC within VISI 

 
 

The RWM Science and Technology Plan (2016c) has been digitised and is available within 

VISI together with the RWM glossary of controlled terms. Both are accessible using an 

interface similar to the gESC. A diagramming library has been bought and incorporated 

into VISI to allow for the dynamic visualisation of flow charts. These may be expanded/ 

collapsed, panned and zoomed interactively by the user, and utilise automated layout 

algorithms to optimise space. This library is being used to render the CAE diagram but can 

also be used to visualise any other information hierarchy, for example the new NEA 

International FEP (IFEP) List (see Carter and Ciambrella), as shown in Figure 4, with 

“repository factors” expanded by one level. Users may click on a node to view further 

details, for example to give the description of the selected FEP. This example has been 

selected as population of the CAE diagram is still underway, but will behave similarly. 
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Each node may be associated with metadata, for example to tag safety arguments which 

are only applicable to a particular host rock environment such as an evaporite. This enables 

a diagram to be searched and filtered. 

Figure 4: The NEA International Feature, Event and Process List in VISI 

 
 

Authoring the safety case 

Information for import into VISI is authored using a standards compliant XML based 

language known as DITA, while diagrams make use of the GraphML standard. Users 

within RWM are generally not familiar with markup languages and significant efforts are 

therefore being made to ensure that the editing process is user-friendly, with a WYSIWYG 

editing environment having been purchased and rolled out to all authors. This is similar to 

a Word processor and supports images, tables, equations, media and tracked changes. 

A custom “VISI” toolbar is being developed to allow authors to easily insert metadata  

into documents as they write, with initial focus being placed on cross references to 

underpinning reports, the Science and Technology Plan tasks, glossary terms, IFEPs and 

other content within VISI. A company-wide bibliographic database is also being developed 

to facilitate this. 

Managing the safety case 

Work to date has largely focused around converting and displaying existing content from 

the 2016 gDSSC or to populate the CAE diagram, with the software developers currently 

focused on producing the customised editing environment described in the previous 

section. At present information is uploaded into VISI by a developer or experienced user, 

however in future the intention is that VISI gains a dedicated file store, thereby allowing 

VISI to become the tool through which the safety case is also managed. A versioning and 

branching system is planned so that an auditable trail of changes to the safety case are 

maintained and in the longer-term an electronic signing and workflow system is being 
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considered to monitor and record approvals as part of RWM’s change control process; 

further details on these are provided in Hall et al. A potential long-term endpoint of this 

project could be the adoption of a “live” born-digital safety case. 

Applying VISI to the process shown in Figure 2 would see knowledge gaps identified 

through weak or missing safety arguments or evidence in the CAE diagram. This would be 

used to generate Science and Technology task sheets which are also uploaded into the 

system and hyperlinked into a “planned/ongoing work” section of the page sitting behind 

each safety argument on the CAE diagram; this provides visibility of the task to safety 

assessors and others across the company. Once the task has been completed (or potentially 

during the task if of a long duration), outcomes can be added to a “current understanding” 

section of the same form, together with a hyperlink to any published reports. Again, this 

gives visibility to the work and draws out its potential impact on the safety case. Based on 

the outcome, significance and confidence in the work a decision would then be taken about 

whether to submit a formal change control to update the underlying safety case documents. 

If so, this would be managed using a change control workflow within VISI, recording both 

the changes to the documents and metadata to explain the reason for the change, together 

with evidence of the appropriate approval process having been followed, thereby ensuring 

the current safety case is always clear and unambiguous. 

It is important to consider how to integrate VISI into RWM’s existing processes and “way 

of working” and as part of the roadmap a work stream is included to provide user training 

and to update existing management system procedures. 

Summary 

RWM has set up a project to explore future enhancements to its ESC and its production 

process by making the links between environmental safety claims and underpinning 

evidence more transparent, and using digital technologies to make the safety case easier to 

assemble, maintain and communicate in future. A roadmap has recently been produced for 

this project. This paper has summarised key ideas within this roadmap and briefly described 

the plan to develop VISI, a safety case management system, which RWM is currently 

developing under this roadmap. 
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Abstract 

In this paper, we describe the recent developments in the ongoing implementation of a 

web-based content management system (CMS) for Posiva’s safety case work and give an 

overview of the types of benefits the implementation of such a CMS can provide. The  

main differences compared with traditional, document-based reporting are that the safety 

case content is treated in a modular way and is also accessible as a database, allowing 

connections from safety case reports to other databases. The main goals in using CMS are 

related to improving traceability and consistency within the safety case as well as increasing 

communication internally within the organisation and externally with different stakeholders. 

Future aims also include preparing for safety case updates and handling of changes. 

Introduction 

A safety case typically includes a wide range of elements, such as high-level safety reports, 

background reports, databases and models. For a project with such a large scope, information 

and content management is a challenging task. Reporting in general has become easier as 

software has been developing and the use of shared document spaces and databases has 

been implemented. For scientific writing, there are many options available for reference 

management and automatic formulation, but, in projects where some of the material comes 

from internal technical reports (“grey literature”) and not just from open literature, even 

these tools are of limited help. Most scientific publishers now publish their papers on 

web-portals, but in these cases the final versions of the papers are transferred to a web 

portal. Wikipedia and similar web-based content management systems (CMS) work well 

for collaboration of large groups of people, but, even for smaller Wikis, the storyline is 

easily lost in the jungle of cross references. Safety cases, just like any other documentation 

that is extensive in terms of content, have special needs from the content management point 

of view. The end product should give a storyline through the assessment, but also be readable 

top-down, or even across documents at the same level, following a specific topic. This 

paper describes usage of a CMS, and aspects related to the development of the safety case 

process and end product, based on experience gained in Posiva’s ongoing safety case 

project for spent nuclear fuel disposal. 
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Safety case implementation in a CMS 

Some of the main aspects that have been the driving force to implement a CMS for Posiva’s 

safety case are discussed hereafter. A CMS is implemented at this stage only for the main 

safety case reports. Various types of databases are linked to the safety case contents (see 

below). The safety case is structured hierarchically (Figure 1). This structure allows a 

reader to start with high-level conclusions and dig deeper into the details. The CMS also 

provides flexible ways of browsing topics of interest throughout the safety case, since all 

content is easily accessible and searchable. The CMS interface can also include other 

material that helps the authors of the safety case in their work (instructions, etc.), all of 

which can be removed before publishing the safety case. A preview in Figure 2 shows the 

main sections in the current CMS platform. 

Figure 1: Hierarchical structure of the safety case 

All content in the CMS is fully searchable from a single user interface. Green = content in CMS.  

Additional material for stakeholder communication can be produced later based on the safety case results. 

 

Source: Modified from Posiva (2017). 

Figure 2: CMS web-based interface 

In addition to safety case reports, the CMS includes additional sections that are only used  

during the project phase. These include, e.g. an “editor zone”, which contains user guides. 
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Safety case compilation – how can CMS help? 

Stepwise multi-year process 

A safety case includes a stepwise assessment of the performance and safety of the disposal 

system and it has to provide a corresponding storyline. Safety cases are generally presented 

in a manner that follows the workflow from conceptualisation and collecting data to assessing 

performance and formulating scenarios and then assessing the radiological impact of any 

potential releases from the repository. A stepwise production of reports was used by Posiva 

in the TURVA-2012 safety case (Posiva, 2012) as well as in the current work (Posiva, 2017). 

Managing an extensive amount of material, over a long project duration (several years) and 

several authors/editors is a challenge for internal consistency. To address this challenge 

and to support the stepwise development of the safety case, the CMS provides the following 

advantages: 

 A platform is provided so that all safety case reports can be updated online in the 

same place, to ensure an easy way to follow the progress (see Figure 2). 

 CMS content (report structures) is planned at an early phase, to provide an overview 

of the upcoming work for all users. 

 Access is provided to all safety case editors, but reading rights are also provided to 

other internal users or authors to facilitate communication. 

 Internal consistency is promoted by encouraging less repetition, by providing easy 

cross-referencing to existing material (reports do not have to form standalone units, 

since all material is readable in one place). 

 Hyperlinking and search functions make browsing smoother and quicker. 

Reports vs. data 

There is a wealth of data and information used in the safety case [e.g. numerical data, features, 

events and processes (FEPs), safety statements, requirements, etc.], some of it stored in 

dedicated databases, some in background reports and some is needed as metadata. The 

CMS can be connected to existing databases, and can also include several databases itself. 

In fact, even the actual content of the reports forms a database, where one section is essentially 

a data entry. The CMS can be read from a web interface, but can also be accessed directly 

from a database, where various queries can be performed and, if needed, exported to an 

Excel file. 

Linking the data in the safety case content can be done in several ways: 

 Metadata can be assigned to individual sections of the safety case: 

o Tags, a form of metadata, can be added in safety case sections, providing 

metadata that can be searched and displayed or not displayed for the reader. 

o Useful especially for following requirements and FEPs. 

 Certain text strings can be used as a code; all such text is searchable (an example 

of this is using requirement codes throughout the safety case): 

o A database can be connected to an individual section having a given code. 

o Useful for requirements and FEPs. 
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 A database connection can be established by creating a direct link to another database 

(for example, references can be added in the report text with a database link, see 

Figures 3 and 4 for details): 

o useful when linked databases are updated often, e.g. references; 

o provides automated updates, including in reports (see Figure 3). 

 The CMS can contain several databases that are interlinked. 

Figure 3: Text database connection example; the CMS uses a separate reference database 

 
 

Figure 4: Reference browser for the safety case 

 
 

Readability and QA 

Standard practices for report writing always apply, whether or not a CMS is used. However, 

some quality management aspects are easier to carry out in the CMS, e.g. how to search 

data and map safety case contents against different data sets (requirements, FEPs etc.). The 

CMS improves readability by having all content in the same web-based system. Search 

functions assist in browsing the safety case.  

As an example, “safety statements”, that is, statements explaining why we believe that the 

system is safe over the long term, are being compiled for the safety case; these can be 

treated like a database and linked or tagged to the actual safety case content, so that the 

basis for the statement at the technical level of the safety case content can readily be traced.  
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Production process 

The implementation of the CMS is also intended to support the actual production of the 

safety case. Its modular structure, as well as the fact that all information is accessible from 

the same place that also provides easy readability and use of databases, contribute to 

assurance of consistency (e.g. using a reference database reduces the need for work needed 

for editing references and an automatic reference list creation tool helps the editor of the 

report ensure QA/QC). 

Drafting of the reports can be done directly using the text editor in the CMS system.  

In addition, text produced by any other text editor can also be easily transferred to the CMS, 

thereby granting flexibility to the various authors when producing content. The CMS also 

provides a centralised media library that controls the use of images. 

The CMS provides a version control function that records the identity of authors and the 

time the specific content has been edited. For review work, there is a commenting tool that 

can be used that allows comments to be recorded under each section in the CMS. These 

comments can be handled and answered by the editor within the tool, but for formal review 

processes the review comments can be compiled as a table, or in any format required from 

quality management. 

The CMS also has a flexible access control system that can be applied strictly or more 

loosely, according to the requirements of the project. This is useful, especially when giving 

access, for example, to external reviewers. 

Publishing the CMS-based safety case 

Publishing of the CMS-based safety case can be carried out by placing a frozen copy of the 

system (or part of it) at a separate location on the internet portal. Version date and number 

will be reported for each “frozen” version as well as the status of the safety case (e.g. internal 

drafting, external review, regulatory review, final version). The working version of the 

CMS can then be further developed as needed thereafter publication. Printed documents 

can be created (e.g. as a PDF file) and stored in electronic or printed form for archiving 

purposes. Official versions of the safety case used for license applications also need to be 

submitted in electronic or printed “frozen” form and represent the basis for the licensing 

review. Further updates of the safety case need to be co-ordinated among the implementer 

and the regulator. 

Updating the safety case and change management 

Another aim of using the CMS is to make updating the safety case in the future easier. The 

CMS is not in itself a safety case generator, and there is no intention (or current possibility) 

to develop it in that direction. On the other hand, the CMS in conjunction with the safety 

assessment database can potentially help identify where changes in the information 

underlying the safety case can have an effect. A development that can be foreseen in this 

regard is the linking of calculation data to report content. Even in its current form, the CMS 

can support the updating of the safety case. For example, when a requirement is changed, 

it is easy to find all places in the safety case where a particular requirement is discussed. 

Stakeholder communication 

Safety case results and their presentation must be delivered to relevant stakeholders in a 

readily understandable and transparent format. For different stakeholders, this may mean 

providing different levels of detail. In Posiva’s safety case, there are different levels of 
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reporting providing increasingly detailed information. An executive summary leads to the 

synthesis report, which is connected to other safety case reports. Safety case reports then 

refer to lower-level documentation (e.g. supporting reports) and databases. Moreover, very 

general level content can be created with connections to technical details if the reader 

wishes to investigate further. The fact that, starting from simple examples suitable for the 

non-specialist reader, one can find one’s way to highly technical details improves the 

transparency, traceability and reliability of the safety case. Credibility of the safety case can 

also be enhanced by the logical, internally consistent and transparent structure of the content. 

CMS compatibility with existing information management systems 

A benefit of using a CMS is that it can be adapted to fit existing databases depending on 

the existing information management systems in an organisation (i.e. databases, document 

management, etc.). Usage can be restricted to one reporting phase or extended to cover all 

documentation and database management within an organisation. Various technical 

solutions are available for CMS development, including both open source and commercial. 

Conclusions 

From the content management point of view, there are several aspects that are of importance 

to meet the objectives and quality needs of a safety case:  

 readability and transparency of the documentation; 

 consistency; 

 traceability, especially in relation to referencing and data; 

 effective quality control; 

 stakeholder communication at several levels. 

All aspects above require systematic planning and production of safety case content. CMS 

provide a way of treating all safety case content in the form of a database, while allowing 

for traditional printed report production, if needed. CMS systems can increase the 

transparency, traceability and consistency of the safety case, by:  

 providing ready access to information for experts from various disciplines (internal); 

 presenting safety case content in modular entities that enable database functionalities 

(advanced searches and queries); 

 providing connections to supporting databases; 

 providing a web-based reading platform (also externally for various stakeholders). 

An overview of the main benefits of the CMS is displayed in Figure 5. 
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Figure 5: CMS and meeting the safety case objectives 

 
 

Acknowledgements 

The authors would like to thank Annika Hagros, Nuria Marcos (AINS Group) and Paul 

Smith (SAM GmbH, Switzerland) for their valuable comments for this paper. 

References 

Posiva (2012), Safety Case for the Disposal of Spent Nuclear Fuel at Olkiluoto – Synthesis 

2012, Posiva Report 2012-12, Eurajoki, Finland. 

Posiva (2017), Safety Case Plan for the Operating Licence Application, Posiva Report 

2017-02, Eurajoki, Finland. 

  



NEA/RWM/R(2018)7  315 
 

CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE  
  

 

Challenge on development of the JAEA knowledge management system 

Hitoshi Makino, Takeshi Semba, Masahiro Shibata 
Japan Atomic Energy Agency (JAEA) 

Tokai, Japan 

Abstract 

The aim of the JAEA knowledge management system (KMS) is to support development/ 

update of the safety case in a repetitive and iterative fashion for the long-term disposal 

programme. In contradiction with numerous application of the KMS concept in other 

industries, applying the concept of KMS to research and development (R&D) in a 

multidisciplinary project such as geological disposal requires a totally different set of 

functionalities, where it is vital to expedite knowledge creation for solving emerging new 

problems through the process of integrating different expertise and resolving competing or 

contradicting claims. This is the challenge that the JAEA KMS has been envisaging for the 

last decade. This paper summarises features of the concept and the prototype of the JAEA 

KMS, and also practical issues for introduction of concept of KMS into R&D and 

continuous maintenance/update of systems/tools of the KMS. 

Introduction 

The exponential growth of the amount of data, information and knowledge for radioactive 

waste management is a cause for concern in many national programmes. In the Japanese 

radioactive waste disposal field, the problem of information overload was recognised 

during a comprehensive assessment of high-level waste (HLW) disposal feasibility at the 

turn of the century [preparation of the H12 report (JNC, 2000)].  

This problem will become obvious when developing and updating the safety case in a 

repetitive and iterative fashion while taking into account the latest data, information and 

knowledge from site characterisation, repository design and associated performance 

assessments, which will evolve and increase significantly during the long-term disposal 

programme. The range of data, information and knowledge involved in a geological 

disposal programme is greater than that in other industries, covering topics from geology 

to radiation physics, materials science to microbiology, archaeology to engineering, public 

communication to advanced IT (Umeki and Takase, 2017). A Japanese volunteering 

approach to siting of a deep geological repository (DGR) will need to develop several safety 

cases in parallel for potential candidate sites and this will also contribute to the problem. 

Recognition of this situation led, in 2005, to initiation by the Japan Atomic Energy Agency 

(JAEA) of an ambitious project to develop an advanced knowledge management system 

(JAEA KMS) aimed at facilitating its role to support both regulator and implementer. 
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There are numerous applications of KMS in a variety of industrial sectors where the key to 

success is efficient knowledge sharing such as “best practices” among “homogeneous” 

users, i.e. those who belong to the same entities, share the same goals and systems in 

carrying out relatively routine tasks. On the other hand, applying the concept of KMS to 

R&D in a multidisciplinary project such as geological disposal requires a totally different 

set of functionalities, where it is vital to expedite knowledge creation for solving emerging 

new problems through the process of integrating different expertise and resolving 

competing or contradicting claims. This is the challenge that the JAEA KMS has been 

envisaging for the last decade. 

This paper briefly summarises JAEA KMS development challenges to date, focusing on 

the following: 

 features of the concept and the prototype of the JAEA KMS; 

 practical issues of the JAEA KMS, such as concept introduction as well as continuous 

maintenance/update of the system/tools of the KMS. 

Features of the concept and the prototype of the JAEA KMS 

The overall structure and key components of the JAEA KMS are illustrated in Figure 1 

(Makino et al., 2012). The Knowledge Office not only develops the new tools and 

organisational structures required to implement the JAEA KMS, it also provides executive 

support for synthetic analysis and knowledge evaluation. The Knowledge Base (KB) is a 

key component of the KMS and a dynamic entity, which will be constantly supplemented 

by new input through R&D programmes. Unlike traditional databases, there is no imposed 

structure on the KB: it is simply an electronic library of all relevant information and 

documentation that is applicable to specific radioactive waste applications.  

Figure 1: Outline concept – structure and key elements of the JAEA KMS 

 

Source: Makino et al. (2012). 

In this concept, emphasis is on iteration with two-way flows between key components. 

Development of concept, processes and technologies/tools of the JAEA KMS should be 

carried out under close collaboration between system engineers and the users in order to be 

user-friendly. In the JAEA KMS, the knowledge must be easy to access not only by system 

engineers but also by various users. 
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The prototype of the JAEA KMS includes useful tools to create and/or arrange input to the 

KB effectively. Development of the tools had been carried out with emphasis on tailoring 

of existing knowledge engineering tools and methods to radioactive waste management 

requirements. 

Argumentation model 

Argumentation modelling is a well-established tool in knowledge engineering 

(e.g. Kirschner et al., 2003). In the model, an initial claim is analysed to determine possible 

counter-arguments which are analysed in turn to identify supporting arguments that counter 

counter-arguments. The process iterates until unambiguous hard evidence is provided or an 

open question is identified. Experiences to date within the JAEA KMS project have shown 

that this approach is well suited to breaking down complex multidisciplinary problems in 

radioactive waste management. Argumentation modelling is also applied as a useful process 

to manage knowledge, requirements and associated R&D in a systematic, intelligible manner. 

Furthermore, specification of dependency, inconsistency or incompatibility of arguments 

through argumentation modelling can help to identify lack or insufficient knowledge and/or 

conflicting requirements, etc. 

Inevitably, argumentation models become increasingly complex as they go into finer 

technical detail and rapidly lead to cross-linking between different sub-systems. To manage 

the network, software tools are essential and after a number of existing packages were 

examined, a tailored argumentation model editor has been developed (Osawa et al., 2009a). 

Information Synthesis and Interpretation System (ISIS) 

The characterisation of potential repository sites is one of the most resource-intensive and 

politically sensitive tasks facing the Japanese geological disposal programme. A dynamic 

and complex process in the characterisation needs: 

 integration of a huge volume (and flux) of information into geological environment 

models that evolve as investigation proceeds; 

 close links to repository design and performance assessment; 

 iterative review and modification of the characterisation plan based on improved 

understanding, changes in socio-political conditions or in the long-term disposal 

programme and/or in response to technology development. 

To provide support for site investigation in Japan, which may need to run several field 

programmes in parallel, the JAEA has been attempting to capture both Japanese and 

international geosynthesis experience and thus developed ISIS. ISIS will support the 

geosynthesis process with a management cockpit integrating management/communication 

tools and with an expert system development tool to capture tacit knowledge using 

rule-based or case-based approaches (Osawa et al., 2009b; Semba et al., 2009). 

Electronic Performance Assessment Report (e-PAR) 

The e-PAR is a support tool/method for performance assessment (PA). To provide support 

for PA calculation, which may need to be run in a repeating fashion, JAEA has been 

attempting to increase the effectiveness of a series of calculations of total system performance 

assessment (TSPA) and developed the e-PAR with an existing post-closure TSPA code 

based on the H12 reference model (JNC, 2000) and the GoldSim platform (Golder 

Associates, 2001). The main feature of the e-PAR is easy execution of calculation with a 
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web browser through user-friendly and understandable operation (see Figure 2), which 

allow application of PA tools by non-PA experts and expedites communication among 

different disciplines. Usefulness of the e-PAR for non-PA experts has been proven through 

its application at university seminars. 

Figure 2: Synthesised procedure of TSPA calculation on e-PAR 

 
 

The prototype of the JAEA KMS aims to encourages “heterogeneous” users who have 

different backgrounds, interests and understandings to participate in the cycle of knowledge 

creation through constructing argumentation models for the safety case to highlight 

competing views and to seek ways to resolve them, carrying out PA analyses using the 

same set of online tools (e-PAR) by groups of people based on different understanding of 

system’s behaviour and conceptualisation of phenomena, and presenting a variety of 

alternative geological models by users who have different interpretations for the same set 

of geological data to address uncertainties (ISIS). 

CoolRep, shown in the JAEA KMS concept (Figure 1), is an approach to the next generation 

in scientific reporting with advanced, internet-based functionality to manage the vast 

volumes of relevant information and providing a useful access interface for users, both 

technical and non-technical. For example, CoolRep is produced entirely in electronic form 

and is provided on the internet in the form of a short, easily readable overview (“Summary” 

in Figure 3) with extensive hyperlinks to support texts providing more detailed technical 

input of major technical components (“Kernel” in Figure 4). CoolRep can provide a portal 

function to manage access to other content, such as visual support material (including 

graphics, videos and animations), relevant external websites, knowledge management tools 

and knowledge base, etc. Two versions of CoolRep [CoolRepH22 (2010), CoolRepH26 

(2014)] are available in Japanese (kms1.jaea.go.jp/CoolRep/index.html). An English 

version of CoolRepH26 is available in PDF format (kms1.jaea.go.jp/CoolRep/english.html). 

The concept, approach, tools and methodology adopted for the development of the JAEA 

KMS have been seen to be applicable to manage a wide range of JAEA R&D activities for 

deep geological disposal of radioactive waste and also be able to provide a better overview 

of context that was previously available. 
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Figure 3: CoolRep structure 

 

Practical issues of the JAEA KMS 

In this section, the following are discussed as examples of practical issues relating to the 

JAEA KMS: 

 issues for introduction of concept of KMS into R&D activities; 

 issues for continuous maintenance/update of system/tools of the KMS. 

At the outset, major problems with developing and implementing the JAEA KMS had been 

identified from a review of international experience (also outside the radioactive waste 

management business). Identified problems included establishment of communication 

between multiple players [management (Knowledge Office in the JAEA KMS), knowledge 

producers/users (extremely diverse, multidisciplinary), KMS developers (IT experts, 

consultants)] and insufficient use of capabilities of modern computing systems/tools. 

Despite initial scepticism, the concept and approach adopted for the development of the 

JAEA KMS and the need for a major change in approach of R&D activities to introduce 

the concept and approach has been increasingly accepted by senior managers and younger 

staff in the JAEA throughout the development of the prototype of the JAEA KMS and its 

demonstration. This is because: 

 The Knowledge Office (see Figure 1) is capable of communicating with all IT 

experts and knowledge producers/users. 

 The development of the JAEA KMS focusing on benefits to all involved is the key 

to acceptance. Examples of problems and proposed solutions include: 

o Not knowing where to start due to the abundance of available documents and 

databases. 

‒ Systematisation and hierarchisation (e.g. CoolRep for experts and public). 

o Not knowing where to start due to the abundance of available knowledge and 

know-how. 
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‒ Support tools to access, understand and use know-how (e.g. expert systems 

and ISIS for experts, e-PAR). 

o Not knowing where to start due to the complex relationships between various 

types of knowledge. 

‒ Support tools to pick up needed knowledge based on a certain interest 

(e.g. argumentation model focusing on the safety case and expert system 

focusing on know-how for experts). 

 Tools are being tested by user groups and made available as soon as possible. 

Development of the KMS in a stepwise manner and trial-and-error basis are essential, with 

the most important challenge being to introduce and become attached to knowledge 

management in R&D activities. The prototype of the JAEA KMS to date is still the first 

step of the development processes. For further promotion of the development, strong and 

sustainable top management is crucial and the following points should also be considered: 

 necessary and sufficient briefings to users; 

 incentive reward (e.g. award, promotion according to user’s contribution); 

 update/improvement/expansion of the KMS in ways that are not boring and is 

comfortable/useful for users (e.g. high affinity for users’ current work procedures). 

On a more practical level, issues relating to KMS development will differ depending on the 

stage of the project. At the starting phase, introduction of the KMS as mentioned above 

would be one of the most important issues. Subsequently, for example after development 

of a prototype, more practical issues will become important and also more difficult. For 

example, regarding the computing environment, the followings are important but become 

complex and a high load to be completed, especially taking into account time and 

development progress: 

 rigorous system security against open interactive communication and also 

malicious attacks, for example periodic execution of vulnerability inspections and 

countermeasures for potential problems; 

 timely application of advanced IT for update/improvement/expansion of tools and/or 

user interfaces; 

 suitable maintenance and update of system, operating system (OS) and contents. 

As is often the case with a new project, it has become difficult with time to ensure exclusive 

staff from the Knowledge Office and maintain a dedicated budget for continuous and active 

update/improvement/expansion of the JAEA KMS with high level of security of computing 

environment, which had been relatively easy at the starting phase. Under such conditions, 

update/improvement/expansion of tools in the prototype of the JAEA KMS have slowed. 

However, creation and accumulation of output from R&D as input to the Knowledge Base 

has steadily continued in recognition of the importance of the KMS concept by researchers, 

for example, synthesis of site characterisation methods and experiences, development of 

database of fundamental data to be used for system design and performance assessment, 

integration of information and knowledge in the form of CoolRep, etc. 

The practical need for KMS will increase inevitably according to progress of the deep 

geological disposal programme, especially when the project moves closer to site-specific 

work. It is anticipated that such need could be addressed effectively by utilisation, update 

and expansion of the concept, approach and prototype of the JAEA KMS.  
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Conclusion 

This paper briefly summarised challenges on development of the JAEA KMS, which 

requires a totally different set of functionalities of KMS in contradiction of numerous 

applications of KMS in other industries. 

In the outline concept of the JAEA KMS, emphasis is on iteration with two-way flows 

between key components of the JAEA KMS including the Knowledge Office and the 

Knowledge Base. Tools in the prototype of the JAEA KMS had been developed, for 

example to create knowledge (argumentation model), carry out PA analyses (e-PAR) and 

to effectively support the geosynthesis process (ISIS). 

The JAEA KMS prototype has demonstrated the functions required for a multidisciplinary 

project such as geological disposal, for example knowledge creation through the process of 

integrating different expertise, using advanced IT technologies. Despite initial scepticism, 

the concept and approach adopted for the JAEA KMS has been increasingly accepted by 

senior managers and younger staff throughout the development of the prototype and its 

demonstration of effective communication among multiple players (the Knowledge Office, 

knowledge producers/users and the KMS developer). While it has been also recognised that 

some difficulty would become obvious with time and progress of development, for example 

maintaining a high level of security in the KMS computing environment and ensuring 

exclusive staff and a dedicated budget for update/improvement/expansion of the KMS.  

It is anticipated that the concept, approach and prototype of the JAEA KMS could be 

utilised to address future needs for the JAEA KMS effectively which will become 

increasingly concrete as the Japanese deep geological disposal programme progresses. 
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Abstract 

The creation of robust safety cases for radioactive waste repositories requires large 

amounts of data and information that increase in volume, type and quality as the programme 

proceeds through its successive stages of development. 

Metadata, often summarised as being “data about data”, are a fundamental tool of modern 

data and information management which are used to provide context or structure to the 

data. Appropriately designed systems of metadata can help users to locate and understand 

data and information, together with the relationships between each. 

A special characteristic of radioactive waste repository programmes is the long timescales, 

typically in excess of one hundred years between facility planning, construction and closure. 

Over such timescales (and indeed after closure) metadata is anticipated to be particularly 

important in ensuring that safety cases remain robust and do not lose their scientific integrity. 

The NEA Radioactive Waste Repository Metadata initiative (RepMet) was launched by the 

Integration Group for the Safety Case (IGSC) in 2014 and was devoted to bringing about 

a better understanding of metadata and its implementation in the field of radioactive waste 

management, including geological disposal. 

A number of products have been produced by RepMet to further this aim, including a 

high-level report on metadata with recommendations for implementing organisations, and 

a number of technical libraries. The libraries pertain to describing the main elements of 

the disposal system for use when developing safety cases for radioactive waste repositories, 

namely, the geosphere, packaged waste, and repository design and engineering. 

The RepMet Libraries were produced for two purposes: to identify the core information 

that radioactive waste management organisations should collect and maintain to support 

safety case development; and to illustrate how (meta)data modelling tools, techniques and 

standards can support improved information management and hence confident use of this 

information. 

                                                      

* M. Ciambrella serves as RepMet Scientific Secretary; A.J. Carter serves as RepMet Chair. 
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Introduction 

Safety cases for radioactive waste repositories are developed utilising large and varied 

amounts of data and information across multiple, disparate disciplines of science and 

technology such as nuclear science, waste management, geoscience and engineering. 

National programmes for radioactive waste management (RWM) tend to run for several 

decades and over such timescales safety cases have to remain robust and not lose their 

scientific integrity. Within this context it is crucial to ensure that future safety case experts 

not only have access to the data collected in the early days, but can also have confidence in 

these data and be able to understand and trust the associated information they provide. 

Generally speaking, one of the basic tenets of long-term data and information management 

is that data are being collected and managed for others to use them. Within RWM this 

implies that engineers and scientists who are currently involved in safety case development 

for radioactive waste repositories need to be aware that they are collecting data not only for 

themselves, but also for future generations. Regenerating this data and information is 

costly, both in terms of the financial cost of repeating work and in its impact on the 

repository programme. 

The challenges emanating from the long-term management of large volumes of data and 

information are certainly not limited to RWM but extend into wider society at a global 

level. We are living in the era of “big data”, where extremely large collections of data are 

produced every second of the day across many sectors of society for multiple and extensive 

purposes, from industry to social media, from digital marketing to geographic information 

systems, as well as in the healthcare sector. This has led to the development of powerful 

tools and techniques to derive benefits and intelligence from this data and to address the 

challenges that managing such volumes of data create. For the most part these tools and 

techniques require “structure” to be introduced to the information, typically through the 

inclusion of metadata. 

Data, information…and metadata 

Data and information are two different concepts, and it is not a trivial endeavour to find 

suitable definitions for the two terms. The Latin origins of the words help to demonstrate 

the difference in meaning: data comes from datum, meaning something given, whereas 

information comes from informatio, meaning an idea or notion together with an 

explanation. If data are considered as facts in the form they are originally collected 

(e.g. numbers, functions, tables, strings, texts, pictures or videos), then information can be 

considered as organised and structured data presenting an idea or a concept. 

Metadata are usually defined as data about data. They are additional data that organise the 

raw data by supplementing it with context and structure thereby allowing the user to 

understand the information that they contain. For example, they: 

 provide provenance to the data: who, what, when, where, why and how (i.e. the 

famous six Ws); 

 provide context to facilitate the accurate interpretation, use and reuse of data; 

 describe the quality of the data in a way that can be maintained with time; 

 add additional information about the data in a structured and detailed way;  

 help users to quickly find the data that they are looking for and support the search 

for information. 
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RepMet initiative and products 

The NEA Integration Group for the Safety Case (IGSC), under the auspices of the 

Radioactive Waste Management Committee (RWMC), launched a four-year initiative in 

2014 called Radioactive Waste Repository Metadata Management (RepMet). 

The goal of this initiative was to bring about a better understanding of metadata and its 

implementation in the development of safety cases for radioactive waste repositories. To 

highlight the significance of the subject, numerous radioactive waste management 

organisations (RWMOs) and research laboratories from NEA countries were involved in 

RepMet, including: Andra (France), Enresa (Spain), JAEA (Japan), Nagra (Switzerland), 

NDA/RWM (United Kingdom), NWMO (Canada), ONDRAF/NIRAS (Belgium), Posiva 

Oy (Finland), PURAM (Hungary), Sandia National Laboratories (United States), SKB 

(Sweden) and SÚRAO (Czech Republic).11 

Figure 1: IGSC RepMet report family 

Five final deliverables: the first (at the top) is a high-level report while the others have more technical content. 

The RepMet Libraries are self-contained collections of (meta)data models. The RepMet Tools and Guidelines 

report is a primer about the metadata tools and techniques that the group used in the development of the libraries. 

 
 

RepMet produced five reports that are illustrated in Figure 1. They are the final results of 

the RepMet initiative, describing why and how RWMOs can use metadata in radioactive 

waste repository programmes: 

 “Why?” is discussed in the report Metadata for Radioactive Waste Management. 

                                                      
11. Andra – French National Agency for Radioactive Waste Management; Enresa – Spanish 

National Company for Radioactive Waste Management; JAEA – Japan Atomic Energy 

Agency; Nagra – Swiss National Cooperative for the Disposal of Radioactive Waste; 

NDA/RWM – UK Nuclear Decommissioning Authority and Radioactive Waste Management, 

NWMO – Canadian Nuclear Waste Management Organization, ONDRAF/NIRAS – Belgian 

National Agency for Radioactive Waste and Enriched Fissile; PURAM – Hungarian Public 

Limited Company for Radioactive Waste Management; SKB – Swedish Nuclear Fuel and 

Waste Management Company; SÚRAO – Czech Radioactive Waste Repository Authority. 
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 “How?” is discussed, together with detailed examples of the application of metadata, 

in the RepMet Libraries (i.e. the Site Characterisation Library, Waste Package 

Library and Repository Library) and in the Tools and Guidelines report. 

The three RepMet Libraries concern the information related to the description of a generic 

disposal system that is necessary for the development of robust safety cases. 

Metadata for Radioactive Waste Management 

Metadata for Radioactive Waste Management is a high-level report targeted at decision 

makers and managers in an RWMO. It presents a number of overall recommendations that 

RepMet has developed for RWMOs concerning metadata and its implementation, 

illustrating the benefits and underlining the risks arising from their neglect. These 

recommendations are to: 

 Analyse the potential needs for, and benefits of, metadata in the organisation’s 

processes, considering long-term access and use of information and the risks of the 

loss of information over time. The benefits should be balanced against the costs of 

implementation to assess the overall value of the implementation. 

 Establish a comprehensive metadata policy to support organisations in driving and 

constraining metadata implementation, in compliance with their statutory and other 

requirements. 

 Define designated communities12 who will need to make use of information and 

analyse the consequent needs for metadata to support their use. 

 Dedicate sufficient resources to the formulation of requirements, to planning 

metadata implementation, and to ongoing and supporting activities such as metadata 

maintenance, testing and user training. There may be a need for training on the 

importance of metadata and the procedures for capturing it and verifying its quality. 

 Establish processes that will instil a culture of high-quality metadata creation and 

maintenance during the entire life cycle of the relevant data. Accountability for 

metadata entry and quality should be clearly defined. 

 Try to ensure that metadata are captured at the earliest opportunity, rather than 

being added retrospectively, and if possible generated automatically. If metadata 

are entered manually, there should be clear supporting guidelines and where 

possible data validation to ensure its quality. 

 When planning for metadata implementation, consider the opportunities and benefits 

of using international standards, so as to avoid duplication of work and potentially 

to lead to coherence and harmonisation across RWMOs. 

 Make use of controlled dictionaries 13  as the basis for metadata, in common 

throughout the organisation and ideally in common with other RWMOs to achieve 

the benefits of interoperability and international harmonisation. The controlled  

                                                      
12. “Designated communities” are the stakeholders who are anticipated to be interested in the data 

produced as part of a RWM programme and would therefore benefit from appropriate discovery 

or context setting metadata (e.g. RWMOs, nuclear facilities’ operators, policy makers, local 

communities, NGOs, international bodies). 

13. “Controlled dictionaries” are collections of terms in a particular field that are defined, used, 

managed and maintained by a community or organisation in a controlled way. The entries in 
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dictionaries should be cascaded to external organisations in the supply chain. 

Establish procedures to ensure controlled dictionaries are kept up to date, made 

available to all users and have well-defined periods of validity. 

 If possible, base metadata implementation on RepMet’s libraries. 

 Make use of RepMet’s tools and guidelines when implementing metadata. 

The report includes an analysis about the metadata implementation phases, focusing on the 

need for a robust metadata culture in RWMOs and a solid commitment at all organisational 

levels to the creation of policies and associated procedures for the capture and long-term 

maintenance of metadata. 

RepMet Libraries 

At a more technical level, the RepMet initiative worked on the development of conceptual 

data and metadata models – the so-called RepMet Libraries – so as to provide examples of 

metadata applied to the field of RWM. 

Generally speaking, a “data model” is the logically structured collection of data and their 

relationships, related to a specific business domain such as RWM. A “conceptual data model” 

(CDM) is a specific type of data model: it describes the organisation and the structure of 

the collection in terms of objects of interest, together with their descriptive properties and 

logical associations. CDMs are not related to the software and hardware technology used 

for the realisation of a database, allowing RepMet members to represent data and metadata 

in a way that is independent of the RWMOs IT systems and therefore system agnostic. 

The RepMet Libraries pertain to the main technical disciplines involved in the creation of 

a safety case for a radioactive waste repository, focused on the disposal system description. 

These are geoscience, waste management and engineering, and entail, respectively: 

 Site Characterisation Library – on the geological and geophysical characterisation 

of the repository site; 

 Waste Package Library – on the packaged waste and spent nuclear fuel ready for 

disposal at the repository;  

 Repository Library – on the repository requirements and structures at closure. 

The three RepMet Libraries are associated with three separate reports targeted at an 

RWMOs technical staff, including safety case specialists as well as database and IT experts. 

They introduce, at suitable technical level, the data and metadata models that RepMet 

developed, using a common chapter structure: 

 A review of existing standards, applicable to the scientific domain of the library. 

 Conceptual data and metadata models (Figure 2 provides an example). 

 Domain specific controlled dictionaries linked to the data and metadata models 

developed (Figure 3 provides an example). As a result of differing prior work: 

o RepMet developed original controlled dictionaries for the Waste Package and 

Repository Libraries, and expressed these using standardised formats that the 

                                                      
the dictionary typically include definitions and their sources, and may be multilingual, allowing 

for language translation. The entries might also be related to each other, as in RepMet, so that 

they start to become data models themselves, though with a specific focus on terminology. 
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World Web Consortium (W3C) has developed (i.e. Resource Description 

Framework [RDF] and Simple Knowledge Organization System [SKOS]). 

o RepMet adopted for the Site Characterisation Library the controlled dictionaries 

already created under the framework of the European Union INSPIRE Directive 

and expressed these utilising the same standardised formats. 

The RepMet Libraries show that, even for a highly specialised field, such as RWM, it is 

possible to reuse existing metadata standards without re-inventing the wheel. For example, 

the three libraries rely on the ISO 19156 “Geographic Information – Observations and 

Measurements” (O&M) Standard that provides general data and metadata models to encode 

any kind of observation or measurement as a “feature of interest” property. The Waste 

Package Library includes a controlled dictionary (using the SKOS standard) that can be 

considered as a structured list of observable and measurable properties about packaged 

waste and spent nuclear fuel, which can then be described using the O&M standard models. 

The RepMet initiative originally developed this controlled dictionary on the basis of the 

information that member RWMOs were currently collecting about their waste and spent 

nuclear fuel. This phase of information sharing among RWMOs made clear the value of 

systematic data modelling, as RepMet encountered difficulties related to the use of differing 

terminologies without formal definition (e.g. different ways of defining and applying the 

concept of a “waste form”), and a lack of clarity on why some pieces of data were believed 

to be needed. RepMet then developed an analogous controlled dictionary for the Repository 

Library and adopted the existing INSPIRE derived dictionary for the Site Characterisation 

Library (as it was already largely suitable). 

Figure 2: Examples of data and metadata models from the Waste Package Library 

RepMet developed an original data model to represent packaged waste and spent  

nuclear fuel ready for final disposal (left). As explained in the main text the group also  

adopted and adapted a number of data models from the O&M metadata standard (right). 
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Figure 3: Example of controlled dictionary from the Waste Package Library 

“Total porosity” is one of the several items that are part of the controlled dictionary that  

RepMet developed for the Waste Package Library. It is a waste form property well understood  

in terms of its definition and rationale for collecting, whose observation and measurement can be  

encoded according to the O&M standard. As a result future safety analysts will not only know  

the numeric value of this property, but also who, what, when, where, why and how the value was  

observed or measured. The figure shows both the human readable format (top) and the machine-readable 

format (bottom) according to SKOS/RDF-XML (illustrated web links are intended as examples only). 

 
 

 
 

RepMet Tools and Guidelines 

This report is intended as a technical primer for readers of the RepMet Libraries, described 

above, which introduces a common set of tools and techniques, with wide applicability, 

which RepMet used in their development. It discusses a number of concepts in data 

modelling theory (e.g. Entity-Relationship Diagrams [ERDs] as in Figure 2), controlled 

dictionaries and formal languages for their representation in the framework of the Semantic 

Web (i.e. W3C RDF and SKOS, as mentioned above). Moreover the report describes the 

consolidated metadata standards and directives that RepMet analysed and used to develop 

the libraries (i.e. the already mentioned ISO 19156 “Geographic Information – O&M” 

Standard, the Minnesota Recordkeeping Metadata Standard [MRMS] and the European 

Union INSPIRE Directive). 

Conclusions and next steps 

Safety cases for radioactive waste repositories are developed utilising large and varied 

amounts of data and information. National programmes for radioactive waste management 

(RWM) tend to run for several decades and over such timescales safety cases have to 

remain robust and not lose their scientific integrity. 
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Metadata – data about data – are a fundamental tool of modern data and information 

management. They are additional data that structure and organise the datasets on which 

safety cases are built in order to enable safety case specialists, and other interested parties, 

to access and understand the stored information, regardless of when collected or by whom. 

The IGSC, through the creation of the RepMet initiative, has investigated metadata and its 

role in RWM and found it to be a powerful concept if applied appropriately, with existing 

standards such as W3C RDF, W3C SKOS and O&M, among others, available to aid this. 

RepMet has developed guidance to aid an RWMO improve its use of metadata as well as 

producing a number of domain-specific data and metadata models. These are described in 

the five RepMet reports that are available on the NEA website. 

The NEA, RWMC and IGSC are planning to continue the development of the RepMet 

Libraries by extending the level of detail for existing libraries, producing new libraries, and 

improving the use of metadata across the NEA under the auspices of a new initiative in the 

larger field of information, data and knowledge management (IDKM). For example, a 

possible immediate next step is to codify the logical connection between the current RepMet 

Libraries and the NEA International FEP (IFEP) List 3.0, whose features, events and 

processes can be quantified using parameters from a RepMet library (Carter A.J. et al.). 

Indeed, the IFEP List 3.0 provides an ideal knowledge and information source for 

populating RepMet data and metadata models (and associated controlled dictionaries) 

relating to environmental safety more fully since it has been designed to assist RWMOs in 

ensuring the scientific completeness of their environmental safety cases. 
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Abstract 

The overall objective of this paper is to share the main findings of the RK&M initiative and 

to explain how RK&M preservation aims to support the safety of radioactive waste disposal 

facilities across generations. 

It has been generally agreed that records, knowledge and memory (RK&M) preservation 

is a fundamental aspect of quality in establishing and running long-term projects. In the 

context of radioactive waste management (RWM), RK&M preservation aims at keeping 

track of disposal projects across time, by supporting an informed and alert attitude towards 

the required levels of safety, security and societal accordance, not only by the implementing 

agency and the authorities, but also by society at large and local communities in particular. 

How can we continue to remember and understand across generations where, why and 

how radioactive waste is disposed? This is the question the NEA RK&M initiative, that ran 

between 2012-2018, addressed.  

The initiative developed both a theoretically founded, broadly based understanding of the 

complex issue at hand, as well as practical guidelines and mechanisms to address it. The 

initiative concluded that RK&M preservation, aimed at avoiding inadvertent human 

intrusion and supporting informed decision-making over time, is an integral part of 

responsible RWM, in line with a prudent approach to safety and a conscious attitude to 

ethics. It constitutes a dedicated management task, that is best addressed while waste 

management plans are being designed and implemented, and while funding is available.  

A “systemic strategy” is promoted, whereby a variety of RK&M preservation approaches 

and mechanisms is to be chosen on the basis that it optimises the RK&M preservation 

system’s robustness and resilience through diversity and interconnectedness. 

The RK&M initiative proposes that the subject be further developed with a focus on life 

cycle thinking and elaborating a multidisciplinary and participatory ongoing process 

supported by proper tools (recording, knowing, memorising, preserving, learning, involving, 

sharing, etc.). In light of the multidisciplinary, participatory nature of RK&M preservation, 

dissemination of the results of the RK&M initiative should go beyond the radioactive waste 

community alone. Continued international co-operation is also recommended. 
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Credit is given to the various contributions from delegates from the many organisations 

that participated in the RK&M Initiative: ONDRAF/NIRAS (Belgium), SCKCEN (Belgium), 

NWMO (Canada), BFE/SFOE (Switzerland), Nagra (Switzerland), SÚRAO/RAWRA (Czech 

Republic), BfE (until 2017 BfS) (Germany), GRS-BS (Germany), GRS-K (Germany), Enresa 

(Spain), STUK (Finland), Andra (France), PURAM/RHK (Hungary), JAEA (Japan), 

RWMC (Japan), ROSATOM (Russia), Riksarkivet (Sweden), SKB (Sweden), SSM (Sweden), 

NDA-RWM (United Kingdom), DOE (United States), the IAEA and the NEA. 

RK&M preservation in context: From “seclusion and oblivion” to a societally 

embedded disposal facility 

RK&M preservation and its connection to safety 

Radioactive waste repositories are designed to be intrinsically safe and final: their safety 

should not rely on human maintenance or intervention. A historical review of RK&M 

preservation related literature [see NEA (forthcoming-a)] conducted by the RK&M initiative 

suggests that, in the earlier days, the vision seems to have been that radioactive waste 

management (RWM) ends with or at least shortly after the closure of disposal sites. In many 

countries, traditional approaches were notably based on the premise that safety was best 

assured by keeping disposal facilities apart and isolated from society. Oversight after 

closure was not an issue that was studied, (tacitly) assuming safe oblivion of repositories, 

or that markers would succeed in deterring intrusion into a repository. RK&M preservation 

across generations thus was not a priority, and conceived approaches were predominantly 

prescriptive with regard to their message (“stay away”) and static with regard to their 

implementation (records in archives and markers on site). 

Today, it is recognised that disposal facilities will remain part of society over time and that 

scaring people off or forcing oblivion are not viable strategies. Future generations should 

be enabled to keep oversight over disposal sites for as long as they want, and this requires 

the preparation of a variety of instruments today, including RK&M preservation. More 

thought is being dedicated to complementary yet more dynamic mechanisms than archives 

and markers, such as continued monitoring, conditional reuse of sites, and active participation 

by local communities in decision-making. 

The general reasoning toward more societally embedded repositories and RK&M 

preservation has also recently been confirmed by the International Commission on 

Radiological Protection (ICRP). Together with the Nuclear Energy Agency (NEA), it 

introduced the notion of “oversight” or “watchful care” as a crucial factor for reconciling 

geological disposal of radioactive waste with the fundamental principles of radiological 

protection (NEA and ICRP, 2013; ICRP, 2013; S. Hotzel in NEA, 2015, pp. 65-70). It notably 

aims to elaborate the optimisation principle [“all exposures shall be kept as low as 

reasonably achievable” (ICRP, 1977)] over time. 

RK&M preservation and oversight are not in contrast with one of the main rationales for 

final, “passive” disposal (as contrasted to prolonged, “active” storage), namely to limit the 

burden on future generations. While the burden may indeed be considered limited due to 

the fact that final disposal facilities offer radiological protection without requiring active 

maintenance, it nevertheless is clear that future generations will live with the consequences 

of our present activities and the radioactive waste we produce. Moreover, “the ‘contain and 
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concentrate’ strategy makes it possible, in principle, for the waste to be re-accessed either 

voluntarily or involuntarily at some time in the future” (ICRP, 2013, p. 31). Against this 

background, the fundamental objectives of RK&M preservation were identified as follows 

by the RK&M initiative: avoiding inadvertent human intrusion and supporting informed 

decision-making in the future. The concept of oversight and the RK&M preservation it 

requires are thus understood as aligned with and in support of passively safe, long-term 

radioactive waste disposal (NEA RWMC, 2014). 

The RK&M initiative’s objectives 

Against the background of a growing interest in dealing with the issue of how to continue 

to remember and understand across generations where, why and how radioactive waste is 

disposed, the NEA Radioactive Waste Management Committee (RWMC) launched an 

initiative on the Preservation of Records, Knowledge and Memory (RK&M) Across 

Generations that ran from March 2011 to April 2018. The initiative aimed at gaining a 

theoretically founded, broadly based understanding of the issue at hand, leading to the 

development of a “toolbox” of methods that can serve as the basis to develop a systemic 

strategy for RK&M preservation across generations. The initiative also aimed to start the 

preservation of RK&M today itself, by involving different disciplines, by encouraging 

reflection, by offering inspiration, by promoting societal awareness, and by developing 

both tangible (reports and papers, a website, etc.) and intangible (a network, spreading an 

interest, etc.) products. 

A systemic strategy for RK&M preservation 

RK&M preservation, aimed at avoiding inadvertent human intrusion and supporting 

informed decision-making in the future, has thus been identified as an integral part of 

responsible RWM. Concretising these objectives can only be done in a manner that 

combines the preservation of records, knowledge and memory. Indeed, it is not just a 

question of handing down a message, but of keeping that message interpretable, 

meaningful, credible and usable over time for all those involved, affected and/or concerned. 

In that sense RK&M preservation goes well beyond present data management and record 

keeping alone. Put more generally, RK&M aims at keeping track of disposal projects across 

time, by supporting an informed and alert attitude towards the required levels of safety, 

security and societal accordance, not only by the implementing agency and the authorities, 

but also by society at large and local communities in particular. This also means that 

RK&M preservation is not only about products (e.g. a record, an archive, a marker), but as 

much about (ongoing) processes (recording, knowing, memorising, preserving, learning, 

involving, sharing…). 

Against this background, it was ascertained that there is no single approach or mechanism 

that would achieve, on its own, the preservation of RK&M over time. Throughout several 

workshops, the RK&M initiative developed the notion of a “systemic strategy” for RK&M 

preservation. It refers to a methodology that combines various different mechanisms, with 

the objective to maximise information accessibility, understandability and survivability. The 

different mechanisms should moreover be integrated with, or complement, one another, refer 

to each other and provide for diversity and redundancy. As diversity and interconnectedness 

are key, a systemic strategy inherently requires to be elaborated in a multidisciplinary and 

participatory process. 

  



334  NEA/RWM/R(2018)7 
 

 CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE 
  

Diversity and interconnectedness can be addressed by combining and linking different 

mechanisms that display different key characteristics, related to the: 

 involved and addressed time frames (short, medium and long term); 

 type of medium (tangible/intangible, oral/written, multi-language, textual/visual, 

etc.); 

 type of content (more technical, more contextual, high/low levels of detail, etc.); 

 mode of transmission (mediated/non-mediated, taking into account both continuity 

and discontinuity in the functioning of society over time); 

 involved and addressed actors;  

 implied locations and scopes. 

The RK&M initiative compiled a “toolbox” of 35 different mechanisms that vary along 

these key characteristics and thus offer building blocks for a systemic RK&M preservation 

strategy. They are grouped into nine broad approaches that can be summarised as follows:  

 dedicated record sets and summary files (including two specific mechanisms that 

were developed by the RK&M initiative): 

o set of essential records (SER) – a unique set of records, selected during the 

repository lifetime, together aimed at providing sufficient information for 

current and future generations to ensure an adequate understanding of the 

repository system and its performance (NEA forthcoming-b); 

o key information file (KIF) – a single document, produced in a multidisciplinary 

and participatory manner, intended to inform present and future stakeholders 

without specialised knowledge (NEA forthcoming-c). 

 memory institutions (archives, libraries, museums); 

 markers (large and small, both above and below the surface); 

 time capsules (large and small, above and below the surface, with and without 

opening strategies); 

 culture, education and art (with mechanisms such as industrial heritage, alternative 

reuse of the disposal site/infrastructure, public information dissemination activities, 

research, works of art); 

 knowledge management (as an indispensable part of disposal projects for the short 

term, which requires further research to also serve beyond the operational phase); 

 oversight provisions (such as monitoring, clear and planned responsibilities and 

land use controls); 

 international mechanisms (such as international treaties, conventions and directives, 

international standards and guidelines, and international inventories and catalogues, 

which address the fluidity of national boundaries over time and the value of 

international co-operation in the field of RK&M preservation); 

 regulatory framework (encompassing the national regulatory framework and 

safeguards, but potentially also relating to RK&M preservation mechanisms 

outside the nuclear field, such as environmental protection and spatial planning 

regulations). 
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Conclusions and recommendations of the RK&M initiative 

Developing a systemic strategy for RK&M preservation 

RK&M preservation is aimed at avoiding inadvertent intrusion and supporting informed 

decision-making over time, and at thus supporting the safety of radioactive waste disposal 

facilities across generations. To this aim, a fundamental recommendation of the RK&M 

initiative is to develop a systemic strategy for RK&M preservation. To assist actors in this 

effort, the initiative elaborated a non-exhaustive “toolbox” of 35 combinable RK&M 

preservation mechanisms that differ with regard to a number of key characteristics. The 

mechanisms themselves are – with few exceptions – not new. On the contrary, to the degree 

possible, they are hinged upon structures and interests that already exist in society. What is 

original, is how to use and apply them within a RWM-related RK&M preservation strategy. 

The mechanisms should be adapted and combined to achieve a context-responsive, individual 

systemic RK&M preservation strategy with optimal diversity and interconnectedness. Such 

a systemic strategy should concretise RK&M preservation as an inherently holistic 

endeavour characterised by life cycle thinking. 

Starting RK&M preservation today  

RK&M loss has been found to take place rapidly if it is not acted upon in a dedicated manner 

embedded in a regulatory framework. In the context of hazardous waste management, 

overall it was learnt that, even in the short term, bad quality or lack of RK&M jeopardises 

informed decision-making and can present involved parties with significant impacts on 

project schedules and costs and increased health and safety risks. RK&M preservation thus 

constitutes a dedicated management task in RWM, that is best started by the generations 

responsible for producing the waste today, while waste management plans are being 

designed and implemented, interest is present and funding is available.  

With a view on starting systemic RK&M preservation as a dedicated management task 

sooner rather than later, several opportunities for developing RK&M preservation 

mechanisms can already start today: 

 proactive and systematic record management for the development of a SER; 

 the drawing up of a preliminary KIF together with, among others, communication 

specialists and local community representatives; 

 the review of the national regulatory framework with a view to closing gaps, in 

particular, with respect to clear and planned responsibilities; 

 the pilot design of markers as a collaborative RD&D activity; 

 preparatory discussions related to alternative land use with local and regional actors; 

 explicating collaborations with the national archive; 

 preparation of information packages and interactions with schools. 

Applying a multidisciplinary and participatory approach 

The RK&M initiative recommends that RK&M preservation is to be elaborated as a 

multidisciplinary and participatory process. RK&M preservation ultimately aims at the 

societal embedding of the repository by creating a holistic disposal project in which the 

disposal technology, the site design and the societal environment are integrated and 
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mutually supporting. This can only be achieved through an effort that combines the 

workings and insights from the institutional, professional, academic and daily life worlds. 

Since the topic of RK&M preservation so unmistakably requires and involves a variety of 

insights and players, at the production, preservation, as well as the access level, it may also 

offer a platform for innovative forms of engagement and mutual learning.  

Outlook and future work 

The RK&M initiative envisions the future of the work to be performed in this field – within 

the NEA framework and beyond – as consisting of two prominent, overlapping action 

items. Firstly: to uphold and elaborate the open and reflexive attitude within the field of 

RWM-related RK&M preservation, which entails further learning and elaborating 

interaction with multiple disciplines and civil society actors. And secondly: to start “doing 

things”, to start fine-tuning, testing and concretising the initiative’s recommendations  

[as summarised throughout this paper and elaborated throughout the final report (NEA, 

forthcoming-d)] in practice. In sum the RK&M initiative’s outlook consists of:  

 further learning related to currently underdeveloped items (e.g. related to costs and 

funding and to extended knowledge preservation strategies); 

 reaching out to collaborate with different communities (such as organising a 

participatory process for the preparation and management of a KIF); 

 consolidating and concretising lessons learnt (e.g. related to the development of a 

SER). 
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Parallel session 5: Operational safety and its influence on 

post-closure safety 

 

WIPP performance assessment: Effects of an operational  

incident on long-term repository performance 

Brad A. Day, Todd R. Zeitler, James Bethune, Ramesh Sarathi 
Sandia National Laboratories (SNL) 

Albuquerque, New Mexico, United States 

Abstract 

An Abandonment of Panel Closures in the South (APCS) assessment was developed to 

quantify the impacts of an operational policy change to not emplace panel closures and 

waste in specific areas of the Waste Isolation Pilot Plant (WIPP) repository. The long-term 

repository performance assessment (PA) was performed within the currently approved PA 

framework in which the southernmost panel closure area [between the waste panel (WP) 

and south rest-of-repository (SROR)] was effectively removed as a barrier. Because of 

limitations in the current conceptual model and code framework, explicit modelling of an 

open Panel 9 without waste was not performed; instead, a quantitative argument for the 

conservatism (with respect to releases) of including waste in Panel 9 was provided. A 

reassignment of panel neighbour relationships was also implemented when evaluating the 

probabilistic future events for consistency with the modified repository configuration. 

Increased releases are shown for most release mechanisms. The increased communication 

between the WP and SROR areas allows for greater brine pressures and saturations in the 

SROR following borehole intrusions that intersect the Castile brine reservoir, as there is 

no longer a significant barrier to equilibration with the WP. The increased pressures and 

saturations lead to increases in calculated direct brine releases (DBRs) and releases to/from 

the Culebra and increased pressures lead to increased spallings releases. Overall, total 

high probability (P[Release > R] = 0.1) predicted mean releases from the repository were 

increased by about 72%. Total low probability (P[Release > R] = 0.001) predicted mean 

releases increased by about 152%. It is concluded that the operational safety considerations 

resulting in the abandonment of the southern half of the repository result in increases to 

the predicted total releases from the repository that remain below regulatory limits. 
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Introduction 

The Waste Isolation Pilot Plant (WIPP) located east of Carlsbad, New Mexico, United 

States, is a US Department of Energy transuranic waste repository that consists of ten waste 

panels. The waste panels have historically been designed to be isolated from one other by 

panel closure systems, with the current design primarily consisting of a 100-ft length of 

run-of-mine-salt (ROMPCS). Due to events that occurred in February 2014, operational 

constraints were placed on the repository that delayed and ultimately prevented the ability 

to employ the requisite amount of ground control processes necessary to ensure personnel 

safety in the affected areas. Because of subsequent roof fall events in the affected areas of 

the repository, an operational safety determination was made to abandon the south end of 

the repository, not emplace waste in Panel 9, and not emplace ROMPCS between waste 

Panels 3, 4, 5, 6 and 9. 

WIPP performance assessments (PAs) provide estimated cumulative releases from the 

repository over the 10 000-year regulatory period based on the anticipated repository 

features at the time of closure. Because the performance of the repository is assessed for 

only the time period following the termination of repository operations, operational 

changes typically do not impact WIPP PA. However, the operational change to the panel 

closure implementation does potentially impact repository performance. 

Approach 

The Abandonment of Panel Closures in the South (APCS) analysis assesses the impact of 

not using run-of-mine-salt panel closures (ROMPCS) in Panels 3, 4, 5, 6 and not emplacing 

waste in Panel 9 (Zeitler et al., 2017). The approach consists of working within the currently 

approved PA framework; therefore, no consideration is given to conceptual model changes, 

major code changes or novel parameter values. The approach consists of three parts:  

 selection of an appropriate baseline calculation for comparison; 

 assessment and appropriate modification of the current representation of panel 

closure areas and waste in Panel 9 in the model; 

 assessment of the impact on repository performance of the southern area’s 

abandonment and comparison with limits set for regulatory compliance. 

Baseline calculation comparison 

The CRA-2014 was submitted to the EPA in March 2014 (US DOE, 2014) and WIPP was 

recertified in July 2017 (US EPA 2017) such that the CRA-2014 PA is the certification 

baseline. During the EPA’s completeness review of the CRA-2014, the EPA requested that 

the DOE perform multiple sensitivity studies of repository performance based on 

EPA-specified parameter changes. The final sensitivity study, CRA14_SEN4, included 

parameter changes that resulted in increased releases compared to the CRA-2014 results 

(Zeitler and Day, 2016). To address the anticipated changes and consider the impact of 

larger potential releases, the APCS analysis uses the CRA14_SEN4 analysis as a 

comparative reference point. 

Abandonment of panel closures in south end of repository 

Following a federal rulemaking that supported the use of the ROMPCS (US EPA, 2014), 

panel closures were represented by ROMPCS in the CRA-2014 PA. The operational policy 
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change to not emplace ROMPCS in Panels 3, 4, 5, 6 and not emplace waste in Panel 9 

significantly impacts the repository PA. 

Representation of panel closures in the BRAGFLO and BRAGFLO_DBR grids 

Panel closures are represented in PA calculations in the computational grids used by the 

BRAGFLO code. BRAGFLO calculates subsurface brine/gas flow in the repository and 

the surrounding area over a 10 000-year period using a two-dimensional, “flared” vertical 

cross-section representation of the repository and surrounding area. In this grid representation 

(Figure 1), there are three waste areas: 

 the “waste panel” (WP) represents waste emplaced in Panel 5; 

 the “south rest-of-repository” (SROR) represents waste emplaced in Panels 3, 4, 6 

and 9; 

 the “north rest-of-repository” (NROR) represents waste emplaced in Panels 1, 2, 7, 

8 and 10. 

There are also three panel closure areas (PCS): the “southernmost” PCS representation is 

between the WP and SROR, the “middle” PCS representation is between the SROR and 

NROR, and the “northernmost” PCS representation is between the NROR and operations 

(OPS) area. 

Figure 1: BRAGFLO “flared” grid for APCS 

 
 

Panel 5 has been conservatively selected to represent a single waste panel as the WP in 

WIPP PA due to its location at the lowest repository elevation from a modelled 1 dip in 

the Salado formation that maximises brine pressures and saturations. Another consequence 

of this lumping is that individual panel closures within the SROR and NROR areas 

(e.g. between Panels 3 and 9 or between Panels 1 and 10) are not explicitly represented in 

the BRAGFLO grid. Instead, the panel closure for Panel 5 (i.e. the southernmost panel 

closure) is a proxy for panel closures between any two adjacent panels in the SROR and 

NROR areas.  
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A different grid (Figure 2), the DBR grid, is used for BRAGFLO direct brine release (DBR) 

calculations. The DBR grid represents, in a two-dimensional planar view, the individual 

waste panels and their immediate surroundings, including individual panel closures for 

each waste panel. BRAGFLO_DBR calculates flow between the repository and the surface 

over a 4.5-day period within the 10 000-year regulatory period. The saturation and pressure 

values for each panel are initialised to averaged saturation and pressure values taken from 

the BRAGFLO grid; the averaged WP values are mapped to Panel 5, the averaged SROR 

values are mapped to Panels 3, 4, 6 and 9, and the averaged NROR values are mapped to 

Panels 1, 2, 7, 8 and 10. 

Figure 2: BRAGFLO_DBR grid for APCS 

 
 

For the planned changes to the configuration of panel closures, both the BRAGFLO 

“flared” grid and the DBR grid are impacted. Abandonment of the Panel 5 panel closure in 

the BRAGFLO grid entails representing the southernmost panel closure with material 

properties that are more permeable than the ROMPCS. In the DBR grid, each abandoned 

panel closure (i.e. for Panels 3, 4, 5 and 6) is similarly treated with an alternate material 

specification. However, due to lumping in the BRAGFLO grid, these changes have broader 

implications. Removing the southernmost panel closure conceptually represents removing 

the panel closures between any two adjacent panels in the SROR. The pressure and saturation 

values mapped to the panels in the SROR will be calculated assuming no adjacent panel 

closures. Removal of adjacent panel closures will allow faster pressure equilibration between 

panels (i.e. less isolation of panels), which is shown to result in increased calculated 

releases. This is considered to be a change that is conservative with respect to releases. In 

this analysis, the southernmost panel closure in the BRAGFLO grid and panel closures for 

Panels 3, 4, 5 and 6 in the DBR grid are effectively assumed not to exist. 
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Properties of open panel closures 

Because the abandoned panel closures areas will lack backfill or run-of-mine salt, the 

modelling of the material properties applied to those areas was re-examined. In current PA 

calculations, there are two areas in the BRAGFLO grid that are modelled as “open”, the 

OPS and EXP areas. They are assumed to close “naturally” following closure of the WIPP, 

although in PA calculations, constant porosity and permeability over 10 000 years have 

been assumed (SNL, 1996). In the APCS analysis, material properties for abandoned panel 

closure areas were changed to be those used for the OPS/EXP areas and given a new 

material name, PCS_NO. 

Use of DBR scenarios in CCDFGF 

The CCDFGF code calculates releases for hypothetical futures that are populated with 

drilling intrusion events. A typical PA analysis consists of 300 realisations, each of which 

has 10 000 hypothetical futures. In these futures, drilling intrusions may intersect any waste 

panel at any time and multiple times. CCDFGF calculates DBR releases from each intrusion 

event from DBR volumes calculated at a few points in time. Thus, panel lumping and 

abstraction also enter the CCDFGF calculations, but in terms of the combinatorial problem 

of what panel was intruded and to which panel(s) is it adjacent. 

In BRAGFLO_DBR cases, the intruded panel is labelled as lower (L), middle (M) or upper 

(U) (or same, adjacent and nonadjacent) and corresponds to first intrusions in Panels 5, 

3 and 10, respectively. The BRAGFLO_DBR L case is then used by CCDFGF to represent 

a drilling intrusion event in a future in which the same panel has been previously intruded 

(the “same” case in CCDFGF). The BRAGFLO_DBR M case is used by CCDFGF to 

represent a drilling intrusion event in a future in which the most recently intruded panel 

was adjacent to the panel currently being intruded (the “adjacent” case in CCDFGF). The 

BRAGFLO_DBR U case is used by CCDFGF to represent a drilling intrusion event in a 

future in which the most recently intruded panel was non-adjacent to the panel currently 

being intruded (the “nonadjacent” case in CCDFGF). 

Redefinition of panel adjacency in CCDFGF 

Panel neighbour relationships were modified for APCS to correspond to degree of separation 

by panel closures instead of merely spatial proximity. The modification is consistent with 

the definition that panels having one or fewer panel closures between them are considered 

neighbours (“adjacent”). The approach is consistent with the use of panel closures in both 

the BRAGFLO and BRAGFLO_DBR grids and the definitions of SROR and NROR. There 

is only a single set of panel closures between any of the WP or SROR panels and Panel 10; 

as a result, all other panels are neighbours of Panel 10. The neighbour relationship update 

results in an increased number of neighbours for panels in WP and SROR due to the 

reduced use of panel closures (and thus increased transmissivity between panels). 

In the APCS CCDFGF calculations, any selected “adjacent” case uses DBR results that 

include the effects of no panel closures between the prior and current intrusions. Furthermore, 

regardless of whether there are zero or one set of panel closures between neighbouring 

panels, CCDFGF uses the same DBR results that include the effects of a lack of panel 

closures. Therefore, CCDFGF calculates DBR releases that are conservative with respect 

to the proposed change in panel closure configurations. 
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Removal of waste from Panel 9 

The current conceptual model and PA code base is incapable of handling the complexity 

introduced by removing waste from Panel 9 and relocating the waste to a new panel in the 

north. However, it is appropriately conservative with respect to releases to continue to model 

waste within the existing Panel 9 in lieu of adding new waste panel(s) due to the 1 (south) 

dip in the Salado formation, which results in increased brine accumulation due to gravity 

drainage, increased hydrostatic pressure and increased gas generation. This conservatism 

is greatly enhanced due to the abandonment of panel closures, which effectively equilibrates 

the brine pressures and saturations in the WP and SROR because BRAGFLO_DBR simulates 

DBR releases for sequential intrusions of adjacent panels only in the south of the repository, 

but CCDFGF uses those same BRAGFLO_DBR results regardless of whether the adjacent 

panels are in the south (with no panel closures) or north (with panel closures) section of the 

repository. This treatment under APCS is exceedingly conservative because the panel 

closure between Panels 10 and 9 and the panel closures between Panel 10 and Panels 1, 2, 

7 and 8 retard flow to subsequently intruded adjacent panels. 

Results 

Results that illustrate the primary impact of the operational changes regarding abandoned 

panel closure and waste emplacement are presented. The S2 scenario, which is for an 

early-time (350 yr) borehole intrusion that intersects a hypothetical Castile brine reservoir, 

has the primary impact due to increased brine saturations and pressures in the SROR 

(Panel 3, 5, 6 and 9) which are equilibrated with the WP (Panel 5) due to the lack of panel 

closures separating the panels. The resultant impact of increased brine saturations and 

pressures determined from the BRAGFLO Salado flow calculations under S2 drives an 

increase in the volume of brine released up the intrusion borehole as determined by the 

BRAGFLO_DBR calculations. The most impacted release mechanisms (direct brine 

releases, spallings releases) resulting from the increased brine pressures and saturations in 

the SROR are presented along with the total releases for both APCS and CRA14_SEN4 in 

comparison with the regulatory release limits. 

Salado flow (BRAGFLO) 

S2 mean transient responses of brine pressure and saturation are presented in Figure 3 from 

the three waste regions. In WIPP PA, a replicate consists of 100 calculated realisations. 

Three replicates were used to generate results for CRA14_SEN4 and APCS. 

Brine pressure and saturation increases in the WP are modest but brine pressure and 

saturation increases in the SROR are substantial due to the pressure-limited flow of brine 

from the Castile and the enhanced communication between the WP and SROR that leads 

to pressure equilibration between these areas. Brine saturations in the NROR are reduced 

because the remaining panel closures effectively restrict brine flow from the SROR to 

NROR; however, the higher effective permeability of gas allows it to continue to flow north 

and increase the NROR pressures. 

Direct brine release (BRAGFLO_DBR) 

The average volume of direct brine flow up the intrusion borehole under the S2 scenario 

for CRA14_SEN4 and APCS is summarised in Figure 4. Increased brine saturation due to 

the abandoned panel closures allows the intruded WP pressures and saturations to 

equilibrate with the SROR such that later times the lower (L) and all middle (M) intrusions 
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produce greatly increased cumulative flow of brine up the borehole. Upper (U) intrusions 

result in minimal brine flow due to the lower brine saturation in Panels 1, 2, 7, 8 and 10 

that is maintained by the intact panel closures in the north.  

Releases (CCDFGF) 

The impacts of the modifications to APCS results include changes to all of the primary 

release components, except for cuttings and cavings, including: spallings, DBRs and 

releases from the Culebra. Plots of APCS releases for the individual release mechanisms 

are shown in Figure 5. A comparison of the total releases in Figure 5 illustrates that the 

planned operational changes under APCS increase both low and high probability releases 

as compared to CRA14_SEN4. 

Figure 3: Scenario 2 – Salado flow 

Brine pressure and saturation for waste panel, SROR and NROR for APCS and CRA14_SEN4. 

 

 

 
 



NEA/RWM/R(2018)7  345 
 

CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE  
  

Figure 4: Scenario 2 – direct brine 

Average volume of brine release by intrusion time and intrusion location for APCS and CRA14_SEN4. 

 
 

Figure 5: Releases 

Individual release components for APCS (a) and total release comparison for APCS and CRA14_SEN4 (b). 

      
 

Conclusion 

The APCS analysis incorporates a conservative representation of the repository that addresses 

an operational decision to not emplace panel closures in Panels 3, 4, 5 and 6 and not 

emplace waste in Panel 9 (that could be located in a new panel to the north). The increased 

communication between the WP and SROR areas allows for greater brine pressures and 

saturations in the SROR following borehole intrusions that intersect the hypothetical 

Castile brine reservoir, as there is no longer a significant barrier to equilibration with the 

WP. The increased pressures and saturations lead to increases in calculated DBRs and 

releases to/from the Culebra and increased pressures lead to increased spallings releases. 

Overall, total high probability (P[Release > R] = 0.1) predicted mean releases from the 

repository increase by about 72%. Total low probability (P[Release > R] = 0.001) predicted 

mean releases increase by about 152%. It is thus concluded that the operational safety 

considerations resulting in the abandonment of the southern half of the repository results in: 

 increases to the predicted total releases from the repository that remain below 

regulatory limits; 

(a) (b) 
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 a modified design of the repository would continue to comply with all regulatory 

release limits. 
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Abstract 

For more than 40 years, the Belgian National Agency for Radioactive Waste and Enriched 

Fissile Material (ONDRAF/NIRAS) has been studying geological disposal in poorly 

indurated clays as an option for the long-term management of Category B waste (low-level 

and intermediate-level long-lived waste – LILW-LL) and Category C waste (high-level 

waste – HLW and spent fuel). In the absence of a political decision regarding the 

management of Category B and C waste, a geological disposal facility (GDF) in poorly 

indurated clays (either Boom Clay or Ypresian clays) is still the current reference option 

considered for the research, development and demonstration (RD&D) programme. 

The RD&D programme for the geological disposal for Category B and C waste has been 

implemented in a cautious, stepwise process, punctuated by the production of key 

documents such as the SAFIR reports in 1989 and 2001, the Waste Plan in 2011 and the 

RD&D Plan in 2013. In the future, in line with international practices, ONDRAF/NIRAS 

will produce safety and feasibility cases (SFCs). The first SFC will be a safety and 

feasibility case (SFC-1 V1) methodology. This SFC will aim to test the methodological tools 

that have been developed, and illustrate the safety and feasibility of a GDF for Category B 

and C waste in poorly indurated clays at a depth between 200 and 600 m. 

The SFC-1 reference option design results from an update of the former GDF layout dating 

from 2003. The updated layout integrates the most recent version of the GDF construction 

design and also derives from the optimisation of the GDF operational safety. It also takes 

into account the update of the reference programme of the wastes produced and the 

proposed reference option for the long-term management of Category B and C waste. 

The objectives of the paper are to present: 

  the main outcomes concerning operational safety optimisation from the hazard 

identification (HAZID) study performed on the 2003 design and their related 

impacts on the GDF layout; 

  the initial results from the ongoing operational safety analysis based on the 

structured what-if (SWIFT) methodology, which is performed on the SFC-1 

reference design. 
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Introduction 

The Belgian Agency for Radioactive Waste and Enriched Fissile Materials (ONDRAF/ 

NIRAS) is responsible for managing radioactive waste in Belgium.  

Currently there is no Belgian national policy regarding the long-term management of 

Category B waste (low-level and intermediate-level long-lived waste – LILW-LL) and 

Category C waste (high-level waste – HLW and spent fuel) in Belgium. Due to the absence 

of a political decision, the reference option considered by ONDRAF/NIRAS is a geological 

disposal facility (GDF) in poorly indurated clays. 

ONDRAF/NIRAS intends to develop its GDF for Category B and C waste according to a 

cautious, stepwise decision-making process, punctuated by the submission of key 

documents to the relevant authorities. The aim of the present step is submission of the first 

methodological safety and feasibility case, SFC-1. Within the framework of SFC-1, the 

reference option is a GDF in poorly indurated clays. This reference option implies either 

the Boom Clay or Ypresian clays as a reference host rock. The proposed reference option 

for the management of Category B and C waste is thus geological disposal in poorly 

indurated clays at a depth between 200 and 600 m. ONDRAF/NIRAS considers currently 

three reference depths (200 m, 400 m and 600 m) for the development of the reference 

disposal concept to cover the full range of possible depths. 

The SFC-1 reference disposal concept design is an update of the former GDF layout dating 

from 2003, and is based on the outcome of operational safety optimisation, the update of 

the reference programme of the wastes producers and the proposed reference option for the 

long-term management of Category B and C wastes. 

The 2003 GDF layout (shown in Figure 1) is a fishbone layout consisting of three shafts, 

one access gallery (AG) and 1-km-long disposal galleries (DG) connecting to the AG by 

rectangular branches (X-crossings between AG and DG). 

Figure 1: Former GDF layout dating from 2003 
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This paper focuses on the operational safety optimisation of the 2003 GDF design. The 

optimisation was based on a hazard identification (HAZID) study and led to the update of 

the 2003 GDF design. This paper also presents the first results of the current operational 

safety study of the new layout. This ongoing study identifies the risks and the associated 

risks mitigation, according to the structured what-if (SWIFT) methodology. 

2003 GDF design description 

The main characteristics of the 2003 layout (Figure 1) are as follows: 

 Two separated sections for B and C wastes, operated over two successive periods. 

 One AG (6 m diameter). 

 Three shafts [one for the wastes (8 m diameter) and two service shafts (6 m 

diameter]. Only two shafts are operated at the same time. 

 X-crossings between AG and DGs. 

 DG length of 1 km and DG diameter of 3 m. 

 The scenario for the 2003 design layout was a full reprocessing (former wastes 

producers reference programme) and a reference depth of 230 m. 

Construction and operational safety optimisation 

Within the framework of SFC-1, the 2003 GDF design has been optimised with regard to 

operational safety, construction phase safety, long-term safety, and reversibility and 

retrievability (R&R). Concerning the R&R topic, and according to societal consultations 

around the ONDRAF/NIRAS waste plan and the law of 3 June 2014, ONDRAF/NIRAS is 

committed to ensure reversibility during the operational phase and to consider provisions 

to facilitate retrievability beyond the operational phase. 

The construction and operational safety optimisation is a sequential process with the 

following phases: 

 a HAZID study to identify the main construction risks and to propose risk mitigation; 

 operational safety optimisation integrating the HAZID outcomes. 

HAZID study 

Based on the 2003 GDF design, a HAZID study of the underground construction provided 

the following recommendations to update the design to improve its safety: 

 The wastes shaft-AG connection zone at the repository level is a complex mechanical 

structure, presenting safety risks during the construction phase. To reduce safety 

risks, the connection zone between the shafts and the AG needs to be modified by 

shifting the shaft away from the AG axis. 

 To provide a safe escape route in case of fire during construction or during the 

operational phase, a safety distance of 400 m is required for the SFC-1. The 400 m 

length safety distance is based on: 

o Directive 2004/54/CE; 

o the risk analysis performed in the French Cigéo project (Andra); 
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o German mining regulations. 

It implies that the DGs have a maximum length of 400 m (the length of blind 

galleries is limited to enable a safe escape path for the workers).  

 Increase the number of AGs to reduce the operational safety risk by increasing the 

escape path for workers. 

The HAZID study also highlighted improvements not directly related to construction or 

operational safety, but which would facilitate the engineering and construction activities. 

These improvements are: 

 Use of T-crossings instead of X-crossings to improve the construction feasibility of 

the AG DG crossings, considering the geomechanical parameters of the poorly 

indurated clays. 

 The ratio between the AG diameter and the DG diameter should be greater than 2:1. 

This ratio results from review of experience of the London underground, developed 

in a similar clay to the Belgian poorly indurated clays (London Clay). 

Operational safety optimisation 

Based on the HAZID outcomes and starting from the 2003 reference design of the GDF for 

Category B and C wastes, the operational safety of the GDF was optimised in two steps. 

In a first step, several alternative layouts (see Figure 2) were identified, meeting the HAZID 

study recommendations. All proposed layouts considered limiting the length of a DG to a 

maximum of 400 m. The alternative layouts proposed were as follows: 

 Type A: Similar to the 2003 reference design reference design with one AG; 

 Type B: Two parallel AGs connected with crossing passages (emergency route) at 

regular intervals; 

 Type C: Similar to Type B but with the two AGs in a U shape to allow the shafts to 

be located in a limited area between the two waste zones (i.e. B-zone and C-zone); 

 Type D: Characterised by the use of three or several AGs, each AG connected to a 

defined number of DGs; 

 Type E: Consisted of two AGs located at the outside of the disposal area; 

 Type F: Similar to Type B but with the DGs connected to the same AG. 

Within this first step of optimisation, these layouts were assessed during a workshop by 

experts from ONDRAF/NIRAS, DBE-Technology, Tractebel Engineering and EURIDICE 

[EIG EURIDICE is an Economic Interest Grouping, an economic partnership between 

ONDRAF/NIRAS and the Belgian Nuclear Research Centre (SCKCEN). EURIDICE 

manages the underground research laboratory in Mol, Belgium]. The assessment considered 

construction, operational and long-term safety. The assessment retained the layouts that 

could present a reasonable technical solution, even in case of drastically reduced DG length 

(i.e. DG length drastically lower than 400 m). The advantage of reduced DG length is to 

allow a total reversibility, meaning the possibility to retrieve all emplaced wastes with a 

minimum working effort (and cost). This is possible when filled DGs with disposal waste 

packages are not backfilled. As the maximum length of the DG that may be filled with 

disposal waste packages without having to be backfilled is 50 m (this length is related to 

backfill curing issues), a 50 m DG length is considered to be the optimum for reversibility.  
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Figure 2: Schematic overview of the alternative designs (shafts in coloured zones) 

 
 

Layouts Type B and Type F were discarded because they would not cope with a 50 m DG 

length as the footprint of the layout becomes unreasonably large. 

Several layouts (seven in total) based on Type A, C, D and E were identified in the first 

step of the optimisation process. The seven layout designs were: 

 Type A.1 – 1 000 m: 2003 reference design (one AG and 1 000 m DGs); 

 Type A.2 – 400 m: Same as 2003 reference design (one AG and 400 m DGs); 

 Type C – 400 m: Two AGs with DGs limited to 400 m; 

 Type D.1 – 400 m: Multiple AGs and DGs limited to 400 m; 

 Type D.2 – 50 m: Multiple AGs and DGs limited to 50 m; 

 Type E.1 – 400 m: Outside AGs and DGs limited to 400 m; 

 Type E.2 – 50 m: Outside AGs and DGs limited to 50 m. 

In the second step of the optimisation process, these seven layouts were compared in a 

multi-criteria analysis. The multi-criteria analysis was performed by each expert of the 

group and was based on operational safety (during construction and operation), long-term 

safety, reversibility, flexibility and security.  

All experts concluded that the Type C – 400 m would be the preferred layout (see Figure 3), 

based primarily on the operational safety, the long-term safety and the security of the 

surface area. 

Conclusions of the operational safety optimisation – SFC-1 reference layout 

The SFC-1 reference GDF layout is derived from the preferred layout resulting from the 

operational safety optimisation of the GDF. The SFC-1 reference GDF layout considers 

use of a two-shaft zone, no DG between the AGs, and a symmetrical shape to simplify its 

modelling (see Figure 4). 
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Figure 3: Schematic view of the new proposed reference layout 

 
 

Figure 4: SFC-1 GDF reference layout 

 
 

This new proposed reference layout presents the following advantages: 

 improvement of operational safety during construction and operation due to 

additional escape routes (i.e. two AGs connected with several crossing passages) 

and the limitation of the length of the DGs to 400 m; 

 central localisation of the shafts allowing a concentration of all surface facilities in 

a limited area (i.e. limitation of the security area/perimeter); 

 possible use of two centralised shafts to limit the presence of potential pathways 

and improve long-term safety. 
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Further developments 

Operational safety of the reference GDF layout – SWIFT methodology 

The GDF design is an iterative process. Within this framework, ONDRAF/NIRAS has started 

an operational safety assessment of the SFC-1 reference GDF layout based on a SWIFT 

methodology. The SWIFT process is conducted by expert working groups and considers 

flowcharts describing all relevant processes during the operational and closure periods. The 

multidisciplinary working group (Andra, DBE-Technology, EURIDICE, ONDRAF/ 

NIRAS and Tractebel) preparing the SWIFT analysis has not identified any unacceptable 

risks, but several recommendations have been made to optimise certain scenarios, processes 

and design features connected to risk levels that are considered acceptable (or undesirable), 

but with potential for improvement. In addition to the general results of this analysis, two 

major outcomes will be assessed in the future in more detail: 

 development of a transport system for the waste disposal packages that combines 

the turning function, and a self-propelled transport device to reduce operational 

complexity and risks (by reducing the number of operations); 

 further study concerning fire safety of the GDF during operations and specifically 

the possibility to use rescue chambers within the DGs. 

Optioneering 

Eventually, complementary to the operational safety studies, optioneering studies are 

ongoing within the SFC-1 framework. The objectives of these optioneering studies are to 

further optimise the GDF layout based on a multi-criteria assessment. The optioneering 

methodology is a robust and transparent tool that documents the rationale behind the 

choices between multiple design options.  
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Abstract 

The GEOSAF project was initiated by the International Atomic Energy Agency (IAEA) in 

2008 with the objective to compare and harmonise approaches to demonstrate the safety 

of geological disposal through the development of safety cases. This paper discusses the 

safety envelope, design target and as-built state concepts that were developed in GEOSAF. 

These concepts could be included in a safety case and could be used to verify that all safety 

requirements are met at all times during the development of a geological disposal facility. 

Introduction 

GEOSAF is a project established by the International Atomic Energy Agency (IAEA) in 

2008 to compare and harmonise approaches from proponents to demonstrate the safety of 

geological disposal through the development of safety cases, and for regulatory authorities 

to clarify requirements and expectations for such a development. The first part of GEOSAF 

(GEOSAF I) ran from 2008 to 2011 and focused on long-term safety. Several IAEA draft 

safety standards and guidance documents were reviewed and commented on by GEOSAF I 

participants, contributing to the finalisation of those standards and guidance documents 

(e.g. IAEA, 2012). During GEOSAF I, the French safety case “Dossier Argile 2005” was 

also examined in more detail to verify the applicability and practicality of the standards.  

The second part of GEOSAF (GEOSAF II) ran from 2012 to 2015, focusing on operational 

safety and its impact on long-term safety. The two main outcomes of GEOSAF II were a 

report on operational safety pointing to the need for additional guidance and a draft technical 

document (TECDOC) that describes the expectations for an overall safety case that integrates 

both operational and post-closure aspects. The draft TECDOC focuses on the fact that 

activities and safety considerations in the operational period will affect long-term safety. It 
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also proposes the concepts of the safety envelope (SE), design target (DT) and as-built state 

(ABS). Using the SE, DT and ABS, the TECDOC proposes a conceptual methodology to 

verify that all safety requirements are met and recommends courses of action in case of 

deviations.  

The third and current part of GEOSAF (GEOSAF III) started in May 2017. GEOSAF III 

addresses in greater depth the concepts of SE, DT and ABS, and the courses of action 

should the ABS fall outside the DT or the SE. The input to GEOSAF III comes from 

existing safety cases, especially from countries where geological disposal projects have 

matured over the years to reach advanced milestones. The work from GEOSAF III resulted 

in the finalisation of the draft TECDOC (IAEA, 2018). GEOSAF III also continues to 

identify gaps in guidance on operational safety; a draft table of contents for a possible safety 

guide on operational safety would be the deliverable for this activity. The present paper 

will focus on the concept of SE, DT and ABS, how it could be integrated in a safety case, 

and how the use of these concepts could help in the decision-making process during the 

development of a geological disposal facility (GDF). The progress of the operational safety 

working group is presented separately at this symposium (see Depaus et al.). 

The concepts of safety envelope (SE), design target (DT) and as-built state (ABS) 

GEOSAF II proposed that the concept of SE, DT and ABS could be used as a tool to help 

the development and review of safety cases for deep geological disposal of radioactive 

waste. This concept could help provide reasonable assurance to proponents, regulators and 

other stakeholders that operational and post-closure safety would be met. It would also help 

determine mechanisms to verify that the GDF, during its operational stage, was constructed 

and operated in such a manner that, at the beginning of the post-closure period, the facility 

would be on the right track to provide post-closure safety. GEOSAF III, through the review 

of IAEA standards and existing safety cases, has established definitions for the SE, DT and 

ABS, as shown schematically in Figure 1. How the SE, DT and ABS concepts could be 

implemented or have been implicitly implemented in practice will be discussed next. 

Figure 1: Graphical representation and definition of SE, DT and ABS 

 

Source: IAEA (2019). 
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Safety envelope 

The SE is defined as the set of safety boundary conditions within which the geological 

disposal facility shall perform, throughout its life cycle, to comply with the legal and 

regulatory requirements. It should be identified by the operator in the safety case by taking 

into consideration applicable legal and regulatory requirements. 

GEOSAF III has further explored the concept of the SE and has found that, although not 

explicitly called so, it is present in IAEA safety standards (IAEA, 2011, 2012) and also in 

many examples of safety cases. IAEA (2012) for example recommends that the safety case 

should contain a safety context, where the operator would define, in consultation with 

regulatory bodies and other stakeholders, the requirements to be met to ensure safety.  

The requirements usually originate from international safety standards (e.g. IAEA, 2011), 

and additional specific national requirements (e.g. reversibility and retrievability, France; 

minimum thickness of containment providing rock zone, Germany). Some common 

requirements from international standards (e.g. IAEA, 2011) are: 

 containment and isolation of the waste; 

 defence in depth: multiple barriers, multiple safety functions; 

 passive protection instead of active intervention; 

 robustness of individual barrier and overall disposal system; 

 dose and risk criteria for human radiological protection and criteria for radiological 

protection of the environment. 

At any particular time, the state of the GDF is defined by a set of parameters which in 

theory is measurable (e.g. spatial configuration of the GDF; hydraulic, thermal, 

mechanical, chemical, biological conditions of the engineered and geological barriers). The 

“safety boundary conditions” that delimit the SE should however be kept at a conceptual 

level and need not be quantified. In practice, the operator must verify during the 

development of the facility that: 

 either all requirements are met, in which case the state of the facility is within  

the SE; 

 one or more safety requirements are not met, in which case part of the state of the 

facility is outside the SE. 

In summary, the SE is established by the operator, in consultation with the regulator and 

other stakeholders, by the definition of a set of safety requirements. The GDF would then 

be sited and designed using multiple barriers with multiple safety functions so that all safety 

requirements would be met with appropriate safety margins. This would be achieved by 

the development of the DT as discussed next.  

Design target 

The DT is defined as the boundaries within which, at the start of the post-closure phase, 

the state of the disposal system is designed to fall within. The DT is derived by taking into 

consideration appropriate margins with respect to the SE, in order to take into account the 

principle of optimisation of protection (and safety) and also the uncertainties associated 

with the anticipated state of the disposal system and its evolution. Examples of how the DT 

is specified could be found in existing safety cases. For example, the Finnish and Swedish 

safety cases rely on full containment and retardation as high-level safety functions of the 
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overall GDF to ensure post-closure safety. A multi-barrier system, with multiple safety 

functions for each individual barrier was designed to comply with the defence in depth 

requirement. The safety functions for each individual barrier are in turn defined. Safety 

functions are high-level requirements which might be difficult or sometimes impossible to 

measure. One needs then to define lower-level requirements, which are easier to quantify. 

SKB (2011) defines a hierarchy of requirements in the following order: performance targets, 

technical design requirements and finally design specifications. Meeting lower-level 

requirements would ensure that all upper-level requirements were fulfilled. However, if the 

lower-level requirements are not met, the higher-level requirements are not necessarily 

jeopardised. The definition of lower-level requirements is needed mainly because they are 

more easily measured through testing, monitoring or control. The detailed definitions of 

those different levels of requirements are given by SKB (2011), for example, as follows: 

 Safety functions are functions that engineered barriers or rock with its underground 

openings shall maintain for the repository to maintain post-closure safety. 

 Performance targets (safety function indicators) are measurable or calculable 

quantities through which a safety function can be quantitatively evaluated. If the 

performance target is met, the safety function is upheld; if not met, the safety of the 

repository is not necessarily violated, however more detailed analyses of post-closure 

safety are required. 

 Technical design requirements (design premise) are the requirements for a 

characteristic of the engineered barrier or underground opening. Technical design 

requirements must be technically achievable and possible to verify at the latest at 

the time of final installation, deposition or backfilling.  

 Design specifications are the design parameters that define the engineered barrier 

or underground opening characteristics, and their acceptable values and tolerances. 

The specifications must be possible to measure, test, inspect or control in the 

production or installation. 

Safety functions for individual barriers from the Swedish safety case are illustrated in 

Figure 2. Let us look at an example from Figure 2, to illustrate the concept of hierarchical 

levels of requirements.  

Example of safety function from SKB (2011): Safety function Buff4 – Resist 

transformation 

 In order to meet Buff4, a performance requirement on a maximal temperature of 

100C is imposed in the buffer. 

 In order to meet the performance requirement, technical requirements on thermal 

conductivity, heat capacity, borehole spacing, for example could be defined. 

 Design specifications on parameters that are measurable, such as emplaced dry 

density, emplaced water content, for example, could be defined in order to meet the 

performance requirements. 

The design specifications are easier to measure and therefore to be verified, compared to 

higher-level requirements such as performance targets. For example, in the Swedish Buff4 

safety function for the buffer, the design specifications related to the dry density and water 

content would be relatively easy to verify through a construction or manufacturing QA/QC 

programme. The verification of the performance target (T < 100C) is more difficult and is  
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Figure 2: Safety functions in the Swedish safety case 

 

Source: SKB (2011). 

feasible but not always practical, since it would require monitoring temperature with 

instrumentation that might be disruptive to the buffer system. In the Swedish Can2 safety 

function for the canister, the performance requirement for isostatic load to be less than 

45 MPa could only be tested in the laboratory and would be problematic to monitor in the 

as-emplaced conditions. In particular, the largest component of that load due to glaciation 

would not exist during the monitoring time frame. 

As-built state 

The ABS is the actual state of the repository that evolves as a function of time during the 

construction/operation of the GDF up to the time of closure. A programme of verification 

through QA/QC, component testing and monitoring should be established in order to ensure 

that the ABS falls within the DT/SE and determine courses of action should it fail to do so. 

A diagram illustrating the relationship and interaction between SE, DT and ABS is shown 

in Figure 3. The objective is to construct and operate a GDF that provides both operational 

and post-closure safety by fulfilling the safety requirements. Post-closure monitoring 

combined with updated safety case/safety assessment, for a certain period of time, would 

provide partial validation that the final product, a safe GDF, has been delivered. Full 

validation, with monitoring for periods of hundreds of thousands or millions of years, is 

not possible. 
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Figure 3: The relationship and interaction between SE, DT and ABS 

Safety function – SF, performance target – PT, technical requirement – TR 

 
 

A proposed decision-making process using SE, DT and ABS  

Using the concept of SE, DT and ABS, a decision-making process for the development of 

the GDF is proposed in GEOSAF. This is schematically illustrated in Figure 4. During the 

construction, operation and closure activities, the ABS of the facility is evolving. Using the 

monitoring and compliance control system, it is verified that the ABS would lie within the 

DT. As long as this is the case, the activities can carry on and periodic updates of the safety 

case are undertaken accounting for the developing state of the facility. Whenever a deviation 

from the DT occurs, an assessment needs to be undertaken to determine whether corrective 

actions are needed and can be implemented, to bring the ABS back within the DT. Whenever 

corrective actions are possible and are implemented, verification will take place – through 

the monitoring and compliance control system – to ensure that the ABS now falls within 

the DT. If it appears impossible to implement corrective actions, it must be verified that the 

ABS still falls within the SE. If it does, all safety requirements are met, however the safety 

margin may be reduced and the DT might be reconsidered. When the deviation causes the 

ABS to fall outside of the SE, the safety case is compromised. Further action and decisions 

will be necessary, including at least a revision of the safety case. 

Figure 4: Decision-making process using the concept of SE, DT and ABS 
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Conclusion 

The concepts of SE, DT and ABS, although not explicitly mentioned in current safety 

standards and safety cases for geological disposal of radioactive waste, are implicitly 

present in the above documents. GEOSAF is proposing an explicit definition of this 

concept, and its use as a conceptual tool to ensure that the design, construction, operation 

and closure of a GDF will result in a facility that would meet all safety requirements with 

an appropriate margin of safety. A well-defined compliance and monitoring programme 

would be needed and harmonisation on the approach to develop such programmes is a topic 

currently considered in several international projects, including GEOSAF III.  
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Abstract 

In February 2014, two events occurred that will forever change the way the Waste Isolation 

Pilot Plant (WIPP) is operated and maintained. Following the events many difficult 

decisions were made and activities accomplished to allow the site to resume limited waste 

emplacement operations. 

The path to limited operations at WIPP has been successful, giving rise to many learning 

opportunities along the way. As pointed out in the Accident Investigation Board (AIB) 

reports, there were many operational deficiencies precipitating the events, some of which 

developed over the operational period of the facility. A growing dichotomy of cultures 

evolved between nuclear facility practice and conventional mining. Prior to the incidents, 

the focus of operations as well as contractor incentives were on rate of waste emplacement 

expressed in shipments processed per year. This led to production focus that often 

overlooked operational maintenance of critical safety equipment. The training and 

oversight programmes were found to be lacking as well. 

The WIPP site enjoyed over a decade of incident-free, productive operations. However, as 

was evident by the AIB reports, complacency in operations, facilities and oversight 

increased over time. Following the events, the DOE focused on nuclear safety to the extent 

that ground control activities, which are continuous underground activities necessary to 

keep mining drifts safe from roof and rock falls, were not given proper priority. Limited 

operations have now successfully resumed and continue to increase with gained efficiencies. 

A path to full operations has been identified and progress is being made. WIPP operations 

expect to regain full functional capability but will always have the reminder of lessons 

learnt and the impact of the events from February 2014. 

This presentation will discuss the events, recovery from the events, and the lasting impact 

of those events and decisions during the recovery process. Lessons learnt from the events 

at the WIPP provide a valuable tool to others in the nuclear industry. 
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Introduction 

Two events occurred at the Waste Isolation Pilot Plant (WIPP) in February 2014 that will 

forever change the way the facility is operated and maintained. 

On Wednesday 5 February 2014, at approximately 10:45 Mountain Standard Time, an 

underground mine fire involving an EIMCO haul truck, 74-U-006B (salt haul truck), 

occurred. There were 86 workers in the mine (underground) when the fire ignited. All 

workers were evacuated, and six workers were transported to the Carlsbad Medical Center 

for treatment of smoke inhalation and an additional seven workers were treated on site 

(DOE, 2015). 

An Accident Investigation Board (AIB) was appointed to investigate the fire incident and 

was led by Ted Wyka. In his summary of the fire incident, Wyka presented the following 

as some of the contributing causes of the fire (2014):  

 nuclear facility vs. mine culture; differing expectations between waste handling and 

non-waste handling vehicles; 

 operability and recognition of impaired critical safety equipment; 

 ineffective training and drilling; 

 unreasonable expectations and uncertain capabilities of the facility shift manager 

(FSM) to manage all aspects of an emergency or abnormal event; 

 maintenance, emergency management/preparedness programmes and Nuclear 

Waste Partnership (NWP) contractor assurance system (CAS) and Carlsbad Field 

Office (CBFO) oversight were evaluated as ineffective; 

 inadequate headquarters oversight. 

On Friday 14 February 2014, there was an underground incident which resulted in release 

of americium and plutonium from one or more transuranic (TRU) waste containers into the 

mine and the environment. The release was detected by an underground continuous air 

monitor (CAM) and automatically all mine ventilation was directed through high-efficiency 

particulate air (HEPA) filter banks located in the surface exhaust building. However, a 

measurable portion bypassed the HEPA filters through leaks in two ventilation system 

dampers and was discharged directly to the environment from an exhaust duct. No personnel 

were determined to have received external contamination; however, 21 individuals initially 

tested positive on 28 March 2014 for low-level internal contamination through bioassay. 

Trace amounts of americium and plutonium were detected off-site (DOE, 2015). 

An AIB was appointed to investigate the radiological release event, also led by Ted Wyka. 

The summary of this AIB was captured in two reports, both summarised in DOE (2015):  

The Radiological Event AIB identified the systemic root cause as the Los 

Alamos Field Office (NA-LA) and National Transuranic Program 

(NTP)/CBFO failure to ensure that LANL had adequately developed and 

implemented repackaging and treatment procedures that incorporated suitable 

hazard controls and included a rigorous review and approval process. NA-LA 

and CBFO did not ensure the adequate flow down of the Resource Conservation 

and Recovery Act and other upper tier requirements, including the WIPP 

Hazardous Waste Facility Permit, Attachment C, Waste Analysis Plan, WIPP 

Waste Acceptance Criteria, and the LANL Hazardous Waste Facility Permit 

requirements into operating procedures at LANL. 
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Focus of recovery 

Following the events, remedial action focused on recovery of the facility with an added 

emphasis on safety culture. The US Department of Energy (US DOE) produced the Waste 

Isolation Pilot Plant Recovery Plan, Revision 0 (30 September 2014), which highlighted 

recovery actions that were to take place, with safety as the number one priority. 

As pointed out by the AIB findings (DOE, 2015), the nuclear safety documentation and 

safety management programmes (SMPs) needed revisions and revitalisation. The DOE has 

numerous nuclear facilities around the country with expertise in nuclear safety documentation 

and safety management programmes, and those facilities were called upon to aid WIPP in 

the effort to correct AIB findings. The DOE and the WIPP Management and Operating 

(M&O) contractor NWP spent considerable resources to improve the SMPs and nuclear 

safety documentation. 

The recovery plan (DOE, 2014) pointed to improvements and changes at the facility that 

would be necessary to return to operations. The facility was in a very different operational 

capacity than it was prior to the events. During the events, underground ventilation shifted 

from unfiltered to filtered mode, reducing air flow from approximately 425 000 cubic feet 

per minute (CFM) to 60 000 CFM. Restricted ventilation was immediately identified as an 

area that required attention because air flow governs what operations can occur in the 

underground. Management decided that filtered ventilation needed to be increased, as the 

repository was to remain in filtration mode following the radiological event. Two projects 

were identified to produce additional ventilation. One was termed the interim ventilation 

system (IVS) which would add fan and filter banks to the ventilation system allowing for 

an increase in filtered air. The IVS was necessary to return to waste emplacement operations. 

An additional system, the supplemental ventilation system (SVS), was developed to produce 

ventilation required to return to mining in the WIPP underground. The IVS is now operating 

at the site and the SVS is going through readiness reviews to begin operating. These systems 

were neither designed nor intended to provide a long-term solution to WIPP ventilation 

needs. Two major construction projects (DOE capital asset projects) were proposed and 

started to produce a long-term solution. The different ventilation plans are explained in the 

recovery plan (DOE, 2014).  

In addition to limited ventilation, WIPP underground access was constrained due to 

concerns about radioactive contamination. These two limitations controlled the amount of 

work that could be performed. Mine stability operations, such as bolting of the host rock, 

were not performed for almost nine months following the events. Before the events, rock 

bolting was a daily operation, as bedded salt formation continues to deform into excavations. 

Overall, numerous processes, procedures, documents, equipment and systems at the WIPP 

site needed significant work to address shortcomings that led to the events (DOE, 2014). 

Ground control issues 

As noted, ground control maintenance consists of continuous underground activities 

necessary to keep mining drifts safe from roof and rock falls at the WIPP. The WIPP site 

is different than production mines with similar host rock because much of the underground 

was mined with the intention of being open and maintained for an extended period. Ground 

control activities and measures are taken to maintain open areas to allow work to be safely 

performed. Following the events, routine ground control activities were not possible for 

almost nine months. The condition of the underground thus deteriorated. Prior to the events, 

ground control at WIPP could be classified as “in maintenance mode” or “caught up”. 
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Following the extended lapse of ground control activities, much of the WIPP underground 

was beyond routine maintenance and was in “catch-up” mode. 

The recovery plan (DOE, 2014) pointed to the importance of mine stability and identified 

a plan to recover a stable configuration. Problems with the recovery plan, including limited 

ventilation and ongoing issues in the underground (e.g. hoist outage, VOC concerns, 

radiological contamination), lessened the efficiency of ground control activities. Bolting 

necessary to maintain ground control had to proceed in an environment perceived to be 

contaminated, requiring new training, new procedures and additional personnel. 

Reduced ground control efficiency led to additional prohibited areas due to mine stability 

concerns. The longer prohibited areas remained inaccessible the more structural instability 

developed. The accumulation of instabilities led to multiple significant rock falls in 

September, October and November of 2016 (Figures 1, 2 and 3). 

Figure 1: Roof fall in WIPP Panel 4 access drift 

 

Source: WIPP Update (2016a). 

Figure 2: Roof fall in WIPP Panel 3 access drift 

 

Source: WIPP Update (2016b). 
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Figure 3: Roof fall in WIPP Panel 7 Room 4 

 

Source: WIPP Update (2016d). 

Following the first two rock falls, a controlled withdrawal from the south end of the WIPP 

underground was implemented in October 2016 (WIPP Update, 2016c). Lack of ground 

control efficiency resulted in loss of disposal area. Following these rock falls, the DOE and 

the NWP declared ground control the number one priority moving forward into resumption 

of operations. 

Resumption of operations 

While the number one priority remained ground control operations, there was also a 

concentrated effort toward resolving all findings from the AIB reports with the goal of 

resuming operations. In late 2016 two independent readiness activities were performed to 

evaluated if the WIPP was prepared to resume operations. 

In October 2016, a Contractor Operational Readiness Review (CORR) was performed by 

an independent group (WIPP Update, 2016e). The CORR encompassed all aspects of the 

restart of the contact-handled (CH) waste emplacement operations at the WIPP and 

provided the DOE and the CBFO with an independent assessment of the NWP’s readiness 

to commence CH waste emplacement operations. The CORR report identified several 

pre-start and post-start findings but concluded that waste emplacement operations could 

proceed safely once the pre-start findings were resolved and all prerequisites were 

completed. The full CORR report is available online at:  

www.wipp.energy.gov/Special/WIPP_CORR_Final_Report.pdf 

Additionally, the DOE Operational Readiness Review performed another independent 

evaluation of the WIPP site to determine if it was capable of safely resuming waste 

emplacement operations (WIPP Update, 2016e). The DOE Operational Readiness Review 

(DORR) team concluded that upon satisfactory closure of the pre-start findings and 

approval of corrective action plans for the post-start findings, the WIPP can safely restart 

waste emplacement in accordance with DOE standards. The full DORR report is available 

online at: 

www.wipp.energy.gov/Special/WIPP_DORR_Final_Report.pdf 
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On 23 December 2016, the DOE authorised the NWP to resume waste emplacement 

operations. This decision confirmed that all pre-start corrective actions identified in the two 

operational readiness reviews had been completed and properly validated and other 

required actions were completed (WIPP Update, 2016e). Waste emplacement activities 

resumed in January 2017, shortly after this approval. Waste which was on the surface at 

the WIPP site when the incidents occurred was emplaced upon resumption of operations. 

The WIPP received its first waste shipment since the February 2014 events on 

10 April 2017 (WIPP Update, 2017). This shipment represented the WIPP returning to 

limited operations of both emplacement and waste receipt. Due to the limited ventilation, 

ground control issues and remaining underground contamination, shipment rates are not 

expected to approach pre-event rates until the two capital asset projects (the permanent 

ventilation projects) are completed. 

The WIPP has a plan and path forward to resuming full operations as well. The path forward 

for emplacement and mining activities illustrated in Figure 4 was laid out in a town hall 

meeting on 16 March 2017, available at: 

www.wipp.energy.gov/wipprecovery/Presentations/Town_Hall_Slides_03_16_17.pdf 

In addition, two major construction project schedules were identified at a town hall meeting 

on 28 September 2017 indicating that the WIPP is expected to resume full operations in 

fiscal year (FY) 2022, eight years after the events in 2014. 

Figure 4: WIPP mining and emplacement model 

 
 

Summary 

The path to limited operations at the WIPP has been successful, giving rise to many learning 

opportunities along the way. As pointed out in the AIB reports, there were many operational 

deficiencies precipitating the events, some of which developed over the operational period 
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of the facility. A growing dichotomy of cultures evolved between nuclear facility practice 

and conventional mining. Prior to the incidents, the focus of operations as well as contractor 

incentives were on rate of waste emplacements expressed in shipments processed per year. 

This led to a production focus that often overlooked operational maintenance of critical 

safety equipment. The training and oversight programmes were also found to be lacking. 

The WIPP site enjoyed over a decade of incident-free, productive operations. As was evident 

by the AIB reports, complacency in operations, facilities and oversight increased over time. 

Following the events, the DOE focused on nuclear safety and ground control was 

inadequate. Limited operations have now successfully resumed and continue to increase 

with gained efficiencies. A path to full operations has been identified with progress being 

made at the WIPP, but the facility will always have the reminder of lessons learnt which 

has forever changed the way the facility is operated and maintained. 
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Abstract 

The US Nuclear Waste Technical Review Board (Board) held a meeting in March 2018 to 

review information from several international repository programmes related to: 

  operational and performance confirmation monitoring of a geologic repository for 

high-level radioactive waste (HLW) and spent nuclear fuel (SNF); 

  retrievability of emplaced HLW and SNF. 

Based on the presentations given at the meeting, the Board generated observations related 

to the implementation and monitoring of geologic repositories and the retrievability of 

emplaced HLW and SNF. These observations address: 

  initial repository design; 

  the integral nature of monitoring to repository development; 

  monitoring objectives and limitations; 

  the role of underground research laboratories (URLs) and repository pilot facilities; 

  monitoring and sensor technologies; 

  a stepwise approach to repository development; 

  knowledge transfer. 

Introduction 

Worldwide, there is strong consensus on the value of a stepwise approach to repository 

development and licensing where the implementer and regulator periodically assess 

whether the proposed disposal concept and repository design can meet health, safety and 

environmental requirements. Two actions are integral to the success of such an approach: 

first, successful monitoring of the repository, and second, retaining the option to retrieve 

the emplaced waste, if necessary. 
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On 27 March 2018, the Board met to hear the views of international repository experts on 

challenges intrinsic to both monitoring and waste retrieval. The meeting participants were 

asked to address three overarching questions: 

 What are the requirements for undertaking operational and performance confirmation 

monitoring and retrievability? 

 What are the potential technical and institutional challenges involved in carrying 

out those activities? 

 What lessons can be learnt from international programmes that can be applied to 

the US geologic repository programme? 

The Board also heard from subject matter experts on sensors and technologies for monitoring 

subsurface seepage and waste package corrosion in a geologic repository. These two topics 

are part of the 20 performance confirmation activities that the US Department of Energy 

(DOE) identified in its license application for the Yucca Mountain repository (DOE, 2008). 

The meeting agenda, the presentations, the transcript of the proceedings and an archived 

webcast of the meeting are available on the Board’s website at: 

www.nwtrb.gov/meetings/past-meetings 

The Board used the information provided by repository experts from France, Switzerland, 

Belgium and Germany, as well as the subject matter experts, to develop observations. The 

Board summarised the meeting and presented and discussed its observations related to 

repository monitoring and retrievability of emplaced HLW and SNF in a report to the  

US Congress and the Secretary of Energy (NWTRB, 2018).  

Board observations 

Based on the presentations given at the meeting, the Board generated seven observations 

related to the implementation and monitoring of geologic repositories and the retrievability 

of emplaced HLW and SNF. These observations address: 

 initial repository design; 

 the integral nature of monitoring to repository development; 

 monitoring objectives and limitations; 

 the role of URLs and repository pilot facilities; 

 monitoring and sensor technologies; 

 a stepwise approach to repository development; 

 knowledge transfer. 

The Board’s observations and some discussion of each observation are presented in the 

following sub-sections.  

Initial repository design 

The Board observed that: 

Retrievability is an important consideration in the initial repository design, 

adding only a small increment to the cost of repository development but 

offering substantial cost reduction if retrieval is determined to be necessary. 
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There was general agreement among the speakers at the meeting that it is important to 

incorporate features into the initial repository design that will facilitate waste retrieval if 

that is deemed necessary. An example of the consequences of failure to do this comes from 

the Asse II salt mine in Germany, where low- and intermediate-level radioactive wastes 

were disposed of between 1967 and 1978. Retrieving the emplaced radioactive waste at 

Asse II is challenging because of uncertainty associated with the current conditions of the 

waste and the emplacement chambers and because no thought had been given to possible 

retrieval at the time that waste was being emplaced in the mine. 

It is recognised that waste retrieval becomes more difficult and costlier as implementation 

of the repository programme progresses (NEA, 2012). But according to the speakers at the 

meeting, there are measures that can be taken to enhance, or at least not impede, retrievability. 

The Board recognises that there can be trade-offs between design features that facilitate 

retrievability (and monitoring) and those that might enhance long-term containment of 

wastes or that promote safety and efficiency of operations prior to repository closure. The 

Board was encouraged to hear from several of the presenters that some countries have come 

up with options to address these trade-offs, for example, by using backfill materials that 

can be easily removed after waste emplacement if wastes must be retrieved.  

The integral nature of monitoring to repository development 

The Board observed that:  

Monitoring to assess operations and to support decisions related to repository 

operations or waste retrieval is also an integral part of repository development. 

Information provided at the meeting shows that monitoring activities to generate the data 

required for a decision to modify operations or retrieve waste should not be simple add-ons 

to a repository programme. The speakers recommended that these activities should be 

integral to repository development and must be considered in the early design stages of the 

repository programme. Taking account of monitoring early in the repository programme 

enables planning for and conducting the research, development and demonstration activities 

of sensors and technologies required for monitoring. Throughout the development of a 

repository as well as through operations, the monitoring programme needs flexibility to 

address spatial and temporal variability in properties and processes and the ability to replace 

or retrieve sensors (in some cases using robotic or other remote handling capabilities) or to 

incorporate new sensor technologies as they evolve and improve. 

Monitoring objectives and limitations 

The Board observed that:  

It is essential that the monitoring objectives and limitations are understood, 

the indicators that will signal the need for a modified path or retrieval are 

transparent, and the collected data are broadly accessible to enhance public 

trust and for use in performance confirmation modelling by the implementer 

and other stakeholders. 

The speakers at the meeting acknowledged there are limitations to what can be monitored. 

Thus, in the Board’s view, the implementer needs to be open about the objectives, strengths 

and limitations of monitoring so the public understands what monitoring can and cannot 

accomplish. Transparency and making the monitoring and other data available to the public 

may enhance trust and build credibility. The Board believes that the implementer, in 

developing a monitoring programme, needs to clearly define the “thresholds” for action, 
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i.e. the monitoring results or other indicators that will signal the need to start considering 

and possibly implementing plans for a modified path forward or retrieval based on repository 

modelling results obtained as part of performance confirmation.  

The role of URLs and repository pilot facilities  

The Board observed that: 

URLs and repository pilot facilities improve the technical basis and confidence 

in the future success of monitoring technologies and potential retrieval and can 

serve as demonstration sites to build public acceptance. 

The Board considers that useful “tools” to provide information needed to make decisions 

on monitoring and retrievability include: 

 URLs, which may be generic or near the site of a proposed repository; 

 pilot facilities, which may be areas within a repository that are monitored intensively 

as an alternative to attempting to monitor the entire repository. 

These facilities allow the testing and demonstration of waste emplacement, waste retrieval 

and monitoring technologies in prototypical environments. These test activities can greatly 

improve the technical basis and confidence in the future success of the technologies, 

demonstrate operational safety and help to find “unexpected” events. Such facilities also 

can serve as demonstration sites to build public acceptance of the repository.  

Monitoring and sensor technologies 

The Board observed that: 

Long-term research, development and demonstration of monitoring and sensor 

technologies are needed to address current technology limitations. 

The meeting presentations on monitoring and sensor technologies indicate techniques 

already are available for measuring most of the key parameters of interest in repository 

performance confirmation. However, most existing sensors have relatively short lives, 

make point rather than spatially distributed measurements, are designed for near-surface 

applications, lack the ability to self-calibrate, show long-term instrumental drift, require 

power for long-term operation and need to be radiation- and heat-hardened. Work to 

improve currently available technologies will take a sustained research, development and 

demonstration programme over many years. In the case of unsaturated zone monitoring, 

technology needs to be developed to measure moisture content and matric potential, two 

properties used to estimate seepage flux, continuously over long distances and at greater 

depths and harsher (high temperature, high radiation) environments than at the relatively 

shallow depths for which current sensors have been developed. There has been rapid 

development of sensor technology that may be applicable to waste package corrosion 

monitoring based on advances in material science and nanotechnology. However, the 

long-term stability of these sensors needs to be studied. 

A stepwise approach to repository development 

The Board observed that:  

A stepwise approach to repository programme implementation and decision-

making is important because it provides opportunities to reassess decisions 

and modify future plans. 
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The experience of European countries in implementing repository programmes, summarised 

by several of the meeting speakers, demonstrates that in a discrete, stepwise approach, the 

regularity of decision-making (e.g. periodically updating the safety documentation or the 

research, development and demonstration programme) facilitates systematic re-assessment 

of the programme over time and allows potential changes on a regular basis. Smaller steps 

mean more frequent engagement between the implementer, the regulator and the 

stakeholders. Stepwise and flexible decisions, as well as incorporation of improved 

technologies during development and operation of a repository, may be easier to achieve 

when they are explicitly incorporated into the licensing/approval process.  

Knowledge transfer 

The Board observed that:  

Measures are needed to facilitate knowledge transfer to future generations so 

that expertise is available to access and interpret monitoring data. 

Given the long period of repository operations and pre-closure monitoring, the Board 

believes that particular effort is needed to develop institutional and other mechanisms to 

ensure the transfer of relevant knowledge, the capability to apply that knowledge and the 

sustainability of stewardship into the future. There is a need to ensure adequate scientific 

and engineering talent, for example, by engaging the younger generation in nuclear waste 

management issues, training them in the nuclear field, and enhancing nuclear-related 

research. Emphasis should be placed on expertise to develop, maintain and interpret sensor 

data and to maintain data cyberinfrastructure.  

Conclusion 

Reflecting on information presented at its March 2018 meeting, the Board considers it to 

be clear that repository programmes in other countries offer lessons related to the 

implementation and monitoring of geologic repositories and the retrievability of emplaced 

HLW and SNF. The Board recorded its observations in its report following the meeting 

(NWTRB, 2018), with the objective of informing the DOE’s activities when it moves 

forward with a programme for geologic disposal of US HLW and SNF. 
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Abstract 

Fire scenarios as a potential operational hazard in an underground facility were developed 

and assessed by numerical simulations. Pool fire of spilt diesel fuel and fire from rubber 

tires of an on-site transport vehicle in an access ramp were selected based on the 

consideration of amount of combustibles in the vehicle. The fire’s duration was at most 

90 minutes, while the thermal impact on waste forms was very limited because direct 

contact with the flames was prevented by the carrier deck of the vehicle. 

Introduction 

A geological repository should be designed and constructed to ensure safety for both the 

pre- and post-closure phases. In previous generic safety studies (JNC, 2000; FEPC and 

JAEA, 2007) feasibility of geological disposal in Japan of high-level radioactive waste 

(HLW) and low-level waste from reprocessing of spent nuclear fuel and MOX fuel 

fabrication (TRU) was demonstrated, focusing on post-closure, long-term safety but not 

discussing operational safety in detail. NUMO has thus been developing a comprehensive 

approach for tailoring a repository concept to a given siting environment at candidate sites, 

taking into account a range of design factors which include pre- and post-closure safety 

(NUMO, 2004). 

Following this approach, a methodology is under development to assess pre-closure safety 

as an essential part of a comprehensive safety case for building confidence among 

stakeholders. In this paper, a developed methodology for assessing operational safety of a 

geological repository is applied for the NUMO safety case (NUMO, 2018). In the present 

paper, this focuses entirely on TRU; the assessment for HLW will be documented elsewhere 

(Suzuki et al., 2015). 

As a first stage of methodology development, radiological safety has been highlighted, 

focusing on activities relevant to HLW and TRU handling and transport. According to IAEA 

GSG-3 (2013), the key components of the pre-closure safety assessment recommended are:  

 specification of the context of assessment; 

 descriptions of the facility or activity and of the waste; 
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 development and justification of scenarios; 

 formulation of models and identification of data needs; 

 performance of calculations and analysis of results;  

 analysis of assessment results. 

The assessment results will be presented in this manner.  

Assessment context 

Starting from a conceptual design of the facility, the safety functions of the various 

repository components are defined. In the early stages of repository siting this process is 

performed iteratively to optimise the design subject to the defined siting environment and 

legal requirements. 

In this paper, the deterministic approach is selected for the safety assessment in accordance 

with the regulatory guides for other nuclear facilities in Japan, because that for geological 

disposal has not been discussed in detail as of yet. To identify the most likely behaviour of 

the facility during design basis accidents, a realistic assessment was performed, and 

conservative models are used to increase confidence in the realistic assessment results based 

on a simple model which is as realistic as possible. The assessment end points at this stage 

are to identify the physical or thermal impacts which may cause a nuclide release from 

waste forms. If the nuclide release could be expected as a result of a certain accident, the 

facility design will be optimised to reduce the physical or thermal impacts.  

Descriptions of the facility, waste and operational procedures 

TRU waste is categorised to different four groups based on the source, thermal or chemical 

properties. In this paper, to assess the thermal impact on the waste, the following 

descriptions focused on bituminised waste which is thermally sensitive. The bituminised 

waste was produced by the Power Reactor and Nuclear Fuel Development Corporation 

(PNC), ending production by 1997. This waste contains about 40 wt.% nitrate and is 

solidified with bitumen into a drum. If the bituminised waste is heated, an exothermic 

reaction may occur. This leads to further exothermic reactions, eventually perhaps leading 

to thermal runaway. The temperature of the bituminised waste therefore should be controlled 

to less than the runway onset temperature of 202C (JNC, 2018). 

During operation, four drums are encapsulated together into a carbon steel box with a 

thickness of 50 mm and solidified by mortar, namely a waste package. A waste package is 

inserted into a container and transported by a vehicle through an access ramp. The waste 

packages are tiled and stacked in a disposal vault by an overhead crane. 

Scenario development 

The assessments were performed along with the abnormal operation scenarios which are 

developed for the facility design and operational activities. A scenario was described as a 

sequence of postulated or assumed events by considering the failure of the safety measures 

planned in accordance with the defence in depth principle. Scenarios were developed by 

means of event tree analysis. Drop of waste/waste package, fire, explosion, malfunction of 

equipment and human error were identified as scenarios. The fire scenario is discussed below. 

Seven fire scenarios are developed, as shown in Table 1. As the construction and operation 

areas were separated, the combination of fire incidents between these areas was negligible. 
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Table 1: Fire scenario in the disposal facilities 

 Operational process Fire scenario 

Construction area Excavation Fire from vehicles/machines 

Operation area Transportation of waste to the facility (surface) Fire from a transport vehicle 

Waste inspection (surface)  Fire from an overhead crane 

Encapsulation (surface) Fire from an overhead crane 

Transportation in access rump (underground) Fire from a transport vehicle 

Emplacement of overpack (underground) Fire from vehicles/machines 

Backfill of tunnels (underground)  Fire from a transport vehicle 

 

Formulation of models for the vehicle fire during transportation through an 

access rump 

The transport vehicle is the most likely to have the largest amount of combustibles, so a 

fire scenario assumes fires from the on-site transport vehicle. Fire scenarios have been 

developed to assess the pre-closure safety during facility operation. To quantify the amount 

of fuel, such as diesel fuel or tires, a transportation vehicle driven by diesel engine has been 

designed. The waste package is assumed to be contained in a transport container with 

radiation shielding and be mounted on the transportation platform of the vehicle away from 

the fuel tank. The vehicle weight is 30 tonnes, allowing an additional weight of 60 tonnes, 

giving a total of 90 tonnes. As a result, diesel fuel and tires are the most calorific parts of 

the vehicle (Figure 1). 

Figure 1: A schematic view of a transport vehicle  

in an access ramp and amount of combustibles 

      
 

Realistic cases 

As a realistic case, the duration of each fire is estimated from the amount of inflammable 

material. 

In the case of fuel leakage, it is assumed that 200 litres of fuel spill due to vehicle malfunction 

or accident and disperse on the floor of the ramp. Duration of the fire is estimated to be 

60 seconds, based on fuel pool diameter, depth and burning rate. In case of tire fire, it is 

assumed that four tires on one side of the vehicle catch fire and subsequently burn. Duration 

of the fire is set to about 6 000 seconds. This time is based on experimental data on fire 

onset, maximal heat release, fire spread and fire retardation. The simulations reveal that 
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fires from tires are more severe than the pool fire of spilled fuel. However, in both scenarios 

the fires are too short to initiate a thermal runaway reaction of bituminised waste. 

The effect of waste package heating due to radiation, convection and conduction from the 

tire fires is assessed. In these calculations, the heat flux calculated by the fire simulations 

is used as the boundary condition for unsteady heat transfer calculations. Heat fluxes are 

assigned to each surface of the transport container. Temperature distributions in the container 

and waste are determined with respect to time. Although heat generation of burning tires 

reaches 3 300 kW, the maximal heat input around the transport container is only 4 kW 

(Figure 2). This is explained by two effects. First, the platform prevents direct flame access 

and heat transfer. Second, hot burnt gases are convected away along the tunnel ceiling due 

to natural convection. Although the temperature was elevated up to 630C at the bottom of 

the carbon steel carrier of the vehicle by directly contacting flame, that of the bituminised 

waste is found to be almost constant at the ambient temperature. Thus, thermal impact of 

tire fire on the bituminised waste is negligible (Figure 3). 

Figure 2: Results of fire dynamics simulation by FDS 

(a) Evolution of flame (represented by orange blocks) at a different elapsed time.  

(b) Heat rate of burnt rubber tire as a function of elapsed time. 

 
 

Figure 3: Analytical results of fire from rubber tires 

(a) Temperature distribution in the deck of vehicle and a transport container. 

(b) The temperatures at various locations were plotted as a function elapsed time from ignition. 

 

(a) 

(b) 

(a) 
(b) 
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An extreme case 

As an extreme case, a transport container with bituminised waste is exposed directly to flames 

at 800C. Thermal runaway occurs after approximately 5 400 seconds due to the thermal 

reaction of bitumen with the embedded nitrate. Hence, auto-ignition of the bituminised 

waste can be prevented when fire extinction is commenced at an early stage. 

Figure 4: Results of an extreme case of waste package in a  

transport container heated by flames at 800°C for a long time 

 
 

Conclusion 

This paper focused on the assessment of the radiological consequence during operation in 

geological disposal facilities with respect to the developed repository design and operational 

process, referring to guidelines and regulations for the safety assessment of similar facilities 

that handle radioactive waste. Key findings are summarised below. 

The abnormal operation scenarios were developed as event trees which described the 

transition of the abnormal operation to reach the damage of waste forms. The assumed 

abnormal operation is classified into “drop of radioactive waste”, “fire”, “explosion”, “loss 

of external power”, and “fault of other equipment”. The robustness of the waste package 

was assessed under conservative conditions based on the repository design. As a result, 

even if abnormal operation such as fire is assumed, the waste package has robustness and 

therefore it may not be led to damage causing radionuclide release. 
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Abstract 

The consideration of operational safety for a repository for high-level waste is a challenge, 

since it must integrate the dimension of long-term safety. The operator has to demonstrate 

on the one hand the safety of the workers in the mine and of men and environment during 

operation. On the other hand, a proper operation of the mine must guarantee that the state 

of the facility at the time of closure will be compatible with the requirements for long-term 

safety. To achieve this, a pre-closure safety analysis should include: 

  a general description of the structures, systems, components, equipment and 

process activities during the operational phase; 

  identification and a systematic analysis of naturally occurring and human-induced 

hazards; 

  identification and documentation of the strong relationships between operational 

safety and post-closure safety. 

In a German research and development (R&D) project, a features, events and processes 

(FEP) catalogue for the operational phase was developed based on different national 

disposal concepts. The FEP catalogue contains analyses of the processes and events that 

affect the components (features) of the repository system in its entirety. The FEP catalogue 

was applied to identify hazards for the operational phase and to document the impacts of 

these FEP (including the identified hazards) on post-closure safety. 

                                                      
14. The full text of this contribution has been published elsewhere. The abstract is included as a 

courtesy to the authors, but we are unable to include the full text due to the previously established 

copyright. 
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Abstract 

The main effort in the recently completed third Dutch Research Programme was on 

disposal in clay, more specifically Boom Clay because it is widespread at suitable depth in 

the Netherlands. At the outset, this research programme was structured to support a 

developing safety case. Accordingly, the recently published overview with conclusions is 

labelled an “initial” safety case since it is a first analysis that will be followed by further 

iterations. Future work will develop a series of safety cases for a geological disposal 

facility (GDF) in the Netherlands; these will remain generic in nature since no siting 

decisions will be taken in the Netherlands for a long time. The present paper presents the 

structured process through which the research and development (R&D) activities were 

selected to be carried out over the next decades. 

Introduction  

The Netherlands has a policy of interim storage of radioactive waste for a period of at least 

100 years prior to deep geological disposal. Although the reference date for implementation 

lies relatively far into the future and safe interim storage facilities have been implemented, 

no “wait and see” policy is adopted. Instead, there is a continuing research programme, 

designed to explore possible disposal options, to learn from the development of geological 

disposal programmes in other countries, to resolve outstanding scientific, technical and 

societal issues, and to develop progressively the final disposal project for Dutch waste. Salt 

formations have been extensively considered in the past; Boom Clay is widespread in the 

Netherlands and therefore also considered as a host rock. To increase efficiency and avoid 

duplication of work, the third programme aimed at a close co-operation with the Belgian 

research programme on disposal in clay. This programme was called OPERA, a Dutch 

acronym for “research programme into geological disposal of radioactive waste”. 
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Safety strategy 

According to International Atomic Energy Agency (IAEA) and Nuclear Energy Agency 

(NEA) guidance documents, one of the initial safety components should be a safety strategy 

(IAEA, 2012; NEA, 2013) which is defined as a high-level approach for achieving safe and 

acceptable disposal of waste. The safety strategy is a living document; it, and the disposal 

concepts based on the strategy, will develop iteratively over the whole implementation 

period which in the Netherlands is planned to last 100 years. Site selection in the 

Netherlands is foreseen around 2100 and the current Dutch safety strategy should therefore 

provide a systematic process for developing, testing and documenting the present level of 

understanding of the performance of a geological disposal facility (GDF) and for building 

and maintaining the necessary knowledge and competences. The Dutch Central Organisation 

for Radioactive Waste’s (COVRA’s) safety strategy has been chosen to focus the ongoing 

research work by developing a hierarchical set of different levels of requirements in a 

requirements management system (Verhoef, 2017). 

Drivers for research 

Safety must be provided by a series of engineered and natural barriers that act in concert to 

isolate the wastes and contain the radionuclides. Current knowledge on the performance 

and evolution of components and their contribution to safety has been assessed in the 

OPERA safety case. The backbone of a safety case is a safety assessment. This assessment 

quantifies the behaviour of natural and engineered barriers in order to calculate potential 

releases of radionuclides from the waste into the accessible human environment and the 

resulting radiation exposures which are then compared with a yardstick e.g. a dose constraint. 

The information needed to quantify the behaviour of the barriers is varied and is subject to 

different types and levels of uncertainty. In the initial Dutch safety case, realistic information 

available on system understanding was compared with conservative assumptions made in 

the safety assessment. This comparison was made in the form of a narrative describing the 

expected evolution of the GDF system with a parallel commentary on how the key aspects 

of this evolution have been simplified in the safety assessment. Natural and archaeological 

analogues of materials preservation in clay were used to show that degradation processes 

can be much slower than typically modelled (Verhoef, 2017). Based on that assessment and 

the current Dutch stage in the geological disposal process, the key topics for future research 

were identified and prioritised for study over the next decades and is shown in Figure 1.  
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Figure 1: Key topics for research into geological disposal organised according to component 

 

Source: Verhoef (2017). 

Enhancing confidence in long-term safety is a driver for societal as well technical research. 

The required level of safety for a GDF will be determined by national and international 

regulations and guidelines. However, the question of what level of safety is acceptable is 

determined by societal processes. Experience over the past decades has shown that in the 

search for disposal solutions, technical-scientific research is a necessary but not sufficient 

condition to implement a GDF. A widely supported solution is necessary, taking account 

of what is societally acceptable and morally responsible. Emotion and moral values play 

an important role because they can provide boundary conditions and important objectives 

for technical developments. The technical-scientific research should, therefore, be coupled 

with ethical and societal research. OPERA has initiated work on communication with the 

Dutch public; the OPERA safety case is a contribution to this effort. Key questions are 

what adjustments to design and operational procedures should be included now, and what 

amendments should be left until it is possible to enter discussion with potential host 

communities in the far future (Verhoef, 2017). Also a separate, complementary synthesis 

report has been made by the OPERA Advisory Group that deals with the wider, societal 

issues of disposal, including stakeholder engagement and conditions for an inclusive 

process for long-term decision-making on disposal (van de Heuvel et al., 2017). For example, 

quantification of diffusion through poorly indurated clays in the Netherlands at disposal 

depth is a scientific objective that is also aimed at contributing to confidence in long-term 

safety and thus to sufficient societal acceptance of research in the Dutch underground. 

COVRA therefore endorsed the “Coring the North Sea Cenzoic” proposal (Westerhoff, 2016) 

and will support future scientific/industrial drillings in the Netherlands. 

The two other drivers for research are reducing costs for implementation of waste disposal 

and ensuring the disposability of Dutch waste. A key objective is to refine the disposal 

concept investigated in OPERA in poorly indurated clay and to develop a future disposal 

concept in rock salt. For GDF designs in clay and salt knowledge of the nature and variability 

of geotechnical properties of host rocks and of the in situ stress regime on a regional basis 

across the Netherlands is required. The execution of the Dutch dual track policy in which 

participation in a shared or multinational European disposal facility is considered is financed 



NEA/RWM/R(2018)7  385 
 

CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE  
  

by COVRA. The third national programme OPERA was financed by the Dutch Ministry of 

Economic Affairs and Electriciteits-Produktiemaatschappij Zuid-Nederland (EPZ), a 

public limited liability company. The future costs for supporting research into geological 

disposal in the Netherlands have recently been agreed to be part of COVRA’s responsibility 

for managing radioactive waste from collection to disposal. All costs for radioactive waste 

management can now be charged to the waste generators through COVRA’s waste fees. 

Transfer of radioactive waste to COVRA includes transfer of ownership and liabilities. The 

waste content, treatment and conditioning all have an influence on the durability of the 

waste packages in the GDF, potential release mechanisms and interactions with the host 

rock. To date, the waste acceptance criteria defined by COVRA were developed mostly to 

ensure safe transport, treatment and storage with the assumption that requirements for 

long-term storage will be analogous to those for disposal. However, in some cases, disposal 

poses different requirements. Whereas for example the safety of transport, treatment and 

storage are in particular determined by short-lived radionuclides, the post-closure safety of 

geological disposal is determined primarily by long-lived radionuclides. Many of these 

long-lived radionuclides are difficult to measure by means of the commonly used gamma 

spectrometry of the delivered waste packages. It is important therefore to collect information 

on such nuclides when the waste is generated and processed. If this is not properly collected 

and documented upon generation and treatment, it will be difficult to trace back information 

about the waste at the time of disposal, currently foreseen to be 2130. 

Conclusion 

An initial safety case was made from the results and outcomes in the recently completed 

third Dutch programme. The current COVRA safety strategy has been chosen to focus the 

ongoing research work by developing a hierarchical set of different levels of requirements 

in a requirements management system. The research goal is to obtain a balanced view 

between realism (somewhere close to the expected behaviour) and showing robustly and 

simply that the system is safe, even with built-in conservatism. Realism is necessary to make 

informed decisions later in the programme on GDF design optimisation and, eventually, on 

acceptable site characteristics. This approach is expected to enhance the effectiveness of 

the programme, for example by avoiding costly over-engineering of system components or 

rejection of acceptable GDF sites. 
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Research planning: The Dutch OPERA safety case for disposal in clay 
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Petten, the Netherlands 

Abstract 

Prior to the start of the OPERA research programme, the Central Organisation for 

Radioactive Waste (COVRA) and the Nuclear Research & Consultancy Group (NRG) had 

to develop a research plan. The OPERA Research Plan contains a comprehensive description 

of the individual research tasks that served as the basis for the Calls for Research Projects 

in 2011 and 2012.  

Introduction 

Before the OPERA research programme (2011-2017), the research efforts on disposal in a 

clay deposit in the Netherlands were very limited. Generic and screening studies were 

performed between 1996 and 2000 in the CORA research programme, indicating that 

retrievable disposal in clay is feasible, affordable and safe. Since then, only limited analyses 

have been performed, mostly related to the general understanding of the system behaviour 

(e.g. Schröder et al., 2009a, 2009b), or focusing on geochemical processes in Boom Clay 

(Schröder, 2011). The screening studies relied on data determined in the Belgium research 

programmes. However, potential suitable sites in the Boom Clay layer in the Netherlands 

are at greater depth than in Belgium, and vary strongly in salinity. Various geochemical and 

geomechanical parameters are therefore different from what was determined in Belgium. 

In 2010 and 2011, COVRA and NRG elaborated a national research programme to determine 

and quantify the characteristics of the Dutch Boom Clay, to reassess the feasibility and 

safety of a disposal facility in clay, and to increase the (national) expertise on disposal in 

Boom Clay. This research programme – OPERA – raises the need for an elaborated research 

plan that allows integrating a larger number of researchers, not necessarily experts in the 

field of geological disposal of radioactive waste.  

Planning the OPERA research programme 

From previous research programmes it was known that it is difficult to align the research 

effort from the different academic disciplines that are needed for the safety studies, to 

balance the efforts, to ensure effective communication between the different scientists and 

to synthesise the results of the individual research studies. 
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The International Atomic Energy Agency (IAEA) and the Nuclear Energy Agency (NEA) 

published guidelines for developing and reporting the safety case, provided an internationally 

accepted terminology and a generic structure for a safety case. These elements were used 

as a basis for developing the OPERA research programme. It was important that all research 

tasks be precisely framed by the OPERA research plan, including a description of the 

deliverables from each task, the timing of the deliverables and their dependencies. This 

increased the efficiency of the research and allowed to develop a first safety case with a 

relatively small budget. 

Overview of the OPERA Research Plan 

The Research Plan (Verhoef and Schröder, 2011) defined the structure of the OPERA 

research programme in seven work packages. Each of these work packages was subdivided 

into tasks reflecting the various components of the initial, conditional safety case. The plan 

described research background, scope and rationales, as well as relevant interactions 

between the tasks (Figure 1). The plan turned out to be very useful for implementing the 

research, and for the researchers to frame their research contributions to OPERA. 

Figure 1: Overview of core tasks and their interdependencies in the OPERA Research Plan 

 
 

Conclusion 

In OPERA, a large group of universities and research institutes combined their expertise 

and provided comprehensive input for a first, generic Dutch safety case for a disposal 

design in Boom Clay. The works were facilitated by a detailed research plan that allows 
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experts with little or no track record on radioactive waste disposal to participate. Over 

50 published reports provided the building blocks for establishing the final OPERA safety 

case report (see covra.nl/nl/downloads/opera). Many of these reports include detailed 

support for the parameters to be used in the performance assessment calculations (Schröder 

et al., 2017), and often parameter ranges are provided to cover existing uncertainties.  

Even after completion of the research, the Research Plan is a very useful document as guide 

to the over 50 OPERA research reports published by COVRA. It describes the relations 

between the various work packages and tasks of the OPERA Research Plan, as well as the 

subsequent translation into projects and their deliverables. 

The systematic approach followed in the research plan resulted in solid contributions of a 

variety of researchers that allows making detailed conclusions on what efforts are necessary 

to improve future iterations of the safety case, including uncertainty analyses, analyses of 

altered scenarios or (improved) experimental support of safety-relevant parameters. The full 

set of detailed reports allows identifying relevant open research questions and highlighting 

specific needs for experimental support. By this, the OPERA research programme provides 

a solid basis for future updates of the safety case. 
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Safety assessment: The Dutch OPERA safety case for disposal in clay  
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Abstract 

The larger part of the OPERA research programme is directed to the development of a 

generic safety case for a radioactive waste repository in Boom Clay. The OPERA safety 

assessment is the key component of the safety case, as it integrates the knowledge gained 

in the respective OPERA work packages and aims to provide conclusions about the 

long-term safety of the OPERA disposal concept. 

Introduction 

The safety assessment methodology used in the OPERA projects was broadly defined in 

the OPERA Research Plan (2011) and subsequent contracts with research organisations. In 

2012 and 2013, the International Atomic Energy Agency (IAEA) and the Nuclear Energy 

Agency (NEA) published “new” guidance for safety assessments. These guides were used 

to check and refine the OPERA safety assessment methodology. 

IAEA and NEA guidance 

IAEA SSG-23 (2012) defines the following seven key components in the post-closure 

safety assessment methodology:  

 specification of the context for the assessment; 

 description of the waste disposal system; 

 development and justification of scenarios; 

 formulation and implementation of models; 

 performance of simulations and analysis of results, including sensitivity and 

uncertainty analyses; 

 comparison with safety criteria; 

 review and modification of the assessment, if necessary (i.e. iteration). 
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The NEA report, Post-Closure Safety Cases for Geological Repositories, Nature and 

Purpose (NEA, 2004) does not clearly separate and identify all the above-mentioned IAEA 

components of a safety assessment. The major aspects of the safety assessment rather reside 

in separate NEA components of the safety case including the “assessment basis” and 

“evidence, analyses and arguments”. 

In addition to the core components, the NEA defines a safety assessment to include a 

presentation of the system concept and the scientific understanding underpinning the 

assessment models, data, parameters and overall understanding of the repository system.  

The NEA methodology also calls for an evaluation of the strategy of managing uncertainties 

and arguments for the strength of the concept. The benefit of the NEA’s approach to safety 

assessment (NEA, 2004) is their stipulation of a list of criteria that should be addressed by 

the safety assessment and related to the research and development (R&D) programme. 

Typical examples are: 

 Effective communication has taken place between those engaged in research and 

site investigation programmes and safety assessors to ensure that safety assessors 

are informed of all relevant information as it is acquired. 

 Features, events and processes (FEPs) to be included in the assessment are audited 

against international FEP lists. 

Other criteria relate to a systematic approach, evidence supporting the choice of scenarios, 

models and data, the application of sensitivity analyses, the application of computer codes, 

development in the framework of a QA procedure, and others. 

The OPERA safety assessment methodology  

A slightly edited version of the framework provided by IAEA SSG-23 was used as the 

OPERA safety assessment methodology. The modification concerns only the elimination 

of the last step, “Review and modification of the assessment”. Figure 1 shows the 

consecutive steps of the applied methodology, each requiring input from the appropriate 

OPERA tasks. 
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Figure 1: Modified IAEA SSG-23 framework for the OPERA safety assessment 

 

Each step of the safety assessment methodology as well as the inflow of information from 

the various OPERA tasks was described in more detail in Grupa (2014), including the 

criteria taken from NEA Report No. 3679 (2004). 

For example, the “effective communication” criterion was initially addressed as “The 

OPERA research programme includes expert meetings and a web portal to exchange 

information and to allow effective communication between the experts”. However, later in 

the programme this was intensified by organising several expert elicitations. This effort is 

described Grupa (2020). 

Conclusion 

A slightly modified version of the framework provided by IAEA SSG-23 has been used for 

the OPERA safety assessment methodology.  

From NEA (2004, 2013) a list of criteria has been extracted for guiding and evaluating the 

OPERA safety assessment to improve the quality of the OPERA safety case. The OPERA 

research programme addressed these criteria in the research activities. The extent to which 

these criteria have been met can only be judged by a dedicated review after completion of 

the research programme.  
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Abstract 

The larger part of the OPERA research programme was directed to the development of a 

generic safety case for a radioactive waste repository in Boom Clay. The central activity 

of the programme is the performance assessment (PA) of the long-term safety of the 

disposed waste which provides the main building block for the safety case. As part of the 

assessment work a series of scenarios has been developed; each scenario describes a 

possible future state or evolution of the repository and its surroundings. 

Introduction 

A scenario model is “a word picture of sufficient detail so that it can be developed into 

mathematical equations and data requirements”. This is similar to the definition of 

“conceptual” model developed by Nirex in 1999 (NEA), and this definition fits also well 

with “scenario models” in OPERA. 

The scenarios have been developed in two steps: 

 In OPERA-PU-NRG7111 (Grupa et al., 2017a) a set of scenario narratives was 

developed, describing in broad terms the various potential future states or 

evolutions of a disposal system.  

 In OPERA-PU-TNO7121 (Grupa et al., 2017b), conceptual models have been 

added to these narratives resulting in scenario models. 

Scenario narratives 

Based on a scenario evaluation using the OPERA FEP catalogue (Schelland, 2014), and the 

safety functions adapted from the ONDRAF/NIRAS publication NIROND-TR-2009-12E 

(Smith, 2012), 24 assessment cases have been described and classified as assessment cases 

for the: 

 normal evolution scenario; 

 the six altered evolution scenarios; 

 so-called “what-if” cases. 
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To check the completeness of identified scenarios, a FEP screening process has been 

undertaken in order to identify potential alternative scenarios which are additional to those 

mentioned above. This screening method is typically a “top-down” method for developing 

scenarios, as described in SSG-23 (IAEA, 2012). The method is based on analyses of how 

the various safety functions of the disposal system may be affected by possible events and 

processes (Figure 1). 

Figure 1: Flow diagram for the initial FEP screening process 

 
 

Scenario models 

The scenario narratives have been translated into model representations. To review these 

initial representations close to 50 FEPs have been preselected for discussion with process 

experts in several expert elicitation rounds. The results of these discussions have been used 

to further define the model representations of the individual scenario assessment cases.  

Most scenario assessment cases can be properly represented with the OPERA Baseline 

Model (OBM). The OBM is a description of scenario models primarily focusing on the 

assessment of the normal evolution scenario, but also covers scenarios with glacial 

phenomena, e.g. permafrost, ice loading or subglacial erosion, or with clay compaction. 

The present OBM does not cover all scenarios though; a few warrant the development of 

alternative performance assessment (PA) models, e.g. for direct exposure, gas migration, 

microbial interaction or for specific transport processes. 

The process for the model representation of the scenarios consists of 4 (+1) steps, which is 

schematically presented in Figure 2. 
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Figure 2: Schematic overview of the steps in the definition  

of scenario models for individual scenario narratives 

 
 

The key objective of the expert elicitations was to arrive at a common understanding of the 

representation of selected FEPs the PA modelling. In the elicitations the experts were 

grouped in various categories of process expertise, which were: 

 behaviour of waste and container; 

 geomechanics; 

 geochemistry; 

 gas migration; 

 geology and hydrogeology. 

After the expert elicitation sessions, the results of the discussions between the process 

experts and the PA experts were combined into “scenario models”. The OBM has been 

used as the reference for the evaluation of the expert input. 

The most important observation concerning the OBM is that the discussions with the 

experts have further strengthened the OBM. On the one hand the expert elicitations have 

allowed the PA experts to better describe the model concepts underlying the process models 

and on the other hand they allowed the process experts to better understand how their results 

are further processed, and how their findings are treated in the performance assessment. 

Conclusion 

The scenarios identified for a generic disposal facility in Boom Clay are adequately well 

established to analyse with sufficient confidence the facility’s possible future developments 

as a result of natural processes and events as well as human actions. 

Within the scope of the OPERA research programme we have been able to develop a 

workable method for the identification, characterisation and model representation of 

scenarios with the help of FEP analysis and to apply this method for radioactive waste 

disposal in Dutch Boom Clay. 

The development of PA models in OPERA was a two-step process. The first step was the 

scenario narratives, which were checked for completeness by PA experts. In the second 

step process experts defined the representations of selected FEPs in the scenario models, 

which were then used to refine the existing models and which can be used for future 

refinement or extension of the OPERA Baseline Model (OBM). 
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Scenario analysis requires a significant effort to assure the comprehensiveness and the 

required level of detail in the analysis of factors influencing the safety performance of a 

repository in Boom Clay and to register the underlying argumentations in a transparent and 

verifiable manner. As this task was not completed in the OPERA programme, a substantial 

additional effort is necessary to complete the exercise. The work done represents a solid 

start in the evaluation of FEPs and their representation in the PA model, and it gives a good 

impression of what the scenario analysis entails in practice. Scenario analysis and model 

representation as integral parts of the performance assessment require continuous attention 

and possible action during the lifetime of a repository until its closure. 
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Abstract 

In this work we present the procedure by which the results of process-level modelling were 

incorporated in a system-level performance assessment (PA) model which was developed 

in support of the Dutch OPERA safety case for disposal in clay. In our experience it was 

essential to use an iterative procedure in which the requirements of the PA model team and 

the output of process-level modelling teams had to be discussed and adjusted during different 

stages of model development. The process was greatly facilitated by regular communication 

between process-level and system-level modellers and by a modular PA model approach 

that allowed a working model version at any moment in time, and the possibility for 

refinement of sub-models if necessary. 

Introduction 

The Dutch Central Organisation for Radioactive Waste (COVRA NV) has developed a 

preliminary, site-independent, safety case for the disposal of radioactive waste in Boom 

Clay. The national OPERA research programme (2011-2017) was set up in support, to 

cover the necessary scientific, technical, methodological and contextual aspects to build a 

safety case (Verhoef and Schröder, 2011). 

Performance assessment (PA) played a central role in the OPERA research programme and 

was carried out by an international consortium consisting of NRG, the Dutch Organisation 

for Applied Scientific Research (TNO), Global Research for Safety (GRS) and the Belgian 

Nuclear Research Centre (SCKCEN). The main objective of the PA calculations was to 

assess the long-term safety of the disposal concept. 

PA calculations were carried out using an integrated model that incorporates numerical 

sub-models for radionuclide release from the waste containers as well as for migration in 

all system compartments, i.e. waste sections, engineered barriers, Boom Clay host rock, 

geosphere and uptake by the biosphere. 

Approach followed for OPERA PA model development 

A specific challenge of the OPERA programme was to provide a safety case within a 

limited amount of time to perform the research, which restricted the possibility for new 
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experimental work. It was therefore essential to build on existing knowledge, and to make 

the translation from process models describing the most relevant features and processes 

occurring in the disposal system to PA modelling valid for Dutch underground conditions. 

Prior performed uncertainty analyses (e.g. Schröder et al., 2009), results of other work 

performed in OPERA, and experimental results obtained in other programmes provided 

useful input that could be translated into an integrated PA model, the OPERA Baseline 

Model (OBM), which covers the most relevant aspects for assessing the long-term safety 

of the OPERA disposal concept. 

In this process we found that it was very helpful to apply a modular integrated modelling 

environment that enabled us to: 

 use already available sub-models to rapidly construct a working PA system model; 

 upgrade modules when new knowledge or input data became available; 

 evaluate the effect of modules with different levels of process detail on model 

uncertainties and calculation times; 

 use a mechanistic geochemical module for assessing the nuclide-clay interactions. 

Conclusions 

The implementation of PA models into an integrated system model requires intensive 

interaction between process-level experts and system-level performance assessors. In 

practice this was a non-trivial iterative process that had to be well organised and structured. 

The flexible system-level PA model framework that has been adopted in OPERA enabled 

us to accommodate process models at different levels of complexity in a flexible way and 

this greatly helped to bridge the gap between process-level knowledge and system-level 

PA modelling. 
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Abstract 

The poster treats the safety assessment performed for the Dutch OPERA concept of 

geological disposal in Boom Clay host rock. The work was conducted as part of Work 

Package 7 of the OPERA programme. 

Introduction 

The Dutch Central Organisation for Radioactive Waste (COVRA NV) has developed a first 

preliminary, site-independent safety case for the disposal of radioactive waste in argillaceous 

host rock, the Boom Clay. The national OPERA research programme (2011-2017) 

provided the necessary scientific, technical, methodological and contextual aspects to build 

a safety case (Verhoef, 2011). 

In the OPERA research programme, all safety-relevant aspects of the given generic reference 

disposal concept for radioactive waste have been considered and assessed in order to 

evaluate the long-term safety of such a facility. A central part of the safety case consists of 

the safety assessment calculations which were performed to investigate the potential 

radiological risks of the OPERA disposal concept.  

OPERA safety assessment 

The OPERA safety assessment model is built as an integrated calculation framework in the 

ORCHESTRA (Objects Representing CHEmical Speciation and TRAnsport) computer 

code. Numerical sub-models are incorporated for the release of radionuclides from the 

waste containers as well as their migration in all system compartments, i.e. waste sections, 

engineered barriers, Boom Clay host rock, geosphere and biosphere. Figure 1 shows the 

conceptualisation of the OPERA disposal system. Input parameters for the different system 

compartments were obtained from expert consultation with partners contributing to 

OPERA Work Packages 2 to 6. 



NEA/RWM/R(2018)7  401 
 

CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE  
  

Figure 1: Conceptualisation of the OPERA disposal system 

 
 

The long-term safety assessment calculations comprised a base case [default values (DV)] 

and a selection of additional sub-cases identified as part the central assessment case of the 

normal evolution scenario. To address the effects of parameter uncertainties, a set of 

deterministic uncertainty analyses were carried out, varying container failure times and 

nuclide release rates, nuclide migration parameters in Boom Clay, residence times and 

sorption parameters in the overburden, and assumptions about future biosphere climates. 

Safety assessment results 

The results of the simulations are presented as graphs, containing calculated dose rates and 

other relevant safety and performance indicators for outer envelopes of system parameter 

variations (i.e. minimum and maximum values) as identified within the respective OPERA 

tasks (Rosca-Bocancea, 2017). 

Figure 2 shows an overview of all analysed cases of the OPERA safety assessment where 

system parameters were varied for the engineered barrier system (EBS), the Boom Clay 

host rock (HR), the overburden comprising aquifer systems (OV), and the biosphere (BIO) 

(Schröder, 2017). 

Figure 2: Effective dose rate – overview of all  

analysed cases of the OPERA safety assessment 
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Conclusion 

From the analyses performed it appears that in the OPERA disposal system the Boom Clay 

is by far the largest barrier for nuclide transport. Only long-lived radionuclides which 

adsorb to a minimal extent in the Boom Clay host rock may eventually reach the biosphere. 

Within the assessment period of 10 million years, the contribution of the four natural 

nuclide chains to the effective dose rate is negligible. This is caused by the combined effects 

of low solubility limits of the nuclides involved and substantial adsorption to the host rock. 

The OPERA safety assessment is a significant leap forward compared to previous activities 

in this area in the Netherlands: 

 All waste fractions considered for geological disposal were taken into account. 

 Better argumentation was elaborated about releases from waste packages. 

 Values of radionuclide transport parameters in Boom Clay were better founded. 

 The model for radionuclide transport in the overburden was substantiated, although 

uncertainties are still significant. 

 Modelling of the biosphere was more complete, and various biosphere evolutions 

was considered. 

 Formulation of safety and performance indicators were elaborated. 

 Elaboration of alternative evolution scenarios was founded; these need however to 

be performed. 

Acknowledgements 

This research was financed by the Dutch Ministry of Economic Affairs and Elektriciteits-

Produktiemaatschappij Zuid-Nederland (EPZ), and in-kind contributions from NRG’s 

research grants (EZS). 

References 

Rosca-Bocancea, E., T.J. Schröder and J. Hart (2017), Safety Assessment Calculation: 

Central Assessment Case of the Normal Evolution Scenario, OPERA-PU-NRG7331. 

Schröder, T.J. and E. Rosca-Bocancea (2017), Effects of Parameter Uncertainty on the 

Long-Term Safety, OPERA-PU-NRG746. 

Verhoef, E. and T.J. Schröder (2011), OPERA Research Plan, OPERA-PG-COV004. 

 

All OPERA reports can be downloaded from covra.nl/nl/downloads/opera. 

  



NEA/RWM/R(2018)7  403 
 

CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE  
  

 

OPERA – Assessment of long-term radiological  

impact of disposed depleted uranium 
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Petten, the Netherlands 

Abstract 

In the OPERA research programme, performance assessment calculations were executed 

for a disposal concept in Boom Clay. The analyses showed that far beyond 1 million years 

relevant radiotoxicity concentrations in the biosphere may appear, caused by the very slow 

release and migration of disposed depleted uranium and its daughter nuclides. To investigate 

the radiological consequences of disposing significant quantities of depleted uranium, 

qualitative arguments were substantiated and analyses were performed to address the 

potential exposure on very long timescales. 

Introduction 

Safety assessment calculations for periods beyond 1 million years are disputable in 

radioactive waste management, because they are accompanied by increasing uncertainties 

on human behaviour, geological processes and other phenomena. However, in the safety 

assessment calculations of OPERA, over the very long-term (i.e. far beyond 1 million years) 

relevant radiotoxicity concentrations appear in the biosphere, caused by the very slow release 

and migration of disposed depleted uranium and its daughter nuclides (Rosca-Bocancea 

et al., 2017). With a very conservative parameter set, the onset to this late peak exposure is 

visible within the calculation period (Schröder and Rosca-Bocancea, 2017). This raises the 

question of how to address these releases, occurring over timescales that can be considered 

even in the context of geological disposal as “very long”. In a limited OPERA study 

(Schröder et al., 2017a), the late peak due to uranium and its daughter nuclides was 

explored in more detail.  

General problem analysis 

The Netherlands has a rather high inventory of depleted uranium, compared to its nuclear 

power production, dominating the disposed radiotoxicity inventory after about 10 000 years 

(Schröder et al., 2017a). Over the very long term, the OPERA performance assessment 

(PA) model computes radiotoxicity concentrations in biospheric water comparable to the 

main peak caused by fast migrating radionuclides as 79Se and 129I (Figure 1). One may argue 

that the peak occurs over 1.5 billion years, when due to our solar system’s evolution human 

life as we know it today will be unlikely. On the other hand, with very conservative model  
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Figure 1: Radiotoxicity concentration in biosphere water in the central assessment case 

 

Source: Schröder et al. (2017a). 

parameter values, or in altered scenarios, the late peak may occur earlier, raising some 

necessity to learn more about the processes behind the very late uranium exposure and related 

uncertainties, in order to be able to judge the model outcomes, and to put them in perspective. 

Performance assessment model analysis 

With increasing uncertainty over the long term, depleted uranium needs to be assessed in a 

different way than the radionuclides that contribute to the first peak, preferably in a manner 

that is consistent with the general approaches and outcomes. PA models usually avoid 

unnecessary complexity, eventually resulting in a (much) overconservative model, which 

may perform less well when applied outside the boundaries for which it is designed. For 

example, the PA model applied uses a 1D representation of the disposal system, optimised 

for an appropriate modelling of instantly released, fast migrating radionuclides that make 

up the peak exposure (Meeussen and Grupa, 2017). Some considerations for the very 

long-term modelling and the related uncertainties were discussed in the study. 

Analyses of the OPERA PA model indicate that the maximum radiotoxicity concentration 

over the very long term is mainly influenced by the solubility limit of uranium. The time 

this maximum might be attained is governed by several mutually opposing processes 

determining the diffusion transport rate of uranium and its daughter nuclides. The 

geochemical modelling of uranium goes along with a number of uncertainties: 

 Specific sorption of the uranyl carbonate species UO2(CO3)4
3– is not accounted for 

in the current PA model (Schröder and Meeussen, 2017; Schröder et al., 2017c). 

 Large uncertainties exist concerning the solubility of depleted uranium (U3O8) in 

the disposal gallery and on the solubility and redox behaviour of dissolved uranium 

in Boom Clay. These cannot be resolved by geochemical modelling only (Schröder 

et al., 2017b). 

 Two leading parameters, the bicarbonate concentration and the ratio of dissolved 

to solid organic matter, are insufficiently known for Boom Clay in the Netherlands 

(Schröder et al., 2017c). 
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Alternative yardsticks to communicate safety 

Specific aspects that were treated and discussed include a judgement of suitable assessment 

endpoints and yardsticks for the very long term, natural background concentration of 

uranium in Boom Clay, and observations from natural analogue studies on uranium. 

Radiological exposures can be compared with natural background concentrations in the 

subsurface and biosphere of the Netherlands, avoiding assumptions on biospheric processes 

over very long timescales. 

Conclusion 

The Dutch uranium inventory is dominated by depleted uranium and is much higher than 

what could be expected from reactor operations. The amount is considerable, compared to 

its natural background concentration: a layer of Boom Clay, about 180 km2 wide and 100 m 

thick, contains an equal amount of U as that intended for disposal. However, in the normal 

evolution scenario (NES) the calculated biospheric radiotoxicity concentrations remain 

below the reference values. 

When assessing safety over the very long term for the NES, only 238U and its daughter 

nuclides are of relevance. The overall radiotoxicity is dominated by the daughter nuclides 

and is almost 30 times higher than from U only. The use of additional safety indicators as 

the radiotoxicity concentration is recommended. 
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Abstract 

An overview is provided of the evaluation performed for building a safety case for final 

disposal of radioactive waste in rock salt in the Netherlands. The evaluation was performed 

within the OPERA project “OPERA Salt Safety Case” (OSSC) by a consortium consisting 

of GRS (Germany), and TNO and NRG (the Netherlands). On the basis of the evaluations, 

a roadmap for further elaboration of the Dutch salt safety case has been proposed. 

Introduction 

The Dutch multiannual research programme for the geological disposal of radioactive 

waste, OPERA (Dutch acronym for Research Programme into Geological Disposal of 

Radioactive Waste), ran from 2011 to 2017. OPERA aimed to develop first preliminary 

safety cases for disposal concepts in two types of host rock available in the Netherlands, 

Boom Clay, an argillaceous host rock, and Zechstein, a rock salt. The OPERA safety cases 

are generic, i.e. not site-specific, and conditional since only the long-term safety of a 

generic repository has been assessed. 

An evaluation for building the safety case for final disposal of radioactive waste in rock 

salt in the Netherlands was performed within the OPERA project “OPERA Salt Safety 

Case” (OSSC) by a consortium consisting of GRS (Germany), and TNO and NRG (the 

Netherlands) (Hart et al., 2015a). 

Evaluation of information of disposal in rock salt 

The evaluation of the information about geological disposal in rock salt was performed on 

the basis of previous national research programmes (ICK, OPLA, CORA, see Figure 1), 

and international information about radioactive waste disposal in rock salt. In that field, the 

German and United States programmes are the most mature. 
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Figure 1: Dutch national programmes on geological disposal 

 
 

The evaluation was structured according to the safety case methodology outlined in IAEA 

(2012). Subsequently, particular aspects of the safety case were treated and evaluated, and 

outstanding issues were identified. The main outcomes of these evaluations culminated in 

recommendations for further elaborating the Dutch safety case for disposal in rock salt, and 

a roadmap describing how this safety case can be realised in a stepwise manner. 

Results of the evaluations 

The evaluations have shown that in order to build a Dutch safety case for the final disposal 

of radioactive waste in rock salt, several safety case elements need to be developed or 

adapted to the current Dutch context (Hart, 2015a, 2015b). For example, the characteristics 

of the Dutch radioactive waste intended for disposal have changed considerably since the 

previous Dutch disposal research programme (CORA) that ended in 2000. This implies that 

the previously considered Dutch facility concepts for disposal in rock salt (see Figure 2) 

have not yet been adapted to the newly regarded waste types such as spent fuel from 

research reactors and depleted uranium. 

Figure 2: Mapping of salt deposits in the Netherlands 
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Specific topics which need to be revisited, updated and assembled into an integrated safety 

case are the following: 

 update safety concept for final disposal in rock salt; 

 adapt facility design to currently expected waste volumes and characteristics; 

 further improve knowledge on salt formations and their locations in the Netherlands; 

 continue assessing safety-relevant (thermal), hydraulic, mechanical and chemical 

processes; 

 update the previously executed (PROSA) post-closure safety assessment. 

Introducing these aspects into the next iteration of the salt safety case would also require 

an update of the post-closure safety assessment. 

In addition, the OSSC project resulted in an updated mapping of salt deposits in the 

Netherlands. An example is given in Figure 2, showing the depths of the top of the 

Zechstein Group in the subsurface of the Netherlands. 

Conclusion 

The OSSC project resulted in a detailed list of recommendations on what is necessary for 

the future development of the Dutch salt safety case by reconsidering and revising the 

safety case aspects. A roadmap was provided on how to build a first salt safety case in three 

consecutive steps with limited effort, and within a period of four to five years. In addition, 

an updated mapping of salt deposits in the Netherlands was established. 
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Abstract 

What is the most effective and responsible way to communicate the safety case results of 

the OPERA project to the general public? The OPERA project “Communication in 

Perspective” (CIP) gives the answer to that question with a communication strategy, built 

on a solid basis of conclusions and recommendations from a literature study, case studies 

and interviews with experts in the field of framing, science and public communication. A 

stepwise approach is proposed, covering aspects such as communication objectives, target 

groups, and key messages and frames, combined with a toolbox that supports the 

implementation of the communication strategy. 

Introduction 

The geological disposal of radioactive waste is a topic of public concern with controversial 

views of different stakeholders. Any information on this topic needs to be communicated 

in a clear and comprehensible way, taking into account the complex and technical nature 

of the results, the sensitivity of the issue and existing public perceptions and frames. In the 

OPERA project “Communication in Perspective” (CIP), a communication strategy has 

been developed to effectively present the outcomes of OPERA to the public (Jelgersma and 

Schröder, 2016). It covers science communication, perception of risk and geological 

timescales, and (re)framing of the topic. To this end, four case studies were developed to 

learn from previous experiences in Europe and the Netherlands. Three communication 

experts were also interviewed about challenges and pitfalls on public communication about 

radioactive waste disposal. A six-step scheme towards the set-up of a communication plan 

and the actual performance of communication is proposed, three frames were developed, 

and a communication toolbox was provided (Jelgersma and Schröder, 2014). 
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The three main elements for communicating the OPERA safety case are:  

 an OPERA safety case report that integrates the scientific-technical outcomes of 

OPERA, following international recommendation;  

 a more condensed report, aiming at communicating the very extensive information 

of the OPERA safety case to the broader public interested in the outcomes;  

 supporting background information covering a broad range of contextual aspects, 

making use of different communication tools.  

Figure 1 gives an overview of the various elements of the developed communication strategy. 

Figure 1: Conditional probability of safety limit exceedance 

 
 

Deviating from traditional communication strategies, a set of three communication frames 

was developed for the communication of the OPERA safety case results. The technique of 

framing refers to how something is presented (the frame). This allows to focus people’s 

attention within a broader context, by more closely addressing people’s attitudes and 

values. The OPERA CIP literature studies and case studies have shown that existing and 

new communication frames are key elements for the acceptance and understanding of the 

results of the safety case. 
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Table 1: Three key frames developed for OPERA 

The context frame The moral frame The competence frame 

“The big picture” “Caring and sharing” “In science we trust” 

Elements to be addressed in the 
context frame include where the waste 
comes from, and the necessity and the 
benefits of these applications. Defining 
the radioactive waste in a larger 
context helps the public understand 
and interpret the results of the safety 
case. 

This frame appeals to high-level moral 
frames such as responsibility, 
community and justice. The safe and 
efficient long-term management of 
radioactive waste is something that 
involves the entire Dutch community. 
Elements to be addressed include the 
societal responsibility of managing 
existing and future radioactive waste, 
the consequences of dismissing the 
radioactive waste problem or 
subsequently dilemma-sharing with  
the public. 

The results of the OPERA safety case 
can only be accepted when the 
research that led to those results is 
trusted and understood. By providing a 
spoken or written explanation or 
interpretation with the results it is 
possible to avoid public 
misunderstanding or even 
manipulation of the numerical results. 
Embedding the numerical outcome in a 
storytelling message will help the 
public understand the outcome of the 
safety case. 

 

Conclusion 

There are interesting challenges to address when informing the public about safety case 

results. The communication is characterised by the complexity and technical nature of the 

topic, where messages and information concerning very long-term risks have to be 

delivered, in combination with existing public concerns on radioactive waste, often 

superimposed by the discussion on the use of nuclear energy. In order to address the public 

in a clear and comprehensive matter, not only does the knowledge gap between laymen and 

scientists need to be closed, but also the existing communication frame and public 

perceptions and concerns on radioactive waste disposal have to be taken seriously. Bearing 

in mind that the communication on radioactive waste began long ago, the OPERA CIP 

provides the groundwork for a solid communication strategy that leaves room for the 

“operators” to implement the strategy in their own time and version. A focus on a personal 

approach and use of metaphors is recommended. The three frames, based on high-level 

social values, can be used to formulate messages for the public. 
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Abstract 

As part of the OPERA project “Retrievability and Staged Closure” (RESTAC), a topic 

report on retrievability, reversibility and staged closure was prepared, including the 

potential role of monitoring (Schröder et al., 2015). Retrievability and monitoring are 

complex interdisciplinary topics, and the main objective of the report was to provide 

additional input for the general discussion on retrievability, reversibility, staged closure 

and monitoring in the Netherlands.  

Introduction 

Retrievability of radioactive waste can be regarded as a controversial topic. Nevertheless, 

at present many national disposal programmes have included retrievability as a requirement. 

The reasons for implementing retrievability can be summarised as (NEA, 2011): 

 an attitude of humility or open-mindedness towards the future; 

 provision of additional assurance of safety; 

 to heed desires of the public not to be locked into an “irreversible” situation. 

A general requirement on retrievability has been anchored in the Netherland’s waste disposal 

policy since 1993 (VROM, 1993), with Dutch stakeholders showing various views on 

retrievability (Rip et al., 1995; Mozaffarian et al., 2015). There is a common understanding 

that the principal concept of retrievability answers to general concerns and inherent 

uncertainties, but different views exist on how to weigh benefits, costs and risks of 

retrievability in the pre- and post-closure phase. 

In the OPERA project “Retrievability and Staged Closure” (RESTAC), based on lessons 

learnt from stakeholder interactions, a sharper definition of retrievability was developed. 

General objectives for retrievability were decomposed, and an initial working definition 

for discussion was developed. Because of the strong inter-relation between retrievability 

and monitoring, the discussion resulted in the definition of the overarching concept of 

“surveillance” as the ability to observe and to react on potential deviating evolutions of a 

disposal facility, in line with the Dutch policy of “isolate, control & monitor” (VROM, 1984). 
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General findings 

While retrievability has been on the Dutch national agenda since 1984, in view of its 

ongoing development the topic is insufficiently developed to allow to progress in the 

societal discussion. The topic is relevant because it correlates with general views and 

concerns on radioactive waste disposal; Rip et al. (1995) observed that slightly different 

weighting of arguments for or against retrievability leads to different conclusions on the 

ability to dispose radioactive waste safely in the deep underground. The resulting endpoints 

ranging from “no geological disposal” over “use time of interim storage, but eventually 

proceed to geological disposal” to “geological disposal”, either retrievable or (explicitly) 

non-retrievable. Workshops and interviews performed as part of OPERA (Mozaffarian 

et al., 2015) showed that these main observations are still valid and controversial views on 

geological disposal are often linked to expectations or opinions on retrievability. 

While the advantages and disadvantages of retrievability were generally acknowledged, a 

consensus about the extent and role of retrievability is difficult to achieve, partially due to 

different preferences or weights given to the arguments, but also because insufficient 

insight on main questions exist: What are the costs of retrieval? What are the risks related 

to retrieval? What, exactly, are the technical options for surveillance and retrieval? 

For a more detailed discussion of the topic of retrievability it is recommend to distinguish 

between “retrievability as a management option” and “retrievability to assure safety”, and to 

clarify stakeholder views on both groups of objectives. Given the current Dutch policy to 

dispose different waste fractions into a single disposal facility, it is also useful to distinguish 

between the possible options to monitor and retrieve these separate waste fractions. 

Discussions on monitoring are usually limited to the pre-closure disposal phase, often 

concluding that the benefits of monitoring do not compensate for the additional costs and 

risks of an extended closure phase, necessary to collect meaningful data on disposal evolution 

and barrier system performance. Discussions limited to the pre-closure phase overlook the 

advantages that surveillance and retrievability in the post-closure phase might have: 

 There are less additional risks in a post-closure situation. 

 The additional costs are lower. 

Ongoing technical developments on autonomous monitoring systems and wireless 

technologies facilitate the option of surveillance in the post-closure phase (Modern2020, 

2018), e.g. by developing techniques for a reliable, wireless transmission of data from the 

underground to the earth’s surface (Schröder et al., 2018). This could provide countries at 

an early stage – as the Netherlands with its policy on long-term interim storage – an effective 

alternative to an extended closure phase and supports the requirement of retrievability 

without additional risks. 

Conclusion 

Retrievability of radioactive waste is a complex socio-technical question, with controversial 

views of different stakeholders. The topic is currently insufficiently developed in the 

Netherlands to allow informed discussions about which benefits, costs and risks can be 

weighted. Distinguishing between “retrievability as a management option” and “retrievability 

to assure safety” may help to increase consensus on the topic. Retrievability supported by 

monitoring during the post-closure phase is considered a promising option because it  
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answers to relevant concerns: When technology allows to monitor and retrieve the waste 

in the post-closure phase, concerns with respect to costs and risks related to extended 

operational periods can be addressed. 
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EU projects: The Dutch OPERA safety case for disposal in clay 

Jacques Grupa, Jaap Hart 

Nuclear Research & Consultancy Group (NRG) 

Petten, the Netherlands 

Abstract 

The OPERA programme involved grants for participation in the European Commission 

(EC) research projects on geological disposal [Seventh Framework Programme (FP7) and 

Horizon 2020]. The grants aimed at maintaining and developing knowledge, expertise and 

skills in the Netherlands by among others the engagement of the Central Organisation for 

Radioactive Waste (COVRA), the Nuclear Research & Consultancy Group (NRG), Delft 

University of Technology (TUD) and the Organisation for Applied Scientific Research 

(TNO) in various European research and development (R&D) activities, in particular 

through the Implementing Geological Disposal of Radioactive Waste Technology Platform 

(IGD-TP), and the subsequent sharing of the knowledge and experience gained. In this way 

optimum use has been made of the international available skills, expertise, experience and 

financial resources. 

Introduction 

Because the Netherlands has adopted the strategy of storage of radioactive waste in 

dedicated surface facilities for at least 100 years, there is no immediate urgency to select a 

specific disposal site for this waste. However, further research is required to resolve 

outstanding issues, to develop and preserve the skills, expertise and knowledge, and to be 

prepared for site selection in case of any change to the current timetable. 

Ongoing participation in the EU Framework Programmes helps:  

 to maintain necessary expertise and skills developed; 

 to connect to strategic European research initiatives on geological disposal; 

 to disseminate findings from European research initiatives within the OPERA 

community and vice versa; 

 to gain access to strategic European research projects, in particular those related to 

relevant work performed in underground research laboratories (URLs). 

Cross-correlating the IGD-TP strategic research agenda 

The Implementing Geological Disposal of Radioactive Waste Technology Platform 

(IGD-TP), in which most European waste management organisations are represented 
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[including the Central Organisation for Radioactive Waste (COVRA)], developed a 

strategic research agenda based on national need, priorities and urgencies, and identified 

various important and urgent research topics with sufficient supranational content to be 

included in the EC research programmes. 

From the research topics that have been classified as “highly important” by the IGD-TP, 

we selected the topics that cross-link with the OPERA research programme. Table 1 shows 

the topics, their relevant time scheme and the associated OPERA task. 

Table 1: IGD-TP research topics, time schemes and associated OPERA tasks 

IGD-TP SRA key topic IGD-TP rating IGD-TP urgency Related OPERA task 

3.1.2.1 Tools in safety assessment High 2014-2020 OPERA WP 7 

3.1.2.2 Safety case communication High 2014-2025 OPERA WP1.3 

3.2.2.2 ILW waste data High 2014-2016 OPERA WP 5.1.2 

3.3.2.6 Plugging and sealing High 2014-2018 OPERA WP 3 

3.6.2.1 Monitoring strategy High 2014-2016 OPERA WP 1.2.3 

3.6.2.2 Techniques for EBS monitoring Medium 2016-2018 OPERA WP 1.2.3 

 

IGD-TP SRA 3.1.2.1 Tools in safety assessment and IGD-TP SRA 3.1.2.2 Safety 

case communication 

Project proposals for specific safety assessment tools (qualitative and quantitative uncertainty 

analyses techniques, IGD-TP work group JA8) and safety case communication (STING 

proposal) have been initiated but did not lead to European Commission (EC)-funded 

research projects. There may be successful proposals in future EC calls. 

IGD-TP SRA 3.2.2.2 ILW waste data 

Develop understanding of the generation and release of 14C from radioactive waste 

materials under conditions relevant to waste packaging and disposal to underground 

geological disposal facilities. The present scientific understanding was considered in terms 

of national disposal programmes and impact on safety assessments. The methodology 

developed for this project was also applicable to the results of experiments and 

demonstrations in Boom Clay within the OPERA safety case. 

Together with Delft University of Technology (TUD) and other partners, NRG developed 

more understanding of the long-term behaviour of cementitious materials used in the 

engineered barrier system (EBS) of a disposal facility in the context of the safety case. 

Related EC projects: CAST (FP7) (www.projectcast.eu/) and CeBaMa (Horizon) 

(www.cebama.eu/) 

IGD-TP SRA 3.3.2.6 Demonstration of plugging and sealing 

Reliable plugs and seals are vital components of an EBS. In case of unexpected failure of 

the EBS of a waste repository in clay or rock salt, the remaining host rock barrier will take 

over the safety function. However, the robustness of the multi-barrier system is one of the 

main safety arguments. 

In line with the OPERA focus, the NRG contribution to this project entailed development 

of a methodology for the optimal use of monitoring results within a safety case. 
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This methodology also facilitates the optimal use of results of experimental work and 

real-scale demonstrators within the Boom Clay in the OPERA safety case and provided a 

good overview of the current state of the art of sealing technologies. It also provided greater 

understanding of the development of design criteria for barrier components. 

Related EC project: DOPAS (FP7) (www.posiva.fi/en/dopas) 

IGD-TP SRA 3.6.2.1 Monitoring strategy and IGD-TP SRA 3.6.2.2 Techniques 

for EBS monitoring 

NRG is working on monitoring strategies, and contributions based on its expertise in 

wireless transmission of data and energy are necessary to qualify as a consortium partner. 

NRG participated in a European screening exercise for the development of a monitoring 

plan based on the OPERA disposal concept in Boom Clay. The screening made extensive 

use of the information provided in the OPERA research programme. The Organisation for 

Applied Scientific Research (TNO) is included in this consortium, and acts as a 

subcontractor to NRG. 

Related EC project: Modern2020 (Horizon) (www.modern2020.eu/) 
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Integration of CAST results into safety assessment – probabilistic 

uncertainty/sensitivity analysis of 14C release and transport 

Jaap Hart, Jooris J. Dijkstra, Johannes C.L. Meeussen 
Nuclear Research & Consultancy Group (NRG) 

Petten, the Netherlands 

Abstract 

Based on the Dutch OPERA reference concept for the final disposal of radioactive waste 

in Boom Clay, a conceptual model was implemented in the computer code ORCHESTRA 

to assess the influence of system parameters on the 14C flux, released from zircaloy 

contained in a CSD-C canister, through the surrounding concrete and Boom Clay.  

The work has been performed as part of the European Union Seventh Framework 

Programme (EU-FP7) project “Carbon-14 Source Term” (CAST). 

Introduction 

The Nuclear Research & Consultancy Group (NRG) participated in the “Carbon-14 Source 

Term” (CAST) research proposal for research into geologic disposal of nuclear waste within 

the context of the FP7-Fission-2012 call of the European Commission’s (EC) Seventh 

Framework Programme. The CAST project (2013-2018) aimed to develop understanding 

of the generation and release of 14C from radioactive waste materials under conditions 

relevant to waste packaging and disposal to underground geological disposal facilities.  

Based on the Dutch OPERA reference concept for the final disposal of radioactive waste 

in Boom Clay, NRG implemented a conceptual model in the computer code ORCHESTRA 

to assess the influence of system parameters on the 14C flux, released from zircaloy 

contained in a CSD-C canister, through the surrounding concrete and Boom Clay. 

Conceptualisation 

Figure 1 shows the conceptualisation of a single CSD-C canister conditioned in a concrete 

supercontainer and disposed in a concrete-supported gallery. A 50-m thick layer of Boom 

Clay host rock is modelled through which any released 14C can diffuse. The outer layer of 

Boom Clay consists of a zero-concentration boundary, representing the aquifer system 

surrounding the Boom Clay. 
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Figure 1: Conceptualisation of 14C release and  

transport through the OPERA disposal system 

 
 

A full probabilistic uncertainty/sensitivity analysis (UA/SA) has been applied to assess how 

the 14C flux through the disposal system depends on: 

 the instant release fraction (IRF) of 14C from zircaloy; 

 the long-term congruent release resulting from the corrosion of zircaloy; 

 the adsorption coefficient Kd,c of 14C in concrete surrounding the CSD-C canister; 

 the adsorption coefficient Kd,BC of 14C in Boom Clay as the host rock. 

The sensitivity of the calculated 14C fluxes at different locations for the four system 

parameters was analysed by using scatter plots, the Pearson correlation coefficient (PCC), 

the rank correlation coefficient (RCC), and conditional cobweb plots. 

Model results 

Figure 2 shows the distribution and the dispersion of 14C fluxes at 5 m into the Boom Clay 

host rock, resulting from the assumed distribution of input values for the four system 

parameters. The maximum values of the 14C flux at this location vary by a factor of 100, 

mainly due to the variation of Kd-values in the concrete and the Boom Clay.  

The results of the UA/SA show that the calculated 14C fluxes close to and further away from 

the CSD-C canister hardly depend on the values of the IRF and the zircaloy corrosion rate. 

This is reflected in the calculated values of the PCC (see Figure 3), which are close to zero 

for these parameters. Conversely, 14C fluxes throughout the disposal system are influenced 

by the adsorption coefficients of 14C in concrete and Boom Clay, but not to an equal extent. 

Conclusion 

For the OPERA disposal concept in Boom Clay the flux of 14C out of the 50-m thick Boom 

Clay is limited if not negligible. This is caused by the long transport time of 14C from the 

waste containers through the concrete engineered structures and the Boom Clay host rock 

compared to its half-life. 

The simulations performed in CAST are in line with the results of the OPERA safety 

assessment, indicating that the contribution of 14C to various safety indicators (dose rate to 

biosphere, radiotoxicity fluxes/concentrations) is small compared to other radionuclides. 
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Figure 2: 14C flux at 5 m into the Boom Clay (Point 5 of Figure 1) 

 
 

Figure 3: PCC for 14C flux at 5 m into the Boom Clay (Point 5 of Figure 1) 
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Towards a Dutch rock salt safety case 

Jeroen Bartol, Ewoud Verhoef 

Central Organisation for Radioactive Waste (COVRA) 

Nieuwdorp, the Netherlands 

Abstract 

OPERA was the latest national Dutch Research Programme on geological disposal of 

radioactive waste. Results from OPERA were summarised and presented in the Initial 

Safety Case. During the preparation of the Initial Safety Case, proposals for future 

scientific and technical studies have been developed and specific objectives were identified 

for the next decade. These are the development of a disposal concept and a first 

performance assessment model for rock salt and to work on the key topics that have been 

allocated the highest priority, i.e. host rock, society and engineered barrier systems. It also 

includes the development of a web-based publicly available salt (host rock) catalogue. In 

this salt catalogue, the thermal, hydrological, mechanical properties and mechanical 

(creep) behaviour of (un)disturbed (rock) salt relevant for a geological disposal facility 

(GDF) in rock salt will be stored. The catalogue will not be restricted to rock salt; other 

types of salt (e.g. anhydrite, carnallite) will be included. 

Introduction 

Like neighbouring countries with long-lived radioactive wastes, the Netherlands has chosen 

geological disposal as the official national policy with the implementation of a national 

geological disposal facility (GDF) set to be around 2130 (VROM, 1984). In the period up 

to the implementation of a national GDF, all low, intermediate and high-level radioactive 

wastes will be collected and stored above ground by the Dutch Central Organisation for 

Radioactive Waste Management (COVRA). The period of 100 years of above-ground 

storage allows for flexibility in case options other than disposal in a national GDF become 

available as, for example, a multinational repository. 

Despite the relatively long period of above-ground storage, continued research and 

development (R&D) activities within the Dutch geological disposal programme are required, 

to learn from the geological disposal programmes of other countries and to help resolve 

outstanding scientific, technical and societal issues. Here, we will discuss the focus of 

future research on geological disposal in (rock) salt based on results of OPERA, the latest 

national programme on geological disposal in the Netherlands, and the Initial Safety Case.  
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The Dutch Research Programme on geological disposal  

Focus of future research 

The Initial Safety Case (Verhoef et al., 2017) is an overall summary of the achievements 

of OPERA, the latest national programme on geological disposal in the Netherlands that 

ended in 2017. In the Initial Safety Case, current knowledge on the performance and 

evolution of the different components (repository, host rock, overburden and biosphere) of 

a GDF was assessed. Based on this assessment, key topics for future research were 

extracted and prioritised and specific goals were developed for future work and presented 

in a long-term roadmap. This roadmap essentially lays out all activities leading to the 

implementation of a GDF in the Netherlands and identifies specific objectives for the next 

decade (short term). These are the development of a disposal concept and a first performance 

assessment model for a GDF in rock salt and to work on the key topics that have been 

allocated highest priority. 

For a GDF in rock salt, the host rock, the engineered barrier system and society have been 

given the highest priority. Salt forms the main barrier in disposal concepts and improving 

knowledge on how it performs and evolves is critical to understand and quantify its ability 

to contain radionuclides over long periods. Research on the host rock should therefore be 

aimed at a better understanding of the solubility of radionuclides at the very high salinities 

and processes such as uplift, diapirism, subrosion or changes in groundwater flow patterns 

that can affect the barrier function. For the engineered barrier, the focus will initially be on 

the supercontainer. Although a supercontainer has been designed for Boom Clay, further 

research is required to determine the design’s transferability to rock salt. Regarding society, 

public confidence in the performance of a GDF will remain a key topic in the coming decades. 

Another objective for the coming decade is the development of a disposal concept and a 

first performance assessment model for a GDF in rock salt. Both are expected to be ready 

in 2023. The disposal concept, the starting point for a safety case, will be based on the most 

recent data on waste characteristics as established in OPERA and an up-to-date safety 

concept including the definition of safety functions for the disposal of radioactive waste in 

rock salt, considering the international state of the art. Following its completion in 2023, 

the GDF concept in rock salt will be reviewed by experts outside COVRA to ensure it 

provides a firm basis for a reliable cost estimate for a GDF in rock salt. 

The salt catalogues 

Numerical models play a key role in demonstrating the long-term safety of a GDF in rock 

salt. They do, however, require extensive knowledge of the thermal, hydrological and 

mechanical (THM) properties of salt and its mechanical (creep) behaviour over both the 

short and long term. There is already a wealth of data available on the THM properties of 

(rock) salt and its mechanical behaviour in (peer-reviewed) journals and reports. This data 

is acquired from a variety of sources including generic or purpose built underground rock 

laboratories (URLs), generic URLs that take advantage of pre-existing underground 

excavations, boreholes and subsequent core analysis and from laboratory experiments 

(e.g. Urai et al., 1986). In the past, this data has been collected from varies sources and 

stored in a single database. In the framework of the VIRTUS project, for example, data 

acquired during more than 30 years of repository research in salt has been collected, 

evaluated and stored in a single database (Wieczorek et al., 2013). However, there is 

currently no database containing the THM properties of (rock) salt and its mechanical 

behaviour that is publicly available, easily accessible and actively maintained.  
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Following the example of the Clay Club Catalogue of Characteristics of Argillaceous 

Rocks and the recommendations made in the Initial Safety Case (Verhoef et al., 2017), we 

propose to establish a web-based publicly available salt catalogue with properties relevant 

for a GDF in rock salt. The salt catalogue will provide a structured way to store key 

characteristics of (rock) salt for the long term and will help in understanding the differences 

and commonalties between and within a geological formation. Furthermore, it provides a 

bandwidth (upper and lower limit) for the different material properties of (rock) salt that 

are essential to demonstrate the robustness of numerical models. 

Data in the salt catalogues 

In the proposed salt catalogue, THM properties of salt relevant for the construction and the 

long-term safety of a GDF in (rock) salt will be stored. These include, for example, heat 

conductivity, heat capacity, thermal expansion coefficient, permeability, porosity, fluid/ 

brine content, Young’s modulus and Poisson’s ratio. Other THM properties, depending on 

the available data and whether they are relevant for a GDF in (rock) salt, will also be 

included. In addition to the THM properties, other general characteristics of (un)disturbed 

salt and information about the sample will be recorded in the catalogue. This will include, 

but is certainly not limited to, density, mean grain size, a reference to the data source, a 

digital copy of the data source (if possible), name of the rock formation and geographical 

location where the sample has been acquired. The salt catalogue will also include the 

constitutive law(s) describing the relation between the stress, strain, temperature and the 

creep of salt in addition to the conditions (e.g. temperature, pressure) under which an 

experiment is preformed, the error in the measurement and method(s) of measurement. 

Although the focus of the database will be on rock salt, other salts such as anhydrite, 

carnallite and bischofite are likely to be present in the host rock. The salt catalogues will 

therefore not be limited to the THM properties and mechanical behaviour of rock salt but 

will include other types of salt. 

To ensure data quality, data added to the database will be evaluated and when necessary 

rejected from the database. Furthermore, all parameters will include a confidence value 

ranging from 1 to 4, with 1 being best guess and 4 being tested and validated data. 

Conclusion 

Based on current knowledge and on the performance and evolution of the different GDF 

components (engineered barrier, host rock, overburden and biosphere), a roadmap for 

future work was presented in the Initial Safety Case. This roadmap lays out all the activities 

that will eventually lead to the implementation of a GDF in the Netherlands in 2130. Based 

on this roadmap, specific objectives for the next decade were identified. These include the 

development of a disposal concept and a first performance assessment model for a GDF in 

rock salt and to work on the key topics that have been allocated highest priority, i.e. host 

rock, society and engineered barrier systems to improve knowledge. Furthermore, as 

recommended in the Initial Safety Case, we propose to establish a web-based publicly 

available salt catalogue. In this catalogue, the general characterises and TMH properties of 

(un)disturbed salt, and its mechanical behaviour that are relevant for a GDF in salt will  

be recorded. 
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The new site selection procedure in Germany  

and corresponding evolving safety cases 

Nicole Schubarth-Engelschall, Jürgen Wollrath 
Federal Company for Radioactive Waste Disposal (BGE) 

Peine, Germany 

Abstract 

The new German site selection procedure is divided into three phases and starts with a 

blank map of Germany. According to this procedure safety cases must be developed for the 

three host rock types salt (salt domes and bedded salt), argillaceous rock and crystalline 

rock, and adjusted during the site selection procedure. Furthermore, a procedure must be 

developed to be able to compare the results of safety analyses for these host rock types and 

specifically for different site regions and sites. The site selection procedure is accompanied 

by a comprehensive participation process. 

Introduction 

In the Federal Republic of Germany, it is intended to dispose of all types of radioactive 

waste in deep geologic formations. 

In 2013 a committee was set up by parliament to evaluate the Repository Site Selection Act 

and to propose/recommend a procedure for the site selection process as well as to draw up 

and present proposals concerning, among other things, safety requirements and geological 

selection/exclusion criteria. The committee published its report by the end of June 2016 

and was suspended afterwards. The report resulted in an amendment of the Repository Site 

Selection Act which came into force on 5 May  2017. 

This Act is the basis for the siting process for the location of a disposal facility for high-level 

radioactive waste and spent nuclear fuel. Since 25 April 2017 the Federal Company for 

Radioactive Waste Disposal (Bundesgesellschaft für Endlagerung mbH – BGE) is the 

responsible organisation for the execution of the site selection procedure. 

The three phases of the site selection procedure 

The site selection procedure is divided into three phases and starts with a blank map of 

Germany. The first phase is divided into two steps and officially began on 5 September 2017. 

Currently, basic, already available geoscientific information is being collected from public 

authorities, e.g. mining authorities and geological surveys. This information will be 

evaluated in Step 1 of Phase 1 by applying exclusion criteria, minimum requirements and 
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geological assessment criteria. Step 1 ends with the identification of “sub-sections”, where 

favourable geological conditions for a repository site are anticipated. 

In the second step of Phase 1, representative preliminary safety investigations will be 

carried out for all sub-sections. Furthermore, geological assessment criteria and assessment 

criteria from planning science will be applied for narrowing down suitable regions. Phase 1 

will end with a proposal for the selection of site regions for above-ground investigations.  

In Phase 2, after the identification of site-specific investigation programmes and check 

criteria, the execution of above-ground investigations and advanced preliminary safety 

investigations will be performed. Phase 2 will end with a proposal for the selection of sites 

for below-ground investigations. 

Phase 3 contains the further development of site-specific investigation programmes and 

verification criteria. Below-ground investigations will be performed and advanced 

preliminary safety analyses will be prepared. Phase 3 will end with a recommendation of 

the repository site which has to be approved by the German Bundestag and Bundesrat and 

is determined in an act on the definition of sites for surface exploration. 

Corresponding evolving safety cases 

The new site selection procedure in Germany represents a stepwise approach to find a site 

with the “most possible safety”. Each phase of the site selection procedure concludes with 

a safety evaluation which is the basis for legitimated decisions in the ongoing process. 

During the three phases the safety case will evolve, including representative preliminary 

safety investigations in Phase 1, advanced preliminary safety investigations in Phase 2 and 

comprehensive preliminary safety investigations in Phase 3. A comparison of regions/sites 

should be based on results of safety evaluations to prove the effectivity and reliability of 

safety functions and the robustness of the repository system. Comprehensive safety analyses 

will be performed during the licensing procedure after the act on determination of the disposal 

site at the end of Phase 3 has come into force, marking the end of the selection procedure. 

The safety investigations must consider legitimated guidelines from the legislative authority. 

According to the Site Selection Act, the Federal Ministry for the Environment, Nature 

Conservation and Nuclear Safety (BMU) must define safety requirements based on  

safety principles as well as requirements on executing safety investigations for the site  

selection process. 

Prior to carrying out the first representative preliminary safety investigations, the safety 

concept and the verification strategy have to be defined. Therefore, generic repository 

concepts for each host rock must be developed and used for demonstrating fundamental 

feasibility to establish a repository. Quantitative results of preliminary safety investigations 

serve as an indicator, e.g. to check if the protection goal is achieved. 

According to the site selection procedure safety cases must be developed for the three host 

rock types salt (salt domes and bedded salt), argillaceous rock and crystalline rock, and 

adjusted during the site selection procedure. At the outset, preliminary safety investigations 

are based on existing data and have a generic character. A method must be developed on 

how safety investigations can be further developed over time with an increasing data base 

and more site-specific aspects. Furthermore, a procedure has to be developed to be able to 

compare the results of the application of geological selection/exclusion criteria as well as 

the results of safety investigations for these three host rock types. In the ongoing process, 
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level of detail increases and safety investigations have to cover progressively the specific 

geological situation in different site regions and sites. 

In addition, the focus of site investigation programmes must be derived from data deficits 

and lack of knowledge identified by safety investigations. 

Participation 

Participation is one of the fundamental elements of the new site selection procedure.  

As the regulatory authority of the site selection process, the Federal Office for the Safety of 

Nuclear Waste Management (BfE), is responsible for organising and executing participation 

according to the Site Selection Act. Furthermore, the Federal Company for Radioactive 

Waste Disposal (BGE) is responsible for informing the public about its activities and the 

progress of the site selection procedure. A National Advisory Body, as an independent 

supervisory actor in the site selection process, was also established. According to the Site 

Selection Act, the public is officially involved for the first time at the end of Step 1 of 

Phase 1 to discuss the interim report “sub-sections” in expert conferences. Subsequent 

formats of participation and the appropriate tools are also determined by the Site Selection 

Act. 
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Site characterisation and synthesis into SDMs 
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Junichi Goto, Takanori Kunimaru, Saori Yamada 

Nuclear Waste Management Organization of Japan (NUMO) 

Tokyo, Japan 

Abstract 

The Nuclear Waste Management Organization of Japan (NUMO) has developed a pre-siting 

site-descriptive model (SDM)-based safety case to demonstrate tools and capability to 

implement repository site selection in Japan. A systematic approach to site selection in 

three stages has been established based on the requirements and criteria for nationwide 

scientific screening. Stepwise SDM development compatible with the site selection process 

has been demonstrated for the representative potential host rock settings. 

Introduction 

The Japanese archipelago lies in the tectonically active circum-Pacific Belt, which is 

characterised by a wide spectrum of natural disruptive events/processes (e.g. volcanic 

activity, fault movement and uplift/erosion). Potential sites in Japan are not only very 

diverse in terms of geology but they also vary considerably in geography. Taking such 

dynamic and geological settings into consideration, the requirements and criteria for the 

nationwide screening of scientifically favourable areas have been identified by the 

government (METI, 2017). 

To date, there has been no selection of either host rock or a repository site in Japan. NUMO 

has, however, developed a pre-siting site-descriptive model (SDM)-based safety case 

(NUMO Safety Case) that provides multiple lines of arguments and evidence to demonstrate 

both establishment of a structured process and technology for site selection on the basis of 

the requirements and criteria and also capability of integrating the state-of-the-art knowledge 

base into SDMs of representative siting environments in Japan. This paper briefly presents 

the main contents of “Site Characterisation and Synthesis into SDMs” as one of the key 

elements of the NUMO Safety Case. 

Establishment of systematic approach to site selection 

During the repository site selection process consisting of literature survey, preliminary 

investigation and detailed investigation, emphasis is on excluding sites at risk mainly from 

natural perturbations in the earlier stages and characterising the host geological environment, 

in the later stages, in terms of geological structural features and thermal, hydrological, 
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mechanical and chemical (THMC) characteristics/properties of importance to geological 

disposal and their temporal/spatial (or 4D) evolution, as shown in Table 1. In addition, 

approaches will be adopted to estimate the probabilities and consequences of natural 

perturbations over a long period of time in the future. 

Table 1: Assurance of safety requirements during the staged site selection process 

LS – Literature survey, PI – Preliminary investigation, DI – Detailed investigation 

Green – Regional scale (several tens of km), Blue – Repository scale (several km),  

Red – Panel scale (several hundred m) 

Geological environment 
requirements 

Safety-influencing  
factors 

Basic solution strategy LS PI DI 

Avoidance of Quaternary 
unconsolidated deposits as host 
rock 

Occurrence of thick Quaternary 
unconsolidated deposits 

Exclude areas where 
Quaternary unconsolidated 
deposits occur below 300 mbgl 

   

   
 

Low likelihood of natural events 
that would perturb safe 
construction/operation of 
disposal facilities 

High geothermal gradients, 
earthquakes, ground 
deformation/displacement, 
tsunami, etc. 

Evaluate degree and extent of 
impacts; take engineering 
measures to minimise impacts 

   

   

   
 

Very low likelihood of natural 
events that would perturb safe 
construction/operation of 
surface facility 

Pyroclastic flow, lava flow, 
debris avalanche, etc. 

Evaluate extent of impacts; take 
engineering measures to 
preclude impacts 

   

   
 

Very low likelihood of natural 
disruptive events/processes that 
would reduce geological barrier; 
low geo-temperature; slow 
groundwater movements; small 
rock deformation; groundwater 
with near neutral pH, reducing 
conditions and DIC less than 
0.5 mol/L 

Volcanic activity, occurrence of 
hydrothermal/deep-seated 
fluids, fault movement, uplift/ 
erosion 

Exclude areas where significant 
impacts are expected and 
unfavourable THMC conditions 
prevail 

   

   

   
 

Evaluate 4D evolution of THMC 
conditions; take engineering 
measures; ensure long-term 
containment capability 

   

   

   
 

No occurrence of economically 
valuable mineral resources 

Occurrence of economically 
valuable mineral resources 

Exclude areas with 
economically valuable mineral 
resources 

   

   
 

 

Basic strategies for both excluding unsuitable sites and characterising the long-term 

geosphere stability in a stepwise fashion have been developed on the basis of the latest 

geoscientific and technological developments (e.g. Ota et al., 2011; Saegusa et al., 2011). 

This has led to a structured site investigation process that is characterised by the iterative 

refinement of the site-specific knowledge base, which is integrated in a geosynthesis process 

within an SDM, towards stepwise development of site understanding. 

Demonstration of SDM development 

The SDM is the key interface to the uses of knowledge about the selected geological 

environment to perform the associated repository design (RD) and safety assessment (SA) 

studies. Of great importance is that the SDMs are to be used in an iterative fashion to 

illustrate how repository designs are tailored to the site conditions identified and, with 

stepwise development of site understanding, tailored to optimise their practicality and 

performance. 

To illustrate how all of this would come together when site selection is initiated, the 

development of SDMs has been demonstrated based on a state-of-the-art knowledge base 

of all relevant geological environments in Japan. Five major rock types that commonly 

occur in Japan, with sufficient spatial extent at relevant depths, have been characterised in 
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terms of their key geological structural features and THMC characteristics/properties of 

importance to RD/SA, as shown in Table 2. By focusing on common distinct characteristics/ 

properties, these rock types have eventually been categorised into three groups: Neogene 

sedimentary rocks, pre-Neogene sedimentary rocks and plutonic rocks. 

Table 2: Characteristics/properties of five major rock types in Japan 

Rock type 
Neogene 

sedimentary  
Pre-Neogene 
sedimentary  

Palaeozoic ~ 
Neogene 
volcanic  

Palaeozoic ~ 
Neogene 
plutonic  

Metamorphic 

Surface abundance [%] 15 41 18 18 8 

Abundance at 500 mbgl [%] 15 40 15 20 10 

Abundance at 1 000 mbgl [%] 10 45 10 25 10 

Potential pathways 
Pore, 

fracture 
Fracture, 
bedding 

Fracture 
Fracture, 

dyke 
Fracture, 

schistosity 

Average hydraulic conductivity [m/s] 2.9  10–7 4.7  10–7 2.1  10–7 5.5  10–8 4.3  10–8 

Average effective porosity [%] 25 ~ 27 3.5 ~ 6.8 5.4 ~ 7.9 0.8 ~ 1.5 1.2 ~ 6.8 

Average thermal conductivity [W/mK] 1.6 ~ 1.8 1.4 ~ 1.5 2.4 ~ 2.5 2.8 ~ 2.9 3.3 

Average uniaxial strength [MPa] 9 ~ 28 74 ~ 90 92 ~ 106 108 ~ 110 55 ~ 66 

Rock type 
Neogene 

sedimentary  
Pre-Neogene 
sedimentary  

Palaeozoic ~ 
Neogene 
volcanic  

Palaeozoic ~ 
Neogene 
plutonic  

Metamorphic 

 

Nested SDMs have then been developed in a stepwise fashion compatible with the three-stage 

site selection process to conceptualise the geological environment of representative potential 

host rock settings: first, at several tens of kilometres scale to assess regional groundwater 

flow; second, at several kilometres scale to define the location and layout of a repository; 

and third, at several hundred metres scale to design waste emplacement panels. The nested 

geological SDMs for Neogene sedimentary rocks are illustrated, as an example, in Figure 1. 

A smaller-scale modelling area, in which a relatively long groundwater travel time from a 

repository is demonstrated by regional groundwater flow analysis, has been selected taking 

account of the requirements and feedback from the RD/SA. Quantitative information 

represented in the SDMs is derived from both nationwide and quality-assured site-specific 

datasets of deep geological environments in Japan. 

Figure 1: Nested geological SDMs for Neogene sedimentary rocks 
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For the very important assessment of the geological barrier capability to retard radionuclide 

migration, water-conducting microstructures through which radionuclides are transported 

have been modelled in much finer detail. In addition, representative groundwater chemistry 

has been defined through the careful interpretation of quality-assured hydrochemical data 

and geochemical modelling, which covers a typical range of groundwater chemistry for 

each potential host rock in Japan. 

Conclusions 

Tools, practical approach and methodology as well as capability to capture the key features 

of importance to the long-term safety of geological disposal for geological settings in Japan 

have been demonstrated. This provides the basic structure of future safety cases that would 

be applicable for the conditions and constraints during the three-stage site selection process. 
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Abstract 

The Nuclear Waste Management Organization of Japan (NUMO) has developed a pre-siting 

site-descriptive model (SDM)-based safety case for geological disposal in Japan. The key 

distinguishing features of the safety assessment are: 

  application of the risk-informed approach; 

  scenario development with comprehensiveness, traceability and transparency; 

  realistic radionuclide migration model reflecting the repository design. 

Introduction 

The Nuclear Waste Management Organization of Japan (NUMO) has developed a pre-siting 

site-descriptive model (SDM)-based safety case for geological disposal in Japan. This 

safety case provides multiple lines of arguments and evidence to demonstrate the feasibility 

and the safety of geological disposal, which will encourage stakeholder confidence in the 

safe implementation of geological disposal and will provide a basic structure for a safety 

case which will be applicable to any potential site. This paper briefly presents the main 

contents of “post-closure safety assessment” in a pre-siting SDM-based safety case. 

Framework of safety assessment 

For the purpose of optimisation of protection, the disaggregated approach is applied as a 

frame of the safety assessment. As a risk-informed approach, it allows to evaluate the 

potential impact of a future event and its probability separately. Developed scenarios are 

classified into four categories on the basis of their probabilities: “likely scenario”, 

“less-likely scenario”, “very unlikely scenario” and “human intrusion scenario” (Table 1). 
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Table 1: Scenario classification and target dose rate 

Scenario classification Definition Target dose rate 

Likely scenario  A scenario considered to be a likely representation 
of repository evolution. 

 In order to show that we aim to minimise radiation 
exposure for this case, the dose target is set based 
on the lowest value used in other countries. 

10 Sv/y 

Less-likely scenarios  Scenario considering uncertainty in the scientific 
knowledge base for the likely scenario. 

 We set dose constraint values based on 
recommendations of ICRP, to show that safety can 
be assured even considering such uncertainty. 

300 Sv/y 
Based on IAEA and ICRP 

Very unlikely scenarios  Scenarios that are very unlikely based on the 
established characteristics of an acceptable site. 

 The ranges of reference target values for these 
exposure situations are based on those suggested 
by the ICRP for unlikely accident scenarios. 

20 ~ 100 mSv/y (first year) 
1 ~ 20 mSv/y (thereafter) 

Based on ICRP 

Human intrusion scenarios  Scenarios chosen to be conservative, to illustrate 
that there is no major radiological impact. 

 The ranges of reference target values are based on 
those suggested by the ICRP for unlikely accident 
scenarios. 

20 ~ 100 mSv/y (first year & public) 
1 ~ 20 mSv/y (thereafter: public) 

 

Safety assessment procedure 

The basic procedure of the safety assessment in this report is shown in Figure 1. This is 

basically the same for both high-level waste (HLW) and transuranic (TRU) waste disposal. 

Figure 1: Procedure of safety assessment 

 
 

Scenario development 

In the late 90s, scenario development was often described as a bottom-up process (Nagra, 

1994), whereby scenarios were developed in essence from FEP databases. Today, it is 

recognised that, in practice, the approaches actually adopted are better described as 

top-down or “hybrid”, taking an integrated (top-down) understanding of the system under 

consideration, including uncertainties in the initial state as their starting point (NEA, 2012). 

A bottom-up element remains to the extent that FEP databases are still used, but the focus 
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is generally on verifying completeness, which occurs parallel to the main assessment process. 

Based on this perspective, NUMO has developed a hybrid methodology, combining the 

top-down (safety functions approach) and bottom-up (FEP-based approach) approaches in 

a complementary manner (Figure 1). 

Calculation cases 

Table 2 shows calculation cases for likely and less-likely scenarios. The calculation case for 

a likely scenario is shown as “Likely case”. Nos. 2-12 in Table 2 are all cases for less-likely 

scenarios and cases considering perturbations on models and data in the likely case. 

Table 2: Calculation cases for likely and less-likely scenarios 

No. Case name No. Case name 

1 Likely case 7 Data uncertainty (buffer Kd) case 

2 Glass dissolution rate uncertainty case 8 Data uncertainty (buffer Kd) case 

3 Hull-end piece corrosion rate uncertainty case 9 Data uncertainty (rock Kd) case 

4 Concrete structure degradation uncertainty case 10 Data uncertainty (rock Kd) case 

5 Nitrate plume spread uncertainty case 11 Thermal effects uncertainty case 

6 Fracture connection uncertainty case 12 Solubility limiting phase uncertainty case 

 

Radionuclide migration model and result of dose calculation 

The methodology of safety analysis, which reflects the characteristics of site and repository 

design as faithfully as possible, has been improved. In particular, a radionuclide migration 

model for “near-field scale” ( approximately one hundred metres) has been developed 

based on three-dimensional mass transport analysis that reflects key characteristics of the 

site and the associated repository design (Figure 2). For all scenarios, the doses calculated 

were below the target dose rate. 

Figure 2: One-dimensional (1D) radionuclide migration  

model which can reflect 3D mass transport property 

 
Design of disposal tunnel of TRU waste 

Gr. 2 (plutonic rock case) 
Model in 3D  

mass transport analysis 
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Conclusions 

NUMO has developed procedures of scenario development, setting calculation cases and 

dose calculation for post-closure safety assessment in a pre-siting SDM-based safety case. 

The preliminary results of the safety assessment would underpin the feasibility and safety 

of geological disposal in Japan. 
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Abstract 

This paper presents some details of the material covered in the paper titled “Current and 

next steps of the licensing of a KBS-3 repository in Sweden” in these proceedings (see 

Hedin et al.). 

In a statement to the Swedish government, a Land and Environmental Court suggests that 

more information regarding five issues related to long-term integrity of the KBS-3 canisters 

is required before a permit can be considered by the government. The five issues are: 

  corrosion due to reaction in oxygen-free water; 

  pitting due to reaction with sulphide; 

  stress corrosion cracking due to reaction with sulphide; 

  hydrogen embrittlement; 

  the effect of radiation on pitting, stress corrosion cracking and hydrogen 

embrittlement. 

In response to the statement, SKB has intensified its ongoing work in these areas. Recent 

results, most of which are still to be reported, support SKB’s earlier conclusion that these 

issues do not jeopardise the post-closure safety of a KBS-3 repository at the Forsmark site. 

The results are to be reported to the government by 30 April 2019. 

This paper also addresses some details of SKB’s plans for developing the safety case during 

the next two licensing phases. During underground construction it will be possible to adapt 

the location of deposition tunnels and deposition holes with respect to the local rock 

conditions. This will be reflected in updated safety cases. In coming phases, it will also be 

necessary to resolve potential conflicts between operational and post-closure safety. 

Technical design requirements (TDRs) have been updated for all barrier components, using 

feedback from recent safety cases. Regarding SKB’s ongoing work on quality control, 

important activities include the establishing of principles for safety and quality classification, 

establishing what is to be quality-managed and controlled, and when quality management 

and control is to be performed and by whom in terms of first, second and third parties. 
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Introduction 

This paper presents some details of the material covered in the paper entitled “Current and 

next steps of the licensing of a KBS-3 repository in Sweden” in these proceedings (see 

Hedin et al.). See that paper for context for the material presented here.  

We start with some details regarding the current licensing step and follow with details of 

SKB’s plans for developing the safety case for the next two steps. 

Canister integrity issues in the current licensing step 

General 

As explained in Hedin et al., a Swedish Land and Environmental Court has, in a statement 

to the Swedish government, suggested that supplementary information be provided by SKB 

on five issues related to the long-term integrity of the copper canisters in SKB’s KBS-3 

repository concept. See Hedin et al. for a general description of how these issues were 

discussed during the court hearing and how they were assessed by the Swedish Radiation 

Safety Authority (SSM) in its review of SKB’s license application under the Act on Nuclear 

Activities. In response to the statement, SKB has intensified its ongoing work in these 

areas. Recent results, most of which have yet to be reported, support SKB’s earlier 

conclusion that these issues do not jeopardise the post-closure safety of a KBS-3 repository 

at the Forsmark site. The results are to be reported to the government by 30 April 2019. 

Each of the issues and SKB’s efforts to further address them are briefly explained below. 

Corrosion due to reaction in oxygen-free water 

In recent years, a group of researchers at the Royal Institute of Technology has claimed that 

copper corrodes in pure, oxygen-free water to an extent which exceeds that predicted by 

established thermodynamic data by many orders of magnitude. SKB has funded extensive 

experimental and theoretical work to evaluate these claims. The experiments based on which 

the claims were made have been repeated under more controlled conditions and also with 

alternative experimental approaches. Evidence of copper corrosion was not observed in 

either of these works. It is SKB’s clear conclusion that there is no scientific support for 

claiming that copper corrodes in pure, oxygen-free water to an extent that is not compatible 

with established thermodynamic data.  

Hedin et al. (2018) summarises the SKB-funded studies, gives a discussion of other actors’ 

experiments, and provides a full set of references to the scientific literature on this issue. 

SKB has also demonstrated that even if the experimental data on which the claims of 

extraordinary corrosion extents were to be interpreted as actually caused by corrosion, this 

would mean a corrosion depth of the order of only one millimetre in one million years 

under repository conditions (Hedin et al., 2017). 

Pitting due to reaction with sulphide, including the influence of the sauna effect15 

Generally, pitting corrosion may occur under a passivating film of corrosion products. The 

issue of pitting under a copper sulphide film in the final repository is not fully resolved. It 

                                                      
15. The sauna effect is, in this context, the possible process of evaporation of groundwater at the 

hotter parts (the canister) and condensation at cooler parts in the deposition hole, potentially 

leading to salt enrichment at the evaporation point. 
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has been suggested that pitting could occur either under a copper sulphide film formed 

during the unsaturated phase where sulphate-reducing bacteria (SRB) could be active and 

potentially generate high sulphide concentrations in the gas phase, or under a biofilm of 

SRB under aqueous conditions. Chen and Chen (2014) interpreted an observed copper 

surface morphology under a biofilm of SRB as evidence of pitting. The morphology for the 

unexposed sample is, however, not reported, nor are the morphological effects of the applied 

pickling method for corrosion film removal evaluated, making it difficult to draw firm 

conclusions. The experiment was conducted without bentonite clay, since the authors had 

other applications in mind for their study. This is an important difference from the KBS-3 

concept, in which a central function of the clay buffer is to suppress microbial activity. 

Furthermore, both sulphate concentrations and the supply of SRB nutrients were extremely 

favourable for SRB activity and growth compared to conditions in a KBS-3 repository. 

There is a wealth of studies suggesting that passivating copper sulphide films will not form 

under repository conditions, since sulphide concentrations or fluxes are not sufficiently 

high (Martino et al., 2017). 

SKB is currently conducting several studies to further investigate the sensitivity of the 

corrosion morphology on sulphide concentrations and fluxes in bentonite under unsaturated 

conditions. So far, the results confirm that the sulphide levels under repository conditions 

do not cause surface passivity and that the corrosion will be general rather than localised. 

Theoretical work is conducted to further elucidate the atomistic corrosion mechanism and 

to improve the understanding of copper sulphide film formation and its coupling to passivity. 

The sauna effect is expected to have negligible impact on such concentrations, based on 

both experimental and recent theoretical studies. 

SKB is also exposing copper surfaces to high gas phase concentrations of sulphide and to 

conditions conducive to SRB film growth under aqueous conditions. The surface morphology 

of unexposed and exposed surfaces will be investigated, in search of evidence of pitting 

during the exposure. 

Stress corrosion cracking due to reaction with sulphide, including the influence of 

the sauna effect on stress corrosion cracking 

Stress corrosion cracking (SCC) may occur when a metal is subjected to a combination of 

chemical and mechanical loads. It has been suggested that a combination of sulphide 

exposure and tensile stresses could cause SCC in a KBS-3 repository, in particular under 

unsaturated conditions. In earlier safety assessments, SCC has primarily been discussed for 

ammonia, nitrite or acetate in oxidising environments. In recent years, there have also been 

a few studies where observed microfractures in copper surfaces exposed to a combination 

of sulphide in aqueous environments and high tensile stresses have been interpreted as 

evidence of SCC (Taniguchi and Kawasaki, 2008; Becker and Öijerholm, 2017). Other 

investigators, including two SKB-funded studies, were, however, not able to reproduce 

these results (Arilahti et al., 2011; Bhaskaran et al., 2012; Taxén et al., 2018). All the studies 

are summarised in Taxén et al. (2018).  

SKB is carrying out further investigations to clarify under what conditions the observed 

surface phenomena could occur and how they should be interpreted. It is also important to 

note that all observations have been made for sulphide concentrations and sulphide corrosion 

rates that are considerably higher than those expected under repository conditions. SKB’s 

further studies of sulphide concentrations and fluxes under unsaturated repository conditions 

mentioned above are also of relevance for the evaluation of SCC under sulphide exposure. 
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SKB is also further analysing the extent to which tensile stresses may occur in the copper 

canister in the final repository. 

Hydrogen embrittlement 

Hydrogen is known to affect the mechanical properties of metals. This may occur, for 

example, through the formation of micropores with molecular hydrogen in the metal 

(hydrogen embrittlement) or through the reaction of hydrogen with oxide in the metal, 

leading to the formation of micropores with water (hydrogen sickness). 

The oxygen-free phosphorous-doped copper (Cu-OFP) to be used as canister material 

contains typically around 0.5 weight-ppm H. In two relatively recent studies, it has been 

suggested that this H content may increase by about a factor of two in thin samples when 

subjected to γ radiation (Lousada et al., 2016) or a combination of aqueous sulphide and 

tensile stresses (Forsström et al., 2017). Other studies with the direct aim of increasing the 

hydrogen content in copper have demonstrated that extreme electrochemical conditions in 

specially prepared aqueous environments are required to force hydrogen into copper 

(Martinsson and Sandström, 2012; Yagodzinskyy et al., 2018). Simply exposing copper to 

hydrogen gas under the highest pressures expected under repository conditions would not 

lead to any significant increase in H contents, since the solubility of H in Cu is very low. 

The overwhelming part of H in Cu-OFP is bound to traps in the form of voids, vacancies, 

dislocations or impurities, in the bulk or at grain boundaries. 

SKB is conducting theoretical calculations to advance the understanding of how H is bound 

to different types of traps (vacancies, dislocations and grain boundaries) in copper. SKB is 

also analysing available data on hydrogen charging to put bounds on what extent of charging 

could occur in copper due to e.g. corrosion or irradiation processes under repository 

conditions. Such bounds will be compared to data on mechanical properties for copper with 

well-defined hydrogen content. 

The effect of radiation on pitting, SSC and hydrogen embrittlement 

In several safety assessments, SKB has concluded that radiation from deposited canisters 

will cause a certain amount of corrosion in the final repository, but that this impact is 

negligible as regards the post-closure integrity of the canisters. A recent study confirms this 

view (Björkbacka et al., 2012). The mechanism through which radiation causes corrosion 

through the formation of radiolysis products is, however, not known in detail. During the 

court hearing it was speculated that radiation could have a negative impact on the three 

processes of pitting, SCC and hydrogen embrittlement. 

SKB is conducting studies to better understand the fundamental mechanism behind 

radiation-induced corrosion, thereby providing an improved basis for discussing the effect 

of radiation on the mentioned phenomena. In earlier reports, SKB has presented calculations 

of gamma and neutron radiation damage in both copper and cast iron, with the conclusion 

that the accumulated radiation damage is negligible for canister integrity and long-term 

safety (Guinan, 2001). SKB is now further studying radiation-induced damage of the copper 

material, both through new calculations and through experiments, since such effects could 

be of relevance for the suggested combination effects. 
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Developing the safety case for the KBS-3 repository when approaching 

construction and operation 

Access to detailed data from the underground – Local adaptation 

During underground construction it will be possible to adapt the location of deposition 

tunnels and deposition holes with respect to local rock conditions. The inclusion and 

evaluation of such local adaptation will be an important part of the safety case. 

Issues to consider include distance from the major deformation zones, location of deposition 

holes to ensure that these are not intersected by large fractures or fractures with potential 

for high water flow and to select a sufficient distance between the canisters to ensure that 

the bentonite temperature does not exceed 100C. Information will be continuously obtained 

while the repository is constructed and characterised. Pilot holes are planned to be drilled 

and assessed as a basis to decide whether to excavate a deposition tunnel in a particular part 

of the repository volume. Excavated tunnels will be mapped and characterised. Pilot holes 

will be drilled and characterised in potential locations for deposition holes. 

Relation between operational safety and post-closure safety 

Actions during operation should not only consider impacts on operational safety, but also 

consider how they might affect post-closure safety. While these two aspects of safety are 

usually not in conflict, there are a few examples where this may not be true. For example, 

stable rock reinforcement is needed both for workers’ protection and to ensure that there 

are no mishaps during canister emplacement, and the standard means of rock reinforcement 

may be detrimental to post-closure safety. 

Proved quality control an essential part of the safety case 

Confidence in the post-closure safety assessment rests upon a sufficient understanding of 

the thermo-hydro-mechanical-chemical-biological (THMCB) processes determining the 

evolution of the repository system and a demonstration that the installed engineered barriers 

and the underground construction work conforms to stated technical design requirements. 

For the former, the thorough process understanding achieved by decades of research will 

be complemented by a research programme tailored to the specific conditions at the chosen 

site and to the need to analyse the wealth of high-resolution rock data expected from the 

underground site characterisation. For the latter, a quality control programme is being 

developed. This implies possibilities to find potential manufacturing or installation errors or 

other deviations in material, equipment and handling. Before and during waste emplacement 

quality control provides the main source for ensuring that the as-built repository complies 

with stated design requirements. 

While SKB has established a technically feasible reference design and layout, detailed 

designs adapted to an industrialised process designed to fulfilling the specific requirements 

on quality, cost and efficiency remain to be developed. These updated designs should result 

in at least the same level of safety as the current reference design and should be implemented 

in the various production systems needed for the repository. Canister production, spent fuel 

encapsulation, transport, bentonite production, underground excavation and deposition 

activities are some of the areas that will be addressed. 

Technical design requirements (TDRs), i.e. requirements that a characteristic of an 

engineered barrier or underground opening shall fulfil to be approved as a part of a KBS-3 

repository, have been updated for all barrier components. If an as-built KBS‑3 repository 
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fulfils the TDRs it would help to show that performance targets will be met over its 

long-term evolution. However, it is still a challenge to ensure that the TDRs are technically 

achievable and possible to verify at the latest at the time of final installation, deposition or 

backfilling. Ongoing and future technology developments focus on these aspects. 

Quality control implies an assurance that the facilities’ stated requirements during operation 

and after closure of the spent fuel repository are satisfied. Important activities in this process 

are to establish: 

 principles for safety and quality classification; 

 what is to be quality-managed and -controlled; 

 when quality management and control are to be performed and by whom in terms 

of first, second and third parties. 

This needs to be established to qualify processes, methods, equipment and personnel for 

fabrication and installation, testing and inspection. 

Establishing and qualifying all aspects of the quality control system for the spent nuclear 

fuel repository is a considerable undertaking, as many of the quality needs and requirements 

will be unique for the repository. With respect to the canister, this implies carrying out 

numerical design and damage tolerance analyses. The results are used to establish dimensions 

and material properties (including acceptable defect frequencies and sizes) required to 

provide sufficient resilience to mechanical loads in the repository. These more specific 

requirements are used as input to manufacturing specifications and to define the defects 

that need to be detected in the production and to be controlled during manufacturing, 

encapsulation and deposition. 
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Abstract 

The article describes the integrated SÚRAO modelling approach from the outcrop to the 

wider regional area scales. The basic structural-geological model will serve as input 

material for the compilation of further hydrogeological and transport models which will 

be updated at every stage of the site assessment process aimed at the selection of the final 

and backup deep geological repository (DGR) sites in the Czech Republic. 

Introduction 

The Czech deep geological disposal concept envisages the construction of a deep 

geological repository (DGR) in a crystalline rock massif located in the Moldanubian Zone 

of the Variscan orogeny (Figure 1) and adheres to the strategy applied for the disposal of 

spent nuclear fuel in high-grade granitic and metamorphic rocks. The current SÚRAO 

schedule assumes the reduction of the number of candidate sites from nine to four by the  

Figure 1: Geological locations of the potential DGR sites 
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end of 2018. The reduction process is based on the results of field geological characterisation 

research and the inclusion thereof in geological-hydrogeological and other models of the 

potential sites. Several types of model are being constructed based on geological data in 

connection with the compilation of preliminary safety assessments of all nine potential sites 

and the related technical feasibility studies, i.e. structural-geological, hydrogeological, 

discrete fracture network (DFN) and transport models. In terms of scale, they range from 

metres in the case of outcrop fracturing quantification for the DFN models to the regional 

scale covering areas of hundreds of square kilometres and depths of up to 1.5 km. 

Scale 

The main features of the geological structure outside the context of the regional 3D models 

were modelled with consideration of areas delineated by the limits of the follow-up 

hydrogeological models of the potential sites up to a depth of 1.5 km. The active areas of 

the regional groundwater flow models were determined with respect to the boundary 

conditions.  

The following scales were defined for the purposes of site description and subsequent 

modelling (Figure 2): 

 Homogeneous rock blocks. The volume of rock that is intended for the isolation 

section of the repository. The blocks are defined according to the distance from the 

boundary limits (faults).  

 Exploration area. Areas are defined within the homogeneous rock blocks. 

 Regional-geological model: The area necessary for the compilation of a description 

of the site from the geological point of view.  

 Hydrogeological model. The area defined by the zero flux in the model (second type 

boundary conditions, i.e. perpendicular to the boundary). 

Figure 2: Scale of the site descriptions and characterisation 
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Geological models 

The 3D geological models cover a broad range of scales and lithotectonic environments 

and depict both structurally complex high-grade metamorphic units that exhibit several 

episodes of pervasive ductile deformation, partial melting and the emplacement of magmatic 

bodies, and simple overlying sedimentary formations. The initial assessment of model 

credibility, used particularly in connection with the safety analysis of the proposed deep 

geological radioactive waste repository at individual candidate sites, makes up an integral 

part of the model construction process. The models are being constructed at a previously 

defined scale. MOVE software was used for the compilation of the 3D structural geological 

models principally due to its being suitable for the complicated geological structure of the 

Bohemian Massif and its providing for simple data import and export using various formats. 

For the purposes of the 3D models of the nine potential DGR localities, the surfaces of the 

rock blocks rather than their volumes were modelled in MOVE. The models thus include 

two groups of 3D objects (meshes), i.e. the surfaces of the rock bodies and the fault 

structure. Model construction was based on digital processing of the available geological 

data including the following: geological maps at various scales, geophysical interpretation 

maps, borehole data, gravimetric model sections, vertical geological sections, structural data 

on foliation orientation and the orientation of the fault planes. With respect to the applied 

workflow methodology, each model was prepared on the basis of the following data 

spectrum: unified geological maps of the areas of the 3D regional models, gravimetric 

model sections, borehole data, archived geophysical data, structural data and geological 

sections. Regarding the current site assessment process, the describability and predictability 

of the models, the variability of the properties of the host rock as well as data availability 

are based on the geological models of each of the sites. 

Figure 3: Example of a final geological model 

 
 

DFN models 

The DFN models of the sites are based on data collected on natural outcrops and serve for 

process testing purposes from data acquisition through to final interpretation. The 

calculations are being performed in SÚRAO-developed DFRAM software and take into 

account the following assumptions: fractures are described as ellipse-inscribed polygons, 

their spatial distribution is generated as given by the Poisson process, their orientation 

follows the Fisher distribution and their size conforms to the power law distribution. While 

the calibration of the Fisher distribution employs well-established maximum likelihood 

estimates, which can be evaluated directly from the field data, a method based on original 
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research is being used to identify the volumetric fracture density and fracture size distribution 

parameters. DFN results (κ, x_min, α, P_30, JSD) are being generated for each site. The 

source data was obtained exclusively from natural outcrops (e.g. quarries, road cuttings, 

etc.) and not from boreholes. Fracture lengths, orientation in relation to each other, density, 

mineral infill and width were documented with respect to each outcrop. In order to provide 

a larger dataset, 3D reconstruction of the outcrops was subsequently performed. The final 

database included more than 2 500 individual measurements from each of the potential 

sites. The models produced serve for the assessment of the sites and as the basis for follow-up 

modelling in the subsequent site assessment stage [principally for the updating of the 

equivalent continuous porous media (ECPM) approach]. The following limitations should 

be considered and caution exercised when interpreting and further utilising the results 

obtained: the field data for each of the potential sites was acquired from a small number of 

outcrops spread over an area of tens of km2 on the Earth’s surface, the geological and 

geotechnical phenomena that may have affected the spatial distribution and orientation of 

the modelled brittle structures were taken into account only during the field survey and data 

pre-processing phase – thus the models are purely statistical; the modelling approach 

systematically builds upon a probabilistic framework in which all the DFN parameters 

consist of suitable probability distribution parameters. The P_30 parameter is being applied 

with respect to the comparison of the sites in the current site assessment process.  

Hydraulic and transport models 

The 3D hydraulic and transport numerical simulations are being performed based on the 3D 

geological models, while the hydrogeological models employ the equivalent porous media 

(EPM) approach and the deterministic visualisation of large-scale fault structures, the result 

of which consists of the velocity of groundwater flow and its direction. Each site is being 

modelled in three different software applications (Modflow, FeFlow and Flow 123D) by 

three different teams. The results will subsequently be compared and verified. The aim of 

the transport models consists of the evaluation of the length of the transport paths and the 

delay in the transport of non-sorbing contaminants along such paths into the environment. 

With respect to the current site assessment process, the following factors form the assessment 

basis of the hydrogeological and transport models: the presence of water-bearing structures 

at repository level, the difficulty of the construction of the hydrogeological model, water 

velocity and host rock hydraulic conductivity and the hydraulic gradient. Concerning the 

transport models, the site comparison takes into account transport time, water dilution and 

radionuclide solubility.  

Conclusion 

The above modelling approach demonstrates SÚRAO’s ability to synthesise field data in 

order to construct the models necessary for site assessment purposes, the current phase of 

which is primarily focused on the geological characteristics (geological model) rather than 

on the hydrogeological or transport characteristics (models). This approach was taken due 

to the current lack of data from the anticipated depth of the deep geological repository. 
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Abstract 

Code intercomparison studies are useful exercises to verify and benchmark independently 

developed software to ensure proper function, especially when the software is used to 

model high-consequence systems which cannot be physically tested in a fully representative 

environment, such as modelling a performance assessment of a deep geologic nuclear 

waste repository. Sandia National Laboratories and Global Research for Safety/ 

Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) are jointly embarking on a code 

intercomparison study between GDSA Framework and RepoTREND. GDSA Framework 

and RepoTREND are two suites of software used to model performance assessments of 

deep geologic repositories for nuclear waste. PFLOTRAN, one of the primary software 

components of GDSA Framework and partially developed at Sandia National Laboratories, 

is an open source, massively parallel subsurface simulator that solves systems of generally 

non-linear partial differential equations describing multi-phase, multi-component and 

multi-scale reactive flow and transport processes in porous media. RepoTREND, 

developed by GRS, Germany, is a compartmentally designed suite of modules (e.g. LOPOS, 

POSA, COFRAME, BioTREND, et al.) for the simulation of near-field, far-field and 

biosphere domains, specifically developed to model processes in a deep geologic nuclear 

waste repository. 

This paper describes the results of the first portion of the code intercomparison between 

PFLOTRAN and RepoTREND, which compares the radionuclide source term used in a 

typical performance assessment simulation. 

SAND2018-9915 C 

Introduction 

Code intercomparison studies are useful exercises to verify and benchmark independently 

developed software to ensure proper function, especially when the software is used to model 

high-consequence systems which cannot be physically tested in a fully representative 

environment, such as modelling a performance assessment (PA) of a deep geologic nuclear 

waste repository.  
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GDSA Framework and RepoTREND are two suites of software used to model performance 

assessments of deep geologic repositories for nuclear waste. PFLOTRAN (Lichtner et al., 

2018), one of the primary software components of GDSA Framework (see Sevougian et 

al.) and partially developed at Sandia National Laboratories (United States), is an open 

source, massively parallel subsurface simulator that solves systems of generally non-linear 

partial differential equations describing multi-phase, multi-component and multi-scale 

reactive flow and transport processes in porous media. RepoTREND (Reiche, 2017), developed 

by Global Research for Safety/Gesellschaft für Anlagen- und Reaktorsicherheit (GRS, 

Germany), is a compartmentally designed suite of modules (e.g. LOPOS, POSA, COFRAME, 

BioTREND, et al.) for the simulation of near-field, far-field and biosphere domains, 

specifically developed to model processes in a deep geologic nuclear waste repository. 

Sandia National Laboratories and GRS are jointly embarking on a code intercomparison 

study between GDSA Framework and RepoTREND. The study is being undertaken in two 

phases. The first phase compares the radionuclide source term used in a typical PA, which 

represents the convolution of the waste package degradation and waste form dissolution 

rates, as well as the solubility of radionuclides in the aqueous phase in contact with the 

waste form. The second phase consists of a simplified PA of a small, mined repository 

containing spent nuclear fuel in a salt host rock. 

This paper describes the results of the first phase of code intercomparison between 

PFLOTRAN and RepoTREND, which compares the radionuclide source term used in a 

typical PA simulation. 

Radionuclide source term set-up 

Common to all geological disposal system models, regardless of the geologic media or 

repository design, are the waste packages containing nuclear waste. For any geologic 

disposal system model, proper representation of waste package degradation and waste form 

dissolution is essential. The first step in the code intercomparison study was to compare the 

radionuclide source term, which represents the convolution of the waste package degradation 

and waste form dissolution rates, as well as the solubility of radionuclides in the aqueous 

phase in contact with the waste form. 

The waste packages modelled are assumed to contain spent nuclear fuel. A total of 80 waste 

packages make up the total inventory for this comparison case. The waste packages are 

assumed to breach instantly, thus allowing waste form dissolution, and radionuclide 

release, at the beginning of the simulation. The waste form dissolution rate was set to a 

fractional rate of 1e–7 yr–1. This means that 1/10 000 000th of the remaining waste form 

volume dissolves each year. The modelled radionuclide inventory consists of the following 

decay chain: 241Am  237Np  233U  229Th and 129I. These radionuclides are typically 

important contributors to potential biosphere dose for waste packages containing 

pressurised water reactor (PWR) spent fuel. The PWR inventory used in this comparison 

has a burn-up of 60 GW-d/MTHM and is assumed to be 100 yr out of reactor waste. It is 

emplaced in the repository as 12 PWR assemblies per waste package. 

It is noted that PFLOTRAN and RepoTREND treat the waste form radionuclide inventory 

differently. In PFLOTRAN, each waste form can be explicitly represented, and thus a 

radionuclide inventory can be defined per waste form in terms of grammes-radionuclide 

per gramme-bulk (g/g). However, in RepoTREND, the entire waste inventory is lumped 

into one value, in terms of g-radionuclide (g). For this reason, radionuclide inventory is 

given on a waste form basis, as well as a total inventory value representing all 80 modelled 

waste forms. This 80-package radionuclide inventory is shown in Table 1. 
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Table 1: Source term radionuclide inventory 

 129I 241Am 237Np 233U 229Th 

Decay rate [1/s] 1.29e-15 5.08e-11 1.03e-14 1.38e-13 2.78e-12 

Mass fraction in waste form [g/g] 2.17e-4 1.01e-3 9.72e-4 3.01e-8 1.03e-11 

Total inventory [g] 1.3e5 6.07e5 5.85e5 1.81e1 6.19e-3 

 

Comparison results 

The radionuclide source term was compared between PFLOTRAN and RepoTREND for a 

simulation time of 1e8 yr. Both codes calculate the source term as the product of the 

remaining radionuclide inventory (in grammes or moles) and the waste form dissolution 

rate (yr–1) at each time step of the simulation as it runs. For the results presented here, the 

PFLOTRAN results were extracted from the simulation after a careful time stepping 

scheme was chosen, but the RepoTREND results were generated separately (not as part of 

the RepoTREND simulation) using a time step size that ramps up as time proceeds, because 

extracting the source term value from the output of RepoTREND was too difficult at the 

time. The value of the time step size used in the CLAYPOS calculations is shown in 

Figure 1. The CLAYPOS time step ramps up slowly to 1e3 years, staying constant at 1e3 

years until approximately 13e3 years, where it then jumps to 1e4 years until the end of the 

simulation time. This time stepping scheme is not necessarily consistent with what would 

occur during a RepoTREND performance assessment simulation. 

Figure 1: Time step size for the RepoTREND (CLAYPOS) source term calculation results 

 
 

Additional differences between the two codes include the algorithm used to solve the partial 

differential equations that govern radionuclide decay and ingrowth. In PFLOTRAN, the 

system of equations can be solved for any number of generations iteratively and implicitly 

in time using Newton’s method and LU decomposition. However, for simple decay chains 

that involve three radionuclide generations or less, and zero initial daughter concentration, 

PFLOTRAN can use an analytical solution, which is exact. For the results presented here, 
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the analytical solution approach was chosen for the PFLOTRAN source term calculations, 

unless otherwise indicated. In RepoTREND, it is assumed that each parent radionuclide 

decays into a single unique daughter. Under this assumption, the decay equation is solved 

analytically, beginning with the uppermost level in the decay chain and inserting the 

solution recursively into the next level of the decay chain. 

Figure 2 presents the results of the source term comparison between PFLOTRAN and 

RepoTREND. The RepoTREND results are labelled as CLAYPOS, as that is the name 

assigned to the module in RepoTREND responsible for calculating the radionuclide source 

term. The two codes produce identical values for the radionuclide source term as a function 

of time, and therefore compare exceptionally well, as long as time step size is similar 

between the two codes and the analytical solution approach is used in PFLOTRAN. 

Figure 2: Radionuclide source term comparison results  

between PFLOTRAN and RepoTREND (CLAYPOS) 

The analytical solution approach is used in PFLOTRAN to solve for decay and ingrowth. 

 

Time stepping issues 

Initial attempts at the source term comparison showed that the source term calculation is 

sensitive to the choice of time step. This is because of two main reasons. The first reason 

is time truncation error in the iterative numerical algorithm that solves the set of partial 

differential equations that describe decay and ingrowth (labelled as Type I error). The 

analytical solution does not suffer from time truncation error, but it is limited to simple 

decay chains. The second reason is that the source term is a rate which is held constant over 

the time step. Therefore, taking several small time steps means the code is updating the 

source term rate more often than if it took fewer, larger time steps (labelled as Type II 

error). This second reason applies to both the implicit, iterative solution method, as well as 

the analytical solution approach. 

As previously noted, the RepoTREND results shown in Figure 2 were generated separately 

(not as part of the RepoTREND simulation) using several small ramped time steps because 

extracting the source term value from the output of RepoTREND was too difficult at the 

time. The CLAYPOS calculations, therefore, minimise the numerical error when time step 
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ramps up slowly (both Type I and Type II), but the time step scheme presented may not 

necessarily be practical for a performance assessment simulation if the ramp-up rate is very 

slow. In other words, this particular time stepping scheme was not tested for a typical PA 

simulation (a more typical RepoTREND time stepping scheme is shown in Figure 3). The 

PFLOTRAN results in Figure 2, on the other hand, were produced using the following time 

stepping scheme, which was chosen to minimise Type II error, but also represented a practical 

time stepping scheme that was tested for a typical PA simulation (recall the analytical 

solution approach has no Type I error). In the following PFLOTRAN time stepping scheme, 

note that the time step size grows gradually, but not as gradually as the scheme chosen for 

CLAYPOS. Also note that the largest time step size is 2e3 years for PFLOTRAN, but  

10e3 years for CLAYPOS. 

 
 

Figure 3: Time step size for a typical RepoTREND performance assessment simulation 

 

 

If in PFLOTRAN, the iterative, implicit solution approach is used instead of the analytical 

solution approach, then the comparison is slightly worse due to the introduction of Type I 

error. Figure 4 presents the source term comparison between PFLOTRAN and RepoTREND 

using the same time stepping scheme as shown above, but using the iterative, implicit 

solution approach. Note that the 241Am source term is slightly larger in PFLOTRAN than 

the RepoTREND results. 
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Figure 4: Radionuclide source term comparison results  

between PFLOTRAN and RepoTREND (CLAYPOS) 

The implicit, iterative solution approach is used in PFLOTRAN to solve for decay and ingrowth. 

 
 

As a final example, Type II error is introduced if the time step is allowed to grow too large, 

too fast and too suddenly. Using the following time stepping in PFLOTRAN demonstrates 

this rapid time step growth, and the results are shown in Figure 5. 

 
 

Figure 5: Radionuclide source term comparison results  

between PFLOTRAN and RepoTREND (CLAYPOS) 

The implicit, iterative solution approach is used in PFLOTRAN to solve  

for decay and ingrowth, with rapid increases in the time step size. 
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Note that the difference in the 241Am source term is much larger, and each time 

PFLOTRAN suddenly increases the time step size, there is a bend, or hump in the curve. 

The bend is clearly seen for 241Am at 1e3 years but can also be seen for 233U and 229Th at 

early times. This is not ingrowth. Besides 241Am, which has a fast decay rate, the Type II 

error introduced at early times does not seem to affect source term values for later times 

when the radionuclide decay rate is very slow. Moreover, sudden increases in time step 

early in the simulation introduce much more error than when time step is increased later in 

the simulation. 

Conclusions 

This summary describes the results of the first portion of the code intercomparison between 

PFLOTRAN and RepoTREND, which compares the radionuclide source term used in a 

typical PA. The two codes compare exceptionally well when time step size is ramped up in 

RepoTREND (CLAYPOS), and when PFLOTRAN uses slowly increasing time step size 

with the analytical solution approach. 

However, initial comparison attempts showed that the radionuclide source term is sensitive 

to time step size in PFLOTRAN (and probably RepoTREND, although this has not been 

explicitly shown) due to Type I and Type II error. While the analytical approach to solve 

the partial differential equations that govern decay and ingrowth in PFLOTRAN can only 

suffer from Type II error, it is limited to simple decay chains that have three radionuclide 

generations or less. To model more complex decay chains, the implicit, iterative solution 

approach must be used, but it suffers from Type I error as well. 

To minimise both Type I and Type II numerical errors, it is important to carefully choose 

the time stepping scheme so that time step size slowly increases over the simulation time. 

This can be manually controlled in PFLOTRAN by setting the maximum time step size at 

predetermined times in the simulation. In RepoTREND, an automatic time ramping scheme 

is used, which limits control over the time step size. Without precise control over time step 

size, the source term may suffer from numerical error. This is overcome in RepoTREND, 

however, because it uses an analytical solution approach to solve for decay and ingrowth. 

Recall that the RepoTREND results shown in all figures were generated separately (not as 

part of the RepoTREND simulation) using a predetermined ramped time step size because 

extracting the source term value from the output of RepoTREND was too difficult at the 

time. A further study is required where the RepoTREND source term is calculated during 

the simulation and the results are extracted from the simulation output, with the time step 

size reported.  
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Abstract 

This paper provides a synopsis of the Canadian Nuclear Safety Commission’s (CNSC’s) 

developing natural analogues research programme. 

Introduction 

One of the most challenging aspects of long-term nuclear waste management is the 

extrapolation of laboratory data collected over short periods of time (hours to years) to the 

longer periods required in safety assessment calculations. Canada’s nuclear regulator is 

developing a natural analogues research programme that includes acquiring quantitative 

field data from uranium deposits, complemented by experimental and modelling studies. 

Data collected from the field and from experiments could be used in safety assessment 

models. The projects align with the status of the implementer’s site selection programme 

and will provide the regulator with independent experience evaluating key aspects of a 

potential deep geological repository’s (DGR) safety case. 

Natural analogues are natural geological features or processes that are similar to those that 

are expected to exist in some part of a DGR system. Compared to laboratory experiments, 

natural analogues provide information over longer time frames and greater spatial scales 

required for performance assessment calculations (Figure 1) and can therefore be used to 

verify numerical modelling results. 

Uranium deposits can provide important information on the performance of radioactive 

waste forms and DGRs because uraninite – the most abundant uranium-bearing mineral in 

most uranium deposits – is similar in many ways to the UO2 in used nuclear fuel (UNF). In 

this paper, we describe three components of the programme focused on gathering data from 

natural uranium deposit analogues that possess key attributes used to evaluate long-term 

safety, relevant for a Canadian DGR. 
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Figure 1: Comparison of time and spatial scales for laboratory  

experiments (days to months), anthropogenic analogues (hundreds to  

thousands of years), and natural analogues (e.g. >1 million years) 

 

Source: Fayek and Brown (2015). 

Radionuclide migration in the near surface 

Field data from a new Canadian natural analogue is being used to investigate radionuclide 

migration in a near-surface environment. The Kiggavik deposits in northern Canada are 

sediment-hosted uranium deposits that formed ~1.6 Ga. The environment that hosts the 

Kiggavik deposits serves as a natural laboratory in which to study uraninite oxidation and 

migration of uranium and other radionuclides over large spatial and temporal scales. These 

deposits lie within a few hundred metres of the surface, in fractured metasedimentary host 

rocks. The setting is similar to potential future Canadian conditions, where a DGR initially 

constructed at a depth of at least 500 m was subject to several glacial cycles over hundreds 

of thousands of years. This represents an eroded, fractured, post-glacial geological setting 

analogous to an end-member assessment scenario. 

Investigating uranium ore bodies as an analogue for UNF in this setting will provide 

information on radionuclide leaching and remobilisation over a time period consistent with 

safety assessments (1 million years), and over a variety of spatial scales to infer migration 

rates for different radionuclides, including naturally occurring fission and activation products. 

However, fluid evolution in these deposits is complex (e.g. Shabaga et al., 2017) and there 

are challenges associated with constraining the timing of different phases of uranium mineral 

growth and dissolution, further magnified by the fine grain size of uraninite in these deposits. 

Uraninite is susceptible to alteration and radiation damage (e.g. Janeczek and Ewing, 

1995), further magnifying these challenges. 

To adequately use the Kiggavik deposits to assess actinide and fission product mobility, it 

is necessary to carefully characterise mineral paragenesis and constrain the timing of 

fluid-mineral interaction, particularly within the last 1 million years. This information will 

be relevant for modelling the long-term behaviour of UNF in DGRs.  

Revisiting the Cigar Lake natural analogue 

The Cigar Lake uranium deposit is arguably the most famous natural analogue for deep 

geological disposal, with characteristics representative of multiple aspects of a DGR 

system: the high-grade ore body is analogous to UNF, the clay halo surrounding the ore 
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body analogous to an engineered barrier system, and the depth of the ore body (~500 m) is 

analogous to that proposed for most DGRs. Cigar Lake can be taken to generally mimic 

the DGR concept with respect to isolation and containment due to limited radionuclide 

migration and retention in rock and in clay, while remaining impervious to disruptive 

geological events, including glaciation. These characteristics led to intensive study of the 

Cigar Lake analogue from ~1984-1992 by the Canadian and American implementing 

organisations of the time. Recent analytical and methodological developments, together 

with the progression of DGR projects globally, provide opportunities to refine earlier 

studies with new data. Specifically, 129I, the key isotope of concern in DGR performance 

assessments because of its mobility and existence as a fission product in UNF, is being 

analysed from Cigar Lake core samples to provide information on containment and 

transport of fission products in a natural analogue that represents an idealised DGR system. 

Natural analogue data to develop mathematical models 

Using published information on the geometry, timing, geochemistry and fluid composition 

as constraints, reactive flow and transport modelling of radionuclides around the Kiggavik 

and Cigar Lake uranium deposits will be performed. This type of modelling would need 

the consideration of thermal-hydraulic-mechanical-chemical (THMC) processes which are 

deemed to be important. The results of the modelling will help interpret and assess:  

 radionuclide mobility and transport in a post-glacial DGR setting – a worst case 

scenario (Kiggavik) for containment provided by the geosphere; 

 in situ radionuclide transport in the Cigar Lake analogue – an idealised scenario. 

Conclusion 

Ultimately, the CNSC’s natural analogues research will integrate geological, geochemical 

and geomechanical data with results of planned laboratory experiments (not described 

here). Both the Kiggavik and Cigar Lake uranium deposits are geological systems with 

elements that are similar to elements of DGR safety assessments. Investigating the Kiggavik 

deposits as a natural analogue will further elucidate the effect of glaciation on a DGR 

system. Revisiting the Cigar Lake analogue will test the robustness of this analogue as an 

idealised scenario of the future long-term evolution of a DGR system. Both of these 

analogues, as well as mathematical models using data from these analogues will contribute 

to future regulatory reviews of DGR projects. 
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Abstract 

The United States Department of Energy (US DOE) is developing a state-of-the-art 

performance assessment simulation software toolkit, Geologic Disposal Safety Assessment 

(GDSA) Framework, that couples increasingly higher fidelity models of sub-system processes 

into total system performance assessment simulations, propagates uncertainty and offers a 

variety of methods for sensitivity analysis. Because the total system representing a deep 

geologic nuclear waste repository is highly coupled and non-linear, methods of sensitivity 

analysis that do not assume linearity or monotonicity and that can quantify interactions 

between input parameters may be desirable. We compare several methods of sensitivity 

analysis using a reference case nuclear waste repository in a shale formation as a test case. 

Methods included in the comparison range from those that assume linearity or monotonicity 

(e.g. correlation coefficients, stepwise linear regression) to those employing meta-models 

to calculate model-independent variance-based sensitivity indices (e.g. Gaussian process 

surrogate modelling, polynomial chaos expansion). The shale reference case is simulated 

using PFLOTRAN, a massively parallel multi-phase flow and reactive transport simulator 

that couples processes occurring in the waste form, the engineered barrier system and the 

natural barrier system, including waste package degradation, waste form dissolution, heat 

and fluid flow, and radionuclide transport affected by advection, dispersion, sorption, 

solubility limits and radioactive decay and ingrowth. Outputs of interest include maximum 
129I concentration at several points down gradient of the repository. Uncertain (sampled) 

inputs include waste package degradation rate, shale porosity and aquifer permeability 

among others. Analysis of 200 realisations identifies the most (and least) influential inputs 

and provides the basis for a comparison of methods. 

Introduction 

The United States Department of Energy (US DOE) is developing a state-of-the-art 

performance assessment (PA) simulation software toolkit, Geologic Disposal Safety 

Assessment (GDSA) Framework, that couples increasingly higher fidelity models of sub-

system processes into total system PA simulations, propagates uncertainty, and offers a 

variety of methods for sensitivity analysis (see Sevougian et al.). Sensitivity analysis (SA) 

is useful in modelling studies for a variety of purposes, including to identify the model 

inputs in which a reduction of uncertainty would most reduce the uncertainty in the model 



458  NEA/RWM/R(2018)7 
 

 CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE 
  

output, and thus to prioritise research; and to identify model inputs that could be fixed or 

simplified without affecting model output, and thus to create a less computationally 

expensive model (Saltelli et al., 2008). It also provides a check that model behaviour is 

realistic and robust, and contributes to understanding of the total system. GDSA Framework 

employs Dakota, an open-source, parallel, object-oriented framework developed by Sandia 

National Laboratories, for uncertainty quantification and sensitivity analysis (Adams et al., 

2018a; 2018b). 

Because the total system representing a deep geologic nuclear waste repository is highly 

coupled and non-linear, methods of sensitivity analysis that do not assume linearity or 

monotonicity and that can quantify interactions between input parameters may be desirable. 

Additionally, methods of sensitivity analysis that are effective given a limited number of 

realisations are desirable, due to the computational expense of each simulation of the 

physical system. We compare the results of several methods of sensitivity analysis using a 

reference case nuclear waste repository in a shale formation as a test case. Methods included 

in the comparison range from those that assume linearity or monotonicity (e.g. correlation 

coefficients, stepwise linear regression) to those employing meta-models to calculate 

model-independent variance-based sensitivity indices (e.g. Gaussian process surrogate 

modelling, polynomial chaos expansion). 

Performance assessment of the clay reference case 

Performance assessment simulations for the clay reference case [described in full by Mariner 

et al. (2017)] assume a mined repository for commercial nuclear waste in a thick unit of 

low permeability shale. A thin limestone aquifer lies below the shale and a sandstone 

aquifer lies above the shale. A second sandstone aquifer lies at depth. A pressure gradient 

drives regional flow from west to east (left to right). Figure 1 shows a two-dimensional 

vertical cross section of the three-dimensional model domain, in which the repository is 

visible as a series of drift faces toward the left side of the model domain. The model domain 

contains 6 925 936 cells. 

Figure 1: Two-dimensional (2D) cross section of 3D  

domain showing locations of observation points 

From left in upper sandstone: “sand_obs1”, “sand_obs2” and “sand_obs3”. From  

left in limestone: “lime_obs1”, “lime_obs2” and “lime_obs3”. The deeper sandstone  

is the pale peach unit. A silty interval (medium blue) interrupts the shale (dark blue). 

 
 

Multi-physics simulations were run with PFLOTRAN (Lichtner et al., 2018), a massively 

parallel multi-phase flow and reactive transport simulator, in a high-performance computing 

environment. Using 512 processes per simulation, each 1-million-year simulation took 

approximately three hours to complete. Processes accounted for in the simulations include 

waste package degradation, waste form dissolution, equilibrium-controlled radionuclide  
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sorption and precipitation/dissolution, radioactive decay and ingrowth in all phases (aqueous, 

adsorbed, precipitate), coupled heat and fluid flow and radionuclide transport via advection 

and diffusion. Simulations included 18 radionuclides.  

Two hundred realisations were generated by sampling ten input parameters (Table 1) using 

Dakota’s Latin Hypercube Sampling capability. Concentration of 129I was monitored at 

three locations in the sandstone and three locations in the limestone (Figure 1). The 

maximum 129I concentrations (regardless of time) at each of these six observation points 

are the output variables (also called response functions) for the sensitivity analysis.  

Table 1: Sampled parameters and their distributions 

Parameter Description Range Unites Distribution 

rateSNF SNF dissolution rate 10–8-10–6 yr–1 Log uniform 

rateWP Mean waste package degradation rate  10–5.5-10–4.5 yr–1 Log uniform 

kSand Upper sandstone permeability 10–15-10–13 m2 Log uniform 

kLime Limestone permeability 10–17-10–14 m2 Log uniform 

kLSand Lower sandstone permeability 10–14-10–12 m2 Log uniform 

kBuffer Buffer permeability 10–20-10–16 m2 Log uniform 

kDRZ DRZ permeability 10–18-10–16 m2 Log uniform 

pShale Host rock (shale) porosity 0.1-0.25 – Uniform 

bNpKd Np Kd buffer 0.1-702 m3kg–1 Log uniform 

sNpKd Np Kd shale 0.047-20 m3kg–1 Log uniform 

 

Two of the sampled parameters are linear distribution coefficients (Kds) for neptunium 

sorption. Discussion of neptunium Kds has been dropped from the current SA because 

neptunium concentrations at the observation points remain very close to background 

concentrations in all simulations, and neptunium Kds cannot affect 129I concentration. 

Sensitivity analysis methods 

Correlation coefficients and standardised regression coefficients 

Correlation coefficients and standardised regression coefficients are model-dependent 

measures of sensitivity that assume linear relationships between inputs and outputs. A simple 

correlation coefficient (SCC) is a measure of the linear correlation between two variables. 

A partial correlation coefficient (PCC) is a measure of the linear relationship between two 

variables after the effects of other variables have been removed. Standardised regression 

coefficients (SRCs) are calculated from multiple linear regression of the output variable on 

the sampled inputs. SCCs, PCCs and SRCs are numbers between -1 and 1. Larger absolute 

values indicate greater sensitivity. A positive value indicates that the value of the output 

variable increases as the value of the input variable increases, while a negative value 

indicates the opposite. 

The SRCs presented below were calculated using stepwise linear regression, a method in 

which input variables are added to the multiple regression sequentially until further addition 

of variables fails to improve the regression model (Helton and Davis, 2000). At each step 

of the regression, R2 – the fraction of variance in the output accounted for by the regression 

model – is returned. The difference between R2 values at subsequent steps of the regression 

is taken to be the fraction of the variance in the output accounted for by the latest addition to 

the regression model. Like the sensitivity indices described below, stepwise linear regression 

is a form of variance decomposition. However, because it depends on the assumption of a 
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linear, additive model, it will fail to identify inputs that influence the output in a non-linear 

way, and cannot be used to identify parameter interactions (multiplicative models). 

Rank transformation 

Rank transformation improves correlation and regression analyses when the relationship 

between variables is non-linear but monotonic (Helton and Davis, 2000). In rank 

transformation, the values of input and output variables are replaced with rank values. The 

smallest value of each variable is assigned a rank of 1, the next largest value is assigned a 

rank of 2, etc., up to the largest value. If equal values of the variable occur, they are assigned 

an average rank. The analysis below includes simple rank correlation coefficients (SRCCs) 

and partial rank correlation coefficients (PRCCs). (Standardised rank regression coefficients 

were not calculated.) 

Variance decomposition with sensitivity indices 

Sensitivity indices are a measure of the fraction of the variance in the output due to particular 

inputs (Saltelli et al., 2008). Sensitivity indices do not depend on the assumption of any 

particular model (they are model-independent) and can be used to identify non-linear 

influences and parameter interactions. Sensitivity indices measuring the first-order (or 

main), higher-order and total effects of input variables are calculated from output variances 

conditional on fixed inputs.  

A first-order (main) sensitivity index (S) is a number between 0 and 1 that measures the 

fraction of the variance in the output variable due to a single input variable without accounting 

for possible parameter interactions. A large value indicates an important variable. A small 

value does not necessarily indicate an unimportant variable, because a variable can have  

a small first-order effect, but interact with another input variable to create an important 

higher-order effect. A higher-order sensitivity index is a measure of the effect of the 

interactions between two or more input variables on the variance in the output variable. For 

a modelling study (in which no random error occurs), the sum of all possible first-order and 

higher-order sensitivity indices equals 1, and taken together these terms explain 100% of 

the variance in the output variable. 

A total sensitivity index (T) is a measure of the total effect (alone and through parameter 

interactions) of an input variable on the variance in an output variable. Each T is a number 

between 0 and 1, and the sum of all T will be greater than 1, because each higher-order 

effects term appears in more than one total sensitivity index. A non-influential input variable 

will have a total sensitivity index equal to zero. Finding that T  0 indicates that the value 

of the input variable could be fixed (thus simplifying the model) without affecting the 

variance in the output variable. 

Due to the large number of simulations required to calculate sensitivity indices, surrogate 

models (also known as meta-models or response surfaces) are often employed. Two 

approaches are possible. In either case, some number of realisations must be run with the 

original simulation code in order to derive a surrogate model describing the response of the 

output variable of interest to the sampled input variables. In the first approach, the surrogate 

model is then evaluated m(d + 2) times, where m is the number of samples and d is the 

number of sampled inputs, to find the main and total sensitivity indices (Saltelli et al., 2010; 

Weirs et al., 2012). In the second approach, a surrogate model is chosen from which 

sensitivity indices can be analytically calculated, eliminating the need for multiple 

evaluations of the surrogate. For the clay reference case, we demonstrate the first approach 
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using Gaussian process surrogate models, and the second approach using polynomial chaos 

expansion (Sudret, 2008). 

Gaussian process surrogate models were fit to the data using global optimisation and the 

“surfpack” option in Dakota. A sample size (m) of 10 000 was used for evaluating the 

Gaussian process surrogate models. Resulting main and total sensitivity indices are denoted 

SGP and TGP, respectively. Polynomial chaos expansion (PCE) was performed with Dakota 

using a fourth-order polynomial expansion and “orthogonal matching pursuit” to determine 

the coefficients. The resulting main and total sensitivity indices are denoted SPCE and TPCE. 

Because maximum 129I concentrations are consistently very small (< 10–13 mol/L) at some 

observation points, the PCE method failed to return sensitivity indices for some response 

functions due to “negligible variance”. To overcome this problem, response functions were 

multiplied by a factor of 1013, which enabled the PCE method to return sensitivity indices. 

Increasing the scaling factor to 1020 (1/[background concentration]), resulted in sensitivity 

indices within approximately 1% of those calculated using the smaller scaling factor.  

Results 

Measures of sensitivity for maximum 129I concentration at sand_obs1, sand_obs2 and 

sand_obs3 are plotted in Figure 2, and for maximum 129I concentration at lime_obs1, 

lime_obs2 and lime_obs3 in Figure 3. 

Figure 2: Sensitivity of maximum 129I concentration at sand_obs1, sand_obs2, and sand_obs3 

 
 

Figure 3: Sensitivity of maximum 129I concentration at lime_obs1, lime_obs2, and lime_obs3 
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At observation points in the sandstone aquifer, all methods identify pShale (shale porosity), 

rateWP (mean waste package degradation rate), and kSand (sandstone permeability) as the 

input parameters with the greatest influence on maximum 129I concentration. Sensitivity to 

pShale decreases with distance from the repository, while sensitivity to kSand increases. 

At sand_obs1 (closest to the repository), maximum 129I concentration is negatively correlated 

with kSand; at sand_obs 2 and sand_obs 3, it is positively correlated. Substituting kLime 

for kSand, behaviour at the limestone observation points is very similar to behaviour at the 

sandstone observation points, and further discussion focuses on these. 

Different SA methods estimate the magnitude of the influence of each input variable 

differently. Rank correlations (SRCCs and PRCCs) that are larger than correlations on raw 

values (SCCs and PCCs), as for kSand at sand_obs2 and sand_obs3, suggest a monotonic 

but non-linear correlation between input and output. A partial correlation coefficient (PCC 

or PRCC) larger than a simple correlation coefficient (SCC or SRCC), as for rateWP at 

sand_obs1 and for pShale at sand_obs2 and sand_obs3, reveals a correlation that was 

partially masked by the influence of other inputs in the calculation of the SCC. 

Stepwise linear regression and sensitivity indices provide a measure of the fraction of the 

variance in the output due to the variance in an input. For stepwise linear regression, this 

fraction is taken to be the difference between the R2 obtained by the most recent addition 

of a variable to the regression and R2 at the previous step of the regression (incremental 

R2). Table 2 compares the fraction of the variance accounted for by stepwise linear regression 

with the fraction of the variance accounted for by main sensitivity indices (SPCE and SGP) at 

sand_obs2. Input variables identified as improving the regression model are listed in the 

order they were entered into the stepwise regression. Incremental R2 values and main 

sensitivity indices are summed to find the total fraction of the variance in the output accounted 

for by the listed inputs. Resulting values are similar in magnitude (total R2 = 0.275 

compared to ∑ 𝑆𝑃𝐶𝐸 = 0.312), and account for less than half of the variance in maximum 
129I concentration at sand_obs2. 

Table 2: Fraction of variance accounted for by SRCs and by sensitivity indices at sand_obs2 

Input variable Incremental R2 SPCE SGP TPCE TGP 

pShale 0.173 0.179 0.295 0.601 0.744 

kSand 0.062 0.094 0.133 0.531 0.575 

rateWP 0.021 0.038 0.020 0.253 0.159 

kLSand 0.018 0.002 0.000 0.128 0.000 

Fraction of variance accounted for 0.275 0.312 0.449 NA NA 

 

Total sensitivity indices are also included in Table 2. For pShale, kSand and rateWP, the 

total sensitivity index (TPCE or TGP) is several times larger than the main sensitivity index 

(SPCE or SGP), indicating the importance of parameter interactions. When the effects of 

parameter interactions are included, variance in the sampled input pShale accounts for 

0.601 (TPCE) or 0.744 (TGP) of the total variance in maximum 129I concentration at sand_obs2, 

almost twice that accounted for by main effects (of all input parameters) alone. While the 

Dakota implementations of PCE and GP surrogate models include explicit interaction 

terms, 200 samples over ten input variables may not be sufficient to obtain a good 

understanding of interaction effects. In the future, total sensitivity indices (and higher-order 

sensitivity indices returned by the PCE method) could be better resolved with more samples, 

which would presumably result in more accurate surrogate terms for the interactions. 
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Because total sensitivity indices include the effect of parameter interactions, near zero 

values serve to identify sampled input variables that do not contribute to variance in the 

output variable of interest. Given the constraints of the simulations considered here, kDRZ 

(permeability of the disturbed rock zone), kBuffer (permeability of the buffer) and (as 

measured by TGP) kLSand (permeability of the lower sandstone aquifer) could all be fixed 

without affecting the variance (a measure of uncertainty) in maximum 129I concentration in 

either the upper sandstone aquifer or the limestone aquifer. 

Conclusion 

All SA methods identify pShale and kSand (or kLime) as the input variables having the 

greatest effect on the output variable of interest – maximum 129I concentration at down 

gradient points in the sandstone (or limestone) aquifer. This result suggests that, given  

the constraints of the simulations performed for the clay reference case PA, reduction of 

uncertainty in these input variables would most reduce the uncertainty in the output 

variable. The finding of near zero total sensitivity indices for kDRZ, kBuffer and kLSand 

at all observation points indicates that values of these input variables could be fixed without 

affecting uncertainty in the output variables. 

The clay reference case PA is simple in comparison to expected future repository PAs, but 

already computationally expensive. As PA grows in size and complexity, the computational 

expense of each simulation as well as the number of sampled parameters may grow. Effective 

and efficient SA can help manage the number of parameters that need to be sampled (reducing 

the necessary number of model evaluations), identify opportunities to simplify the model 

(reducing the run time of each simulation), and maximise the return of information from 

the simulations that are run. The sensitivity analysis of the clay reference case demonstrated 

some of the SA methods available in GDSA Framework and provides a starting point for 

future exploration of SA methods. 
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Abstract 

The transport of mobile radionuclides from a nuclear waste repository in crystalline rock 

to the biosphere depends highly on fracture locations and fracture connectedness. In this 

study, the effects of variation in fracture realisations was assessed by randomly generating 

several sets of discrete fracture network (DFN) realisations, all with the same bulk DFN 

properties (distributions of fracture set orientations, fracture size, fracture intensity, 

fracture transmissivity), and running probabilistic repository performance simulations. 

The results show the importance to breakthrough of avoiding placing waste packages near 

locations where connected fractures intersect the drift. They also indicate that the aleatory 

uncertainty in fracture network realisations strongly influences breakthrough times at 

specific biosphere observation points.  

Introduction 

Discrete fracture networks (DFNs) for crystalline rock formations in hydrogeologic 

modelling are typically generated by computer programs that perform random sampling 

guided by user input of the properties of multiple fracture sets. Fracture set properties 

include fracture orientation, fracture size, fracture intensity and fracture transmissivity. 

Each of these properties may be represented by distributions to capture and propagate 

uncertainty. They may also account for known correlations, such as between fracture size 

and fracture transmissivity. This study examines the variability of DFN realisations and its 

effects on the migration of iodine-129 (129I) from a repository in crystalline host rock.  

Methods 

Borrowing from a generic crystalline repository model developed previously (Stein et al., 

2017), four new DFN realisations were generated for a block of crystalline rock based on 

fracture set properties measured at Forsmark (Joyce et al., 2014). The dimensions of the 

block of host rock are 3 015 m in length, 2 025 m in width, and 1 260 m in height. The 

DFNs were generated using the code dfnWorks (Hyman et al., 2015). The generated 

fractures were mapped to a gridded equivalent continuous porous medium domain using 

mapDFN.py, a code that approximates hydraulic fracture properties by calculating and 
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assigning permeability and anisotropy on a cell by cell basis in the crystalline rock (Stein 

et al., 2017). The grid cells of the host rock are cubes with 15-m sides. 

Figure 1 shows the far half of the model domain for DFN 1. This figure cuts through the 

mid-line of the repository, shown in the lower left. Fractures of the DFN realisation are 

shown in orange. Unconnected fractures are not shown. There are four observation points 

at the top boundary of the host rock. They are located on the vertical plane that intersects 

the mid-line of the repository. They are also located where deterministic features intersect 

the top boundary of the host rock. These user-defined features represent large, mappable 

fracture zones, such as faults. There are three subvertical fracture zones and two fracture 

zones with a dip of approximately 30. These features are deterministic and are common 

to each DFN realisation. Overlying the host rock is a 15-m thick overburden of glacial 

sediments (not shown). 

Figure 1: Cut-away of DFN 1 fracture realisation mapped to a porous continuum mesh 

 
 

The repository is located at a depth of 585 m. It consists of 42 drifts of length 805 m, spaced 

20 m centre-to-centre. Each drift is 5 m tall and 5 m wide and contains 80 12-PWR waste 

packages. The total number of waste packages is 3 360. Drifts are backfilled with bentonite 

buffer and are surrounded by a 1.67-m thick disturbed rock zone (DRZ). Gridding is refined 

in the repository region. The domain contains 4 848 260 cells; of these, approximately 

2.5 million are the smaller cells in and around the repository that allow representation of 

individual waste packages with surrounding buffer materials. Additional information on 

the grid and dimensions may be found in Mariner et al. (2016), available for download at 

pa.sandia.gov. 

Initial pressures and temperatures are calculated by applying a liquid flux of 0 m/s and an 

energy flux of 60 mW/m2 to the base of the domain, holding temperature (10C) and pressure 

constant at the top of the domain, and allowing the simulation to run to 106 years. Pressure 

at the top of the domain decreases from left to right with a head gradient of -0.0013 (m/m). 

These conditions provide initial conditions that represent a geothermal temperature gradient 

and hydrostatic pressure gradient in the vertical direction and a horizontal pressure gradient 

that drives flow from left to right. 

A total of 50 epistemic realisations, generated using Latin Hypercube Sampling, were run 

for each DFN realisation. Uncertainties propagated are shown in Table 1. They include 

buffer porosity, the mean degradation rates of the waste package and waste form, and 

permeabilities of the buffer, DRZ and overlying sediments. 
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Table 1: Uncertainty distributions propagated in simulations 

Parameter Lower bound Upper bound Distribution 

Used nuclear fuel (UNF) fractional 
dissolution rate (rateUNF) [yr–1] 

10–8 10–6 Log uniform 

Glacial permeability (kGlacial) [m2] 10–16 10–13 Log uniform 

Buffer porosity (pBuffer) 0.3 0.5 Uniform 

DRZ permeability (permDRZ) [m2] 10–19 10–16 Log uniform 

Buffer permeability (permBuffer) [m2] 10–20 10–17 Log uniform 

Log of mean waste package fractional 

degradation rate at 60C (rateWP) [yr–1] 

-5.5 -4.5 Uniform 

 

The simulations were run using GDSA Framework. GDSA Framework is a freely available 

performance assessment tool for deep underground disposal of nuclear waste; it uses 

open-source PFLOTRAN and Dakota software. PFLOTRAN (Hammond et al., 2011; 

Lichtner and Hammond, 2012) is a massively parallel thermal-hydrologic-chemical (THC) 

multi-physics code for simulating the transport of fluids and heat in porous and/or fractured 

media. Dakota (Adams et al., 2018) is an interface for generating probabilistic input sets 

and conducting sensitivity analyses. More information on GDSA Framework can be found 

at pa.sandia.gov. 

Results 

Figure 2 shows the 129I concentration contours at 300 years for one of the epistemic 

realisations of DFN 1. Several waste packages have breached by 300 years due to randomised 

spatial variability about the sampled mean value of rateWP. A rateWP value of -5 implies 

a mean waste package breach time of 105 years if held at a constant temperature of 60C. 

Spatial variability about rateWP was assigned individually to each waste package using an 

assumed standard deviation. 

Figure 3 shows 129I concentration as a function of time at the observation points. OBS_10 

is not shown in Figure 1 because it has been cut away. It is located on the top of the host 

rock where the subvertical fracture zone containing OBS_6 intersects the dipping fracture 

zone containing OBS_4. 

Figure 4 shows the cumulative frequency of breakthrough times of 129I at the observation 

points for two different thresholds, 10–10 M and 10–8 M. 

Discussion 

The fracture set properties and deterministic fracture zones employed in this study provided 

sufficient fracture connectedness that each DFN realisation resulted in direct fracture 

pathways from the repository to the top boundary. The existence of connected fracture 

pathways was determined by computer code. As suggested in Figures 2 and 3 by the relatively 

rapid movement of 129I in the host rock, migration of released mobile radionuclides through 

the host rock is dominated by fracture flow. 

No care was taken to avoid placing waste packages near where fractures intersect the drift. 

As shown in Figure 2, several waste packages had breached by 300 years in the half of the 

repository shown. However, only one of them was poorly isolated from the fracture 

network. Waste isolation in a crystalline repository is enhanced by the endurance of low 

permeability buffer materials, a minimal DRZ with low permeability and avoidance of 

intersecting fractures. 



468  NEA/RWM/R(2018)7 
 

 CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE 
  

Figure 2: 129I concentration contours for DFN 1 at 300 years 

Log scale ranges from 10–15 to 2.7 × 10–5 M. 

 
 

Figure 3: 129I concentrations over time at observation points for DFN 1 
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Figure 4: Cumulative occurrence of 129I breakthrough above 10–10 M and 10–8 M (columns) 

for DFN realisations 1 through 4 (rows) as a function of breakthrough time 
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Uncertainty propagated in the parameter distributions listed in Table 1 is responsible for 

much of the variation in concentration observed as a function of time at the observation 

points (Figure 3). Sensitivity analyses indicate that for most observation points, this variation 

is highly correlated with the sampled waste package degradation rate. In addition, the 

partial rank correlation coefficient indicates that breakthrough at OBS_8 is significantly 

affected by the hydraulic conductivity of the overlying sediments. OBS_8 is down gradient 

from the other observation locations and appears to be affected by migration of 129I through 

the overlying sediments after 129I reaches the sediments via fracture pathways through the 

host rock. The plots of cumulative occurrence of breakthrough in Figure 4 also indicate 

effects of propagated uncertainty. Breakthrough time can vary over a large range for a given 

DFN realisation and observation point, largely due to the variation in waste package 

degradation rates. 

Though much of the propagated uncertainty is epistemic, there is an important aleatory 

component. The random (aleatory) assignment to each waste package of the deviation from 

the mean waste package degradation rate introduces spatial variability that can affect 

breakthrough time. Early waste package breaches may occur in parts of the drifts that may 

or may not be well isolated from intersecting fractures, thus affecting breakthrough time at 

observation points. In addition, the random generation of discrete fracture networks 

propagates considerable aleatory uncertainty, as observed when comparing the cumulative 

breakthrough plots for the different DFN realisations (Figure 4). 

Conclusion 

This study examined the spatial effects of variability in fracture network realisations on 

breakthrough times at observation points at the top of the host rock of a crystalline repository. 

In probabilistic simulations, aleatory (random) uncertainty in the locations of the earliest 

failing waste packages and the locations of fractures that intersect the repository affect how 

quickly 129I reaches the fracture network and ultimately the observation points. While 

uncertainty in breakthrough times was largely due to uncertainty in mean waste package 

degradation rate, aleatory variability in fracture network realisations was also highly 

influential. These simulations suggest that for discrete fracture networks with connected 

fracture pathways through the host rock, waste isolation is significantly enhanced by 

avoiding drift locations with intersecting fractures and by reducing and minimising 

pathways through the drift and DRZ to intersecting fractures. 
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Abstract 

The growing inventory of spent nuclear fuel from US commercial nuclear reactors in dry 

storage dual-purpose canisters (DPCs) at both operating and decommissioned power 

plants has necessitated the need to explore the possibility of directly disposing of these 

canisters even though they were neither designed nor are licensed as disposal canisters. 

Since 2012, the US Department of Energy’s Office of Nuclear Energy has funded research 

and development (R&D) to address three main issues related to the direct disposal of 

DPCs: size and weight, thermal output and criticality. This paper is a brief summary of the 

planned R&D to address these issues in 2018-2019 and the expected results. 

Introduction 

In the absence of an operating repository for permanent disposal of commercial spent 

nuclear fuel (SNF), US nuclear utilities have been storing spent nuclear fuel on site. To 

manage the growing inventory of SNF of ~2 200 metric tonnes (MT) generated per year, 

and with storage pools at capacity, utilities are transferring older, cooler fuel from pools to 

dry storage canisters. Most of these canisters are certified by the US Nuclear Regulatory 

Commission (US NRC) for both storage and transportation; hence, the name dual-purpose 

canisters or DPCs. DPCs are large canisters, typically measuring ~2 metres in diameter and 

~5 metres in length, and heavy, weighing up to about 50 tonnes when loaded, and some of 

the newer designs can accommodate as many as 37 pressurised water reactor (PWR) or 

89 boiling water reactor (BWR) fuel assemblies. 

At present there are ~40 000 MT of SNF stored in over 2 700 DPCs at independent fuel 

storage facilities located at both operating and decommissioned nuclear power plants across 

the United States. Approximately 160 new DPCs are loaded each year. Figure 1 (Bonano, 

et al., 2018) shows the projected estimates of SNF in storage, both in pools (blue curve) 

and in DPCs (green curve), with the red curve representing the total SNF inventory in 

storage. There are several assumptions embedded in the projections shown in Figure 1: 

 The nine existing nuclear power plants that had announced shutdown dates as of 

the end of 2017 will continue operating until those dates; all others receive license 

renewals and are decommissioned after 60 years of operation. 

 No new reactors are built. 
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 No spent nuclear fuel is reprocessed. 

 There are no options for permanent disposal and all spent nuclear fuel remains in 

temporary storage (Bonano et al., 2018). 

At present the majority of the SNF inventory in storage is in pools, but sometime between 

2025 and 2030 the SNF inventory in DPCs will surpass the inventory in pools and by 

mid-century practically all of the inventory (~135 000 MT) will be in ~8 000 DPCs. The 

United States is faced with three basic SNF management options, or combinations thereof 

(Bonano et al., 2018): 

 opening the DPCs and repackaging the SNF in canisters suitable for disposal 

sometime in the future; 

 constructing one or more repositories that can accommodate DPCs as disposal 

canisters; 

 storing SNF at surface facilities indefinitely and repackaging as needed. 

The focus of this paper the second item listed above; the direct disposal of DPCs can 

potentially could be considerably less expensive than opening the DPCs and repackaging 

the SNF either into disposal-specific canisters or into new DPCs and may not pose risks to 

workers, the public or the environment. 

Figure 1: Projected inventory of US commercial spent nuclear fuel in storage 

 

Source: Bonano et al. (2018), based on data from Carter et al. (2016). 

R&D for direct disposal of DPCs 

As stated earlier, DPCs are certified by the US NRC for both storage and transportation; 

however, they are not designed as disposal canisters. Thus, a major question facing the 

United States is whether DPCs can be left untouched and directly disposed as is. Since 

2012, research on this topic has been sponsored by the US Department of Energy Office of 

Nuclear Energy’s Spent Fuel and Waste Science and Technology (SFWST) Campaign 

(Hardin et al., 2015). 
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There are three major challenges that must be addressed when considering the direct disposal 

of DPCs (Hardin et al., 2015; Bonano et al., 2018): 

 Size and weight. DPCs are much larger and heavier than more conventional disposal 

waste packages for most repository designs, perhaps other than the proposed Yucca 

Mountain repository. 

 Thermal management. DPCs are getting bigger and, with utilities going to higher 

burn-ups, hotter than most conventional disposal waste packages. 

 Criticality control. Because they were not specifically designed for disposal, DPCs 

may not have adequate criticality controls for the disposal time frames of interest 

(hundreds of thousands of years). 

Under the SFWST Campaign, the following R&D activities related to direct disposal of 

DPCs are being planned for 2018 and 2019: 

 technical/programmatic solutions for direct disposal of SNF in DPCs; 

 probabilistic post-closure DPC criticality consequence analysis; 

 DPC filler and neutron absorber degradation R&D; 

 multi-physics simulation of DPC criticality. 

Expected outcomes from this R&D includes: 

 DPC disposition alternatives, R&D and resource needs; 

 generic (non-site specific) preliminary probabilistic risk assessment; 

 preliminary multi-physics coupled models; 

 feasibility of thermal-setting phosphate cement as filler. 
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Abstract 

The US Department of Energy (DOE) Waste Isolation Pilot Plant (WIPP) is a deep 

geologic repository for disposal of atomic defence-related waste contaminated with 

transuranic radionuclides. The primary long-term (post-3 000 years) is 239Pu, with a half-

life of 24 100 years. Currently, legislation limits the volume of waste going to WIPP to 

about 176 000 m3 (6.1 million ft3). 

This paper describes the US Environmental Protection Agency’s 2017 recertification of the 

WIPP. 

 

The Waste Isolation Pilot Plant (WIPP) is located in southeast New Mexico in the 

sedimentary Delaware Basin (see Figures 1, 2 and 3). The DOE disposes of radioactive 

waste 655 metres underground in the Salado Formation. At that depth the Salado halite will 

creep around the waste within several hundred years of closure, though gas generation and 

intrusions could alter the closure timeline. 

Figure 1: Picture of the waste handling building 

 

Source: DOE. 
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Figure 2: Location of WIPP in southeast New Mexico 

Note the location of the Delaware Basin. 

 
 

Figure 3: Drilling in the Delaware Basin has increased over time 

 
 

The US Environmental Protection Agency (EPA) certified (i.e. licensed) the WIPP in 1998, 

a process that involved approving the safety case. The EPA has recertified the WIPP three 

times, most recently in July 2017. In the recertification process, the EPA requires the DOE 

to identify information that has changed from the previous approval and use updated data 

in the performance assessment (PA). In the recent review the EPA required the DOE to 

perform additional calculations with some alternative parameters to address certain aspects 

of the modelling identified in its 2014 Compliance Recertification Application (CRA) 

(DOE, 2014). The EPA’s review identified multiple areas of improvement for the next 

recertification, including updating the geochemistry database and re-evaluating creep 

closure processes and their inclusion in PA (Federal Register, 2017). 
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If undisturbed, no releases are expected at the WIPP, but the Delaware Basin is an area with 

oil and gas drilling, so drilling needs to be addressed in the PA. The disturbed scenarios 

that include drilling intrusions have four release mechanisms that are modelled: 

 cuttings and cavings occur each time there is a drilling intrusion; 

 direct brine releases bring dissolved actinides to the surface; 

 spallings are solid materials transported to surface; 

 long-term groundwater releases can occur through the Culebra Dolomite. 

Cuttings and cavings occur with each drilling event. Direct brine releases are the dominant 

release mechanism at low probabilities. The risk of a release is influenced primarily by the 

availability of liquid (i.e. brine) in the repository, the availability of radionuclides to 

dissolve (i.e. inventory and solubility limit) and the pressure in the repository (to transport 

dissolved radionuclides upward). 

The regulatory limits for the WIPP are release limits identified in the EPA’s radioactive 

waste disposal standards at 40 CFR Part 191. The limits are given in terms of probabilistic 

complementary cumulative distribution functions (CCDFs), which are exceedance curves 

(and the inverse of cumulative distributive functions). When viewed graphically, calculated 

releases that are to the left of the regulatory limits as portrayed in Figures 4 and 5 indicate 

that the WIPP complies with the EPA’s numerical standards at 40 CFR part 191.13. 

The EPA identified multiple areas for improvement in CRA-2014, but the PA issues of 

most interest to the EPA (and discussed here) affect the direct brine release mechanism, by 

which actinides dissolved in brine are transported to the surface during a drilling intrusion.  

Figure 4: Mean CCDFs for all release pathways from the CRA 2014 PA 

Mean CCDFs for all release pathways from the CRA 2014 PA in accordance with the  

EPA’s radioactive waste disposal regulations at 40 CFR Part 191. Compliance points  

are for the normalised EPA Unit of 1 at a probability of 0.1 (1, 0.1) and a normalised  

EPA Unit of 10 at a probability of 0.001 (10, 0.001), denoted by the green circles. 
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Figure 5: Overall mean CCDFs for direct brine releases from the CRA 2014 PA 

Overall mean CCDFs for direct brine releases from the CRA 2014 PA and the CRA 2009 PA.  

The calculated releases decreased between the 2009 CRA and the 2014 CRA. 

 
 

Key issues identified by the EPA include: 

 Actinide solubility. The DOE did not update the chemical database as expected 

since the 2009 CRA; studies used by the DOE in determining actinide solubility 

uncertainty and the EPA’s review of information suggests that the more soluble 

Pu(III) should be favoured over Pu(IV). 

 The probability of hitting a brine pocket under the repository. The EPA did not 

approve the DOE’s method to revise the parameter. 

 Modelling of open areas. Because certain areas are being abandoned for worker 

safety reasons, there will be more open areas that need to be modelled in the future. 

 Overall modelling of direct brine releases that involve the interactions of the items 

listed above plus the conditions of the repository (e.g. panel and drift permeability 

and porosity) that can influence the pressure characteristics of the waste areas. 

The EPA requested that the DOE make changes to the input parameters and prepare 

additional calculations. The results of the fourth sensitivity study, SEN4, are provided below 

and compared with the CRA 2014 results. The modifications requested for this study were: 

 Use the EPA’s updated distribution for the probability of intersecting a waste panel 

and a Castile brine reservoir (PBRINE parameter). 

 Use a revised data set for the actinide oxidation state solubility uncertainty 

distribution. 

 Modify the lower limit for the waste strength parameter. 

 Use the updated version of the computer code DRSPALL that models solid waste 

carried up a borehole. 

 Eliminate the hydrogen sulphide reaction with iron. 

 Use the correct modelled length for north panel closure to correct an input error. 



NEA/RWM/R(2018)7  479 
 

CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE  
  

Figure 6: Total mean releases and associated confidence  

intervals for the EPA mandated SEN4 study and CRA 2014 

Curves to the left of the dashed line indicate WIPP complies  

with 191.13 (specifically, points at [1, 0.1] and [10, 0.001]). 

 

 

 

In the SEN4 study, the most significant result was that direct brine releases increased and 

the repository remained in compliance. The EPA concludes that these increases were 

primarily the result of updating the solubility uncertainty distributions, updating the 

distribution of PBRINE and incorporating hydrogen sulphide steel passivation. The 

remaining changes provided important updates and corrections to the PA calculation but 

had only a negligible effect on total mean releases. Based on the EPA’s review, including 

these calculations, EPA recertified the WIPP in July 2017. 
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Abstract 

The paper contains observations of regulatory requirements for closure of deep disposal 

facilities for liquid radioactive waste as well as brief observations on approaches to 

monitoring of radioactive waste disposal systems. 

Introduction 

Deep disposal facilities for liquid radioactive waste (DDF LRW) have been operating in 

Russia since 1967. The disposal of liquid radioactive waste (LRW) is conducted by 

controlled well injection into operational aquifers isolated by weakly permeable rocks from 

the surface and shallow aquifers (Figure 1). During the operation of the DDF LRW, 

continuous monitoring is conducted concerning the state of the geological medium and the 

accumulation of waste components in the operational aquifers, as well as the ongoing 

processes of changing water level regime, radionuclide and chemical composition of 

groundwater, and the technical condition of wells. 

Figure 1: Scheme of DDF LRW 
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Safety requirements 

In accordance with the provisions of the regulatory documents, the safety case for DDF 

LRW should be based on the results of the safety assessment of the DDF LRW, including 

the safety analysis of the DDF LRW during its operation and closure and the forecast 

calculation of long-term safety after its closure. 

The issue of closing the DDF LRW is especially relevant due to the extension of its 

designated lifetime through 2023. 

In compliance with the provisions of the regulatory documents, closure activities of the 

DDF LRW are carried out in accordance with the closure project, which provides the 

following measures: 

 liquidation (filling and sealing) of injection and observation wells; 

 decontamination and dismantling of surface infrastructure intended for reception 

and disposal of LRW; 

 carrying out periodic surveillance and monitoring of the RW disposal system. 

Wells are liquidated using technologies for reliable isolation of the operational aquifer from 

the overlying aquifers, excluding overflows along the annular and inter-tubular space of 

casing strings of wells. 

To carry out environmental monitoring after the closure of the DDF LRW part of the 

existing observation wells is used and new ones are also being built. 

To confirm the safety of the disposed LRW after closure, a set of measures for surveillance 

of the DDF LRW site and monitoring of the RW disposal system and environment should 

be carried out (Figure 2). The means methods, scope, frequency and duration of the 

monitoring of the DDF LRW after the closure are established and justified in the closure 

project of the DDF LRW. The duration of the DDF LRW monitoring after closure is 

dependent on radionuclide composition, total activity of RW, the period of potential hazard 

and is established in a closure project based on results of a long-term safety assessment. 

DDF LWR post-closure monitoring results should be periodically compared with the results 

of earlier forecast calculations to make technical decisions and enact organisational measures 

for optimising monitoring and improving the safety level of the RW disposal system. 

Figure 2: Monitoring of DDF LRW 
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The monitoring of the DDF LRW is carried out after closure until the safety of the disposal 

system of RW is confirmed and then the monitoring functions of DDF LRW are transferred 

to a unified system of state environmental monitoring. 

Conclusion 

The provisions of the regulatory documents in Russia are currently sufficient to implement 

the closure of the DDF LRW. Despite the sufficiency of the existing requirements, Russia 

is continuously working on the development of specific requirements and 

recommendations for the closure of the DDF LRW. 
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Abstract 

The Japanese Nuclear Regulation Authority (NRA) has been discussing new regulation for 

the intermediate-depth disposal which will be located at least 70 m below ground level, 

and contain core internals from decommissioning of nuclear power plants. The waste for the 

intermediate-depth disposal contains relatively high concentration of short-lived nuclides, 

significant amounts of long-lived nuclides, and nuclides having half-lives of longer than ten 

thousand years. In the new regulation the following will include: 

  The disposal facility site shall be restricted from excavation activities after the 

termination of the license (about 300 years after closure) as an institutional control. 

  The disposal facility shall be isolated from natural disruptive events (e.g. volcanos, 

faults) and human activities (e.g. constructing buildings, excavating tunnels) at 

least one hundred thousand years. 

  The optimisation of the “as low as reasonably achievable” (ALARA) concept will 

be taken as a basic concept for the radiological protection of waste disposal 

recommended by international organisations such as the International Commission 

on Radiological Protection (ICRP) and the International Atomic Energy Agency 

(IAEA). Concretely speaking the engineered barrier and natural barrier shall be 

designed and selected as an optimised one that the release of nuclides from the 

disposal facility would be ALARA. The licensee shall demonstrate the selection 

process of the engineered barrier, natural barrier (location of the facility) and their 

combination from a crowd of other contenders. 

  The dose of the representative person estimated by two stylised scenarios shall not 

exceed 20 mSv/y: 

 ○ A human intrusion scenario shall be required for reviewing the amount of 

radioactive waste contained in a “compartment” of disposal facility, and will 

be provided as a stylised scenario by the regulator. 

 ○ The amount of long-lived nuclides shall be limited below the level derived from 

safety assessment which the person hypothetically would contact with wastes 

at one hundred thousand years after closure. 



484  NEA/RWM/R(2018)7 
 

 CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE 
  

Institutional control for preventing human intrusion 

The Act on the Regulation of Nuclear Source Material, Nuclear Fuel Material and Reactors 

was revised in April 2017, and requires that disposal facility sites shall be restricted from 

excavation activities after the termination of the licenses as an institutional control. The 

Nuclear Regulation Authority (NRA) shall specify the boundary of the restricted area to 

meet the following requirements: 

 no direct disturbance to the disposal facility; 

 no damage and no disturbance to the natural barrier which is located around the 

disposal facility and has an ability to prevent nuclide migration. 

Siting requirements for the location of disposal facility  

The disposal site will be required to be located in areas unlikely to be subject to direct hits 

by natural disasters (faults and volcanic activities) and by human activities (underground 

use such as construction of buildings and tunnels) as shown in Figure 1. 

Figure 1: Design requirements for the intermediate-depth disposal 

 
 

Faults 

 The licensee shall survey the faults located in and around the site by geophysical 

exploration. 

 If fault(s) were found in and around the site, the facility shall be located outside of 

the region where the fault(s) would have a destructive effect. The regulator will 

realise that the facility would be located outside of the region if the facility would 

have a distance a hundredth of the fault length from the fault. 

 In case the fault(s) has a high potential to extend its reach to the facility, the facility 

shall avoid to hit the fault activities.  

 In case that the landslide trace(s) has found in the disposal site and that the trace(s) 

has a high potential of displacement by the gravity action, the facility shall be 

located avoiding the trace(s). 
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Volcanic activities 

 The licensee shall select the area (site) without history of volcanic activities of 

feeder-pipes and dikes during the Quaternary period (2.58 M years ago to present). 

 The licensee shall select area (site) where is not expected to have volcanic activities 

of feeder-pipes and dikes which would deform or destroy the disposal facilities for 

the next one hundred thousand years, based on the previous time and spatial 

transition (history). 

Depth of facility location 

The licensee shall research and evaluate uplift, subsidence and erosion in and around the 

area of the disposal site. In case of region near the river or coastal region, the potentials of 

erosion shall be evaluated as below: 

 the potential of downcutting power of river(s) when sea level falls; 

 the potential of lateral erosion of sea when sea level rises; 

 the potential of slip(s) of bedding plane combined with the erosions by the sea level 

change. 

ALARA/optimisation requirement 

The NRA has developed new regulatory requirements for the long-term safety of an 

intermediate-depth disposal with ALARA and optimisation concepts, based on international 

standards reported by the International Commission on Radiological Protection (ICRP) and 

the International Atomic Energy Agency (IAEA). The ALARA and optimisation concepts 

have some problems relating to how to judge the validity of optimised design without 

numerical criteria. The NRA has been discussing the procedure discussed below for 

judgement and correct reviewing of the optimised design, as shown in Figure 2. 

Figure 2: Requirements for ALARA/optimisation on design stage for natural scenario 
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Review policy for design process with ALARA/optimisation concept 

 The regulator will review the “design process” for judgement of validity of design. 

 The “design process” steps include: 

o selection of engineered barrier design; 

o selection of the site facility location;  

o selection of disposal total system (combination of engineered barrier and 

location. 

The NRA will develop a regulatory guideline indicating the review points and 

indicators for each step. The licensee shall show a development process and result 

for selection of good (optimised) design.  

 The regulator will review the design information’s concreteness and accountability 

as reported in the license application, and review the quality of complementary 

information and analysis report.  

Selection of engineered barrier design 

The regulator will review: 

 identified functions for containment and low migration of radionuclides, and the 

design and construction technique for the engineered barrier components compared 

with the techniques used in similar facilities in the country and overseas; 

 the process and results of the performance evaluation and the leakage evaluation of 

radioactive materials, based on the environmental conditions affected to the 

engineered barrier system; 

 the set of goal(s) of the performance and the selected design and construction 

technique for goal achievement. 

Selection of site facility location 

The facility location shall be selected: 

 as an area which satisfies the siting requirements (faults, volcanos and sufficient 

depth to avoiding human activities) as described earlier; 

 as a good location from the viewpoint of low migration of radionuclides in 

consideration of the geological environment, the influence factor for natural barrier, 

and the groundwater pathway. 

Selection of disposal system (combination of engineered barrier and location) 

The disposal system shall be selected from multiple options which will be based on selected 

engineered barrier options and facility locations as discussed above. The indicators of total 

performance would be the migration rate of radionuclides (migration volume per year) and 

the integrated value of migrated radionuclides to the biosphere. 

In addition to review of the “design process”, the regulator will review that the exposure 

dose calculated based on selected disposal system for representative person shall not exceed 

the dose constraint (300 Sv/y) for a less-likely scenario and not exceed 100 Sv/y for a 

likely scenario.  
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A likely scenario is defined as the change of state of the disposal system under the likely 

conditions in light of existing data, knowledge and mainly focused on aleatory uncertainties. 

A likely scenario has condition with conservative parameters which licensee shall show as 

a degradation state of barriers’ performance in the design and quality assurance based on 

enough data and knowledge. 

A less-likely scenario is defined as scenario(s) considering mainly epistemic uncertainties 

and as specified scenario(s) for evaluation of loss of a barrier function of each component 

of the engineered barrier and natural barriers. 

Human action scenario 

Stylised scenario of human intrusion (borehole) 

The NRA requires that the facility be separated into compartments to limit the maximum 

radioactivity contained in a compartment and control the leakage volume of radioactivity 

to the biosphere in case of borehole intrusion. For validity of a compartment size, the 

licensee shall evaluate the human intrusion (borehole) scenario (Figure 3) and ensure the 

dose of the representative person estimated by this scenario would not exceed 20 mSv/y. 

This stylised scenario shall evaluate that: 

 one borehole be drilled; 

 the borehole be left derelict; 

 radionuclides be migrated to biosphere through the borehole; 

 radionuclides be reached to the aquifer with enough water for pumping (a well). 

Figure 3: Stylised scenario of human intrusion (borehole) 

 
 

Stylised scenario human contact with waste 

NRA requires that the facility shall have limited radioactive concentrations for long-lived 

radionuclides. For estimation of the concentrations of long-lived radionuclides, a stylised 
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scenario which is a hypothetical situation that a human contact (in proximity) with the 

waste (the disposal facility) after 100 K years shall be evaluated (Figure 4).  

The facility which a human contact (in proximity) with would be immixture with waste and 

components of engineered barriers. The human would live and do farming on the mixture 

soil including waste. 

Figure 4: Stylised scenario human contact with waste 

 
 

Conclusion  

The NRA has been discussing new regulations for the intermediate-depth disposal which 

will be located at least 70 m below ground level, and will contain core internals from the 

decommissioning of nuclear power plants. The waste for the intermediate-depth disposal 

contains a relatively high concentration of short-lived nuclides, a significant amount of 

long-lived nuclides, and nuclides having half-lives of longer than ten thousand years. The 

new regulation will be announced officially by the end of this year. 
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Abstract 

Radioactive Waste Management (RWM) is currently developing a system named 

Visualisation of System Information (VISI) to visualise and electronically present its 

environmental safety case (ESC). This system, which has reached a prototype stage and is 

undergoing active development, is designed to present an interactive, fully linked, digital 

safety case across the document hierarchy via a web browser, although PDF versions will 

also be accessible from the system. 

The suite of safety case documents will be managed, stored and versioned within the tool. 

The paper discusses how the tool will enhance the management and retrieval of information 

within the safety case by using the stored metadata and by enabling features such as 

advanced searching. 

The safety case suite within the tool will be subject to an integrated version control system 

allowing for clear traceability and auditing as the safety case evolves. The system will 

implement branches of the safety case within the system; such branches are collections of 

documents with a common origin, but which exist independently to allow for separate 

versioning of each collection. An appropriate set of branches, for example distinguishing 

between draft, reviewed and published versions, will be implemented, allowing the 

development cycle of the safety case to be captured within the tool. The versioning system 

to be used within VISI is presented and the use of appropriate branches for the safety case 

and its underpinning documents is discussed. 

Additionally, a workflow management system will be incorporated within this system to 

ensure a suitable level of review and approval is required for the specific branches. The 

paper outlines the workflow processes that will be used within VISI, detailing the differences 

in the process utilised by different branches. 

The tool allows the safety case to be visually presented, in terms of an appropriate set of 

claims, safety arguments and evidence (CAE). The use of CAE to demonstrate the logical 

structure of the safety case is discussed, and appropriate examples from RWM’s ESC are 

presented. The tool’s visualisation of CAE as a hierarchical flowchart is then considered. 

Additionally, its dynamic capabilities in terms of the filtering and styling of the CAE 

diagram is presented. The potential role of CAE in RWM’s disposability assessment process, 

which rates the suitability of waste packages for disposal in a UK GDF, is discussed. 
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Introduction 

Radioactive Waste Management (RWM) is currently undertaking the development of the 

Visualisation of System Information (VISI) system to better visualise and electronically 

display its environmental safety case (ESC). The rationale for this tool is to create a system 

that makes the ESC and its underlying knowledge base easy to display and navigate. As part 

of this, the safety case document suite needs to be contained and displayed by the system. 

The system also needs to allow users to see the structure of the safety case and how it is 

linked to the knowledge base. To facilitate this, the tool should include the ability to display 

visual representations of the safety case, in a flowchart format, to show clearly the structure 

of the ESC and its safety arguments, along with dependencies from its knowledge base. 

A prototype version of this system has been produced by RWM and it is currently being 

developed into a production system. The prototype VISI system is an amalgamation of a 

series of technologies that are used to create a web application that: 

 allows safety case structure, in terms of its claims, arguments and evidence, to be 

displayed pictorially as a flowchart; 

 presents the ESC and its underpinning documents as suitably structured and 

rendered web pages that are easily navigable; 

 facilitates the searching of both the documents and the flowcharts (henceforth 

referred to as diagrams). 

RWM is currently in the process of developing the full VISI application, which will 

enhance authoring, storage and review of documents present within VISI. 

One of the principle features of the prototype tool is that it provides a digitised, searchable 

suite of disposal system safety case (DSSC) documents (RWM, 2016a, 2016b). These 

DSSC documents are accessible from the site homepage and can be seen listed in Figure 1. 

These documents are rendered as webpages, as shown in Figure 2. This has been realised 

by placing the authored content of the documents into a markup language, known as DITA  

 

Figure 1: The home page of the current prototype VISI tool 
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Figure 2: A DSSC document as displayed by the prototype VISI tool 

 
 

(Darwin Information Typing Architecture). A markup language such as DITA is a system 

for annotating a document in a way distinguishable from the text; in the case of DITA the 

annotated pieces provide instructions for a presentational structure. For example, such an 

annotation may indicate that a title, a table or a list should appear. The documents in this 

format can then be transformed, using technology such as the DITA Open Toolkit (DITA OT, 

2018), to produce various outputs, including HTML. 

Furthermore, the content of the DSSC documents and the diagrams are indexed by the 

system, to allow for searching. The system makes use of the LUCENE.Net library (Apache 

Foundation, 2018), a powerful, open source library which implements search algorithms to 

implement this feature. The search feature can be seen on the home page in Figure 1 and 

when used will conduct a full text search of the documents (or diagrams). An advanced 

search page is also provided for searching on specific fields, such as titles, figure captions 

or subsets of the DSSC. 

Additionally, the tool can display visualised flowcharts (known as diagrams) by the 

integration of a flowchart library, yFiles (yWorks GmbH, 2018). Objects in the flowchart 

can be linked to documents within the system (whether part of the DSSC suite or custom 

written) and these documents can be accessed from the diagram. Currently RWM uses the 

diagram functionality of VISI to display the claims, arguments evidence (CAE) structure 

of the ESC, which is discussed later in this paper, as well the current (TN2) Nuclear Energy 

Agency (NEA) International Features, Events and Process (IFEP) list (2012), which is a 

natural hierarchy and thus easily renderable as a flowchart diagram (see Figure 3). 

Managing safety case documents in VISI  

The VISI prototype tool currently accesses safety case documents using a conventional 

folder structure. These documents are sets of individual DITA files called topics, combined 

using another file known as a map. The VISI system then utilises tools such as the DITA OT, 

to transform these documents to webpages or PDF files (the same technology can be used 

to produce other formats, such as eBooks). Ongoing development work will, however, 

significantly change the way safety case documents are stored and managed within VISI.  
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Figure 3: A diagram as displayed in VISI; the diagram shown is that of the NEA 

International Features, Events and Process (IFEP) List TN2 (NEA, 2012) 

 
 

Version control in VISI 

VISI will incorporate a version control system for the stored documents. Version control 

systems, such as SVN (Apache Foundation, 2018) or GIT (2018), are widely used in 

software development and are also integrated into content management systems such as 

OpenText Content Server (Opentext, 2018). Such systems vary in complexity, but some 

also include the ability to create different “branches” of versioned content. These branches 

are parallel developments of the same content, which have a common origin. 

Such a versioning system, including the ability to create branches, could be used to store 

and manage a suite of safety case documents. Particularly the ability to have different 

branches of such document sets could be advantageous. For example, if a new method for 

packaging a particular kind of waste is proposed, a new branch of the safety case suite 

could be created from the current version of the safety case. This new branch could then 

contain the updates to the safety case that result from the new packaging proposal; the 

branch would be subject to versioning, so the changes made to documents in the branch 

would be recorded. In parallel the original safety case branch could continue to be updated 

with new information not related to the new packaging proposal. The advantage of this is 

that non-related updates to the safety case could be simply incorporated into a published 

version if the new packaging proposal is delayed or not adopted. At a later stage, when 

work was finished on the new packaging proposal and a decision to adopt it had been made, 

the new branch could be merged into the original. 

For storing and managing safety cases within VISI, it is proposed that a versioning system 

that implements branching will be used. VISI will utilise different branches to help manage 

changes to the safety case. While the structure of the branches for this purpose has not been 

finalised by RWM, current thinking on this topic will now be outlined. Starting from an 

initial upload of RWM’s current published DSSC (RWM, 2016a, 2016b) into the VISI 

versioning system, it is proposed that branches be created for “draft”, “master” and 

“published” versions of the DSSC. 

The draft branch will represent the normal working branch for users to update sections of 

the DSSC suite, for example to include new research results. Users updating topics within 

the draft branch would have to submit suitable data when posting a new version to the draft; 



NEA/RWM/R(2018)7  493 
 

CURRENT UNDERSTANDING AND FUTURE DIRECTION FOR THE GEOLOGICAL DISPOSAL OF RADIOACTIVE WASTE  
  

such data would typically include indicators to the magnitude of the changes they have 

made, but the set of such data to be captured has not been finalised by RWM. Different 

“features” may also be branched from draft, such as a new packaging proposal. 

The master branch would not be updated in this way but would instead be updated when 

changes made in the draft branch are merged into it following suitable approval. Such an 

approvals stage would make use of a “change implementation” branch created from draft, 

such that only the explicitly reviewed and approved changes are taken into the master 

branch; this also allows changes to the “implementation” branch to be made following 

review without having to freeze work on the draft branch. Work to create a new approved 

safety case could thus be undertaken in parallel to “regular” updates to the draft branch. An 

analogous process could then be undertaken between the “master” and “published” branches 

of the safety case, where the “published” branch would be the latest safety case published.  

The system will require an approvals process for this branching structure to function.  

In order to implement this, a workflow management system will be incorporated within 

VISI. RWM already possesses well-defined procedures for including new content within 

its approved safety case, and such a workflow system will implement these procedures. 

The advantage of this structure is that it would allow the creation of a live safety case; the 

content of the safety case could be continuously updated, on the draft branch, without 

affecting either the current safety case or a version undergoing approval. The incorporation, 

subject to approval, of safety case updates into the master branch could take place whenever 

particular updates are complete (e.g. a new packaging proposal). Thus the system would 

allow an updated safety case to be produced whenever a particular stream of work was 

complete (i.e. live), as opposed to producing periodic, time-fixed versions. 

Claims, arguments and evidence 

The approach of using claims, arguments and evidence to structure RWM’s ESC derives 

from regulatory guidance (EA and NIEA, 2009) which states, “An environmental safety 

case is a set of claims concerning the environmental safety of disposals of solid radioactive 

waste, substantiated by a structured collection of argument and evidence”. 

Accordingly, in building the VISI tool RWM has sought to underpin the ESC by explicitly 

displaying the claims, arguments and evidence (CAE) structure of the ESC as a hierarchical 

flowchart, using its feature to display such diagrams. The CAE diagram has been structured 

by making the highest-level claims against regulatory requirements; these claims are 

currently phrased as appropriate to the current generic stage of RWM’s safety case by 

stating “we will show…”, ultimately these will be phrased “we have shown…”. The set of 

these claims relevant to the environmental safety case is shown in Figure 4. These may be 

underpinned by more specific claims, often made about the performance of specific barrier 

components, which are represented on the diagram. These claims are underpinned by a set 

of safety arguments and supporting evidence. The barrier components shown on the 

diagram include both the waste form and waste containers that are currently considered at 

the generic stage of RWM’s programme. This allows the CAE diagram to be able to inform 

RWM’s assessment of wastes packaged for disposal. 

The safety arguments present a premise or premises, usually a property of a barrier system, 

and then a safety-related consequence of the premise; for example, “If the backfill induces 

high pH conditions, then the low solubility of some radionuclides will be supported”. The 

arguments are underpinned by scientific evidence. In the case of the ESC, the evidence base 

is provided by a set of status reports which summarise RWM’s knowledge and understanding  
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Figure 4: The high-level claims relevant to environmental  

safety cases in the claims, arguments and evidence diagram 

 
 

of a range of fields relevant to geological disposal. These documents will be included 

within the DSSC suite and in VISI will be subject to the document storage and management 

processes discussed in previous sections. 

The VISI system will allow the claims, arguments and evidence diagram to contain attributes 

(or metadata), which will allow the diagram to be searched or filtered. These attributes, 

which are still being finalised by RWM, may include items such as “waste type” or 

“geology” where such attributes could take the values “LHGW” (low heat generating waste) 

and “HSR” (higher strength rock). Such attributes could then be used to filter the diagram, 

for example only to nodes which are relevant to disposal in higher strength rock. 

Conclusion 

The current and developing capabilities of RWM’s VISI tool have been described. The tool 

allows the presentation of the environmental safety case in an easily accessible, digital 

format which facilities navigation between the safety case documents. This includes a 

visual representation of the ESC in terms of its claims, arguments and evidence. The VISI 

tool will therefore improve RWM’s ability to communicate and utilise the ESC. RWM is 

currently developing the VISI tool and future versions are expected to allow the content of 

the safety case to be managed such that a live environmental safety case can be produced 

and maintained in VISI. 
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The safe closure of the NPD disposal facility 

Meggan Vickerd, Graham Porter 
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Abstract 

The government of Canada, as part of their duty to reduce nuclear legacy liabilities, has 

issued a contract to close the Nuclear Power Demonstration (NPD) site in Rolphton, Ontario. 

Currently in Canada there are no suitable repositories for the disposal of radioactive waste 

generated during the decommissioning of redundant nuclear reactors. A review of the 

characteristics of the NPD reactor facility and its configuration has identified that a viable 

option for disposal would be in situ with grout used to immobilise and stabilise the reactor 

inventory in the below grade structure. 

This poster presentation will describe the safety features of the proposed NPD Disposal 

Facility (NPDDF) and how an operational performance assessment of existing features, 

as well as special fitness for service investigations at the closure phase, can be used to 

support the subsequent safe closure of the disposal facility. 

Introduction 

The Nuclear Power Demonstration (NPD) reactor was a prototype 20 MWe Canada 

Deuterium Uranium (CANDU) reactor that operated from 1962 until 1988 and has been 

under a period of storage and surveillance for the last 30 years. Canadian Nuclear 

Laboratories (CNL) is advancing the closure of the NPD reactor facility, and is pursuing 

the approach of in situ disposal whereby the below grade systems are encased in grout, 

above grade structures are removed and grouted below, and a water resistant cap is installed 

to achieve closure. This solution will result in creation of a nuclear waste disposal facility 

on the site and will safely render the hazards into a condition that meets the prescribed dose 

constraints for the public and the environment. The historic siting of the reactor and 

associated components is tens of metres into bedrock, which is a feature that is consistent 

with International Atomic Energy Agency (IAEA) Safety Standard SSR-5, Disposal of 

Radioactive Waste, regarding cavern disposal for intermediate-level waste. CNL’s licence 

application for the closure of the NPD facility is under review by Canadian regulatory 

agencies to determine if it meets the requirements of nuclear waste disposal within Canada. 
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Figure 1: Current configuration of the NPD reactor facility 

 
 

Description of the proposed NPD Disposal Facility 

The proposed NPD Disposal Facility (NPDDF) includes a grouted below grade monolith, 

containing all of the remaining reactor systems, structures and components that were retained 

at the NPD facility following station lay-up. Grout will be used to envelop the activated 

reactor components and other contaminated systems and to reduce the risk of subsidence 

over time. The monolith will be partly overlain by a reinforced concrete cap, and entirely 

covered with an engineered barrier. The concrete cap will be installed to prevent inadvertent 

human intrusion into the area where the long-lived radionuclide material reside within the 

monolith, and the engineered barrier is designed to prevent rain and melt water from 

percolating into the grouted monolith from above. The NPDDF retains the former exhaust 

ventilation stack, which will be isolated from the facility, as a roost for chimney swifts, an 

endangered species in Canada. A fence will be installed to restrict access to the facility and 

to define the footprint of the waste disposal site. 

NPDDF safety features 

In situ disposal provides containment and isolation of the NPDDF waste inventory for a 

sufficiently long time to ensure that the post-closure environmental concentrations do not 

cause adverse effects to human health or the environment. The safety assessments predict 

that the closed facility will contain the dominant radioactive and non-radioactive 

contaminants very effectively. 

The safety features restricting contaminant release from the NPDDF are: 

 Waste form. The majority of the radioactivity is embedded within the matrix of 

steels and zircaloy that will corrode very slowly in the chemical environment the 

grout creates. 

 Facility structure. The thick concrete walls of the reactor vault and structure provide 

a diffusive barrier. 

 Grout backfill. Inhibits groundwater movement and creates an alkaline environment 

that limits the solubility of key contaminants. 
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The isolation of contaminants is achieved by: 

 historic siting of the facility in bedrock; 

 institutional controls in the short term (e.g. access controls to site); 

 filling much of the facility with grout; 

 placing a concrete slab over the facility which reduces the probability of future 

inadvertent intrusion. 

The passive features described above are included in the facility design for the purpose of 

pre-empting possible environmental effects. The NPD structure has shown itself to be of 

robust configuration which has been assessed and maintained throughout the operational 

phase of the facility but also demonstrates fitness for service during the closure and 

post-closure phases. 

Fitness for service 

Information on activities related to the ageing management of the NPDDF structure will be 

consolidated and used in the safety case for NPDDF (Porter, 2017). It is necessary as a first 

step towards having good knowledge of the condition and performance of the facility in 

order to support closure as a nuclear waste disposal facility. CNL has been performing 

periodic inspections and repairs of the facility structure through a formal process known as 

a Life Management Plan. The condition of the facility structure (e.g. leaks in the facility or 

extent of concrete degradation) needs to be properly reflected in the safety case during the 

closure phase. The information on the condition of the structure is also the basis for making 

predictions for the performance in the future and for establishing surveillance and monitoring 

activities in the post-closure period. 

In the case of the NPDDF, the original intent and operation of the facility was as a nuclear 

power reactor and not a disposal facility. CNL must establish within the safety case that 

NPD’s historic maintenance programme, as a nuclear reactor facility, can also demonstrate 

the integrity of the disposal facility’s structure as a safety feature. NPDDF will not have 

any extended period of operation as a waste disposal facility and no active components are 

in place that would require a maintenance programme to maintain integrity post-closure. 

The Life Management Plan for the NPD facility included periodic inspection of the structure 

every five years, utilising established criteria for the inspection to identify areas that required 

surveillance and maintenance. The majority of the items identified over the years are not 

required to maintain integrity post-closure of NPDDF as they refer to the above-ground 

structure that will be demolished and to equipment and structures inside the facility that 

require maintenance to prevent them becoming an occupational safety hazard. The main 

recommendations of relevance in the Life Management Plan inspections to the NPDDF 

were to repair cracks in the facility structure concrete, prevent further spallation and repair 

delamination and efflorescence due to water entering the sub-structure. 

A recent structural assessment of the NPD structure was completed, with a focus on fitness 

for service. This included focused visual inspections on the outer facility walls and obtaining 

concrete cores from various locations to assess concrete strength and hydraulic conductivity. 

Results did not indicate any areas of concern, and although there was evidence of cracking 

none were identified as significant. 

Modelling of the facility in the post-closure safety assessments will need to consider the 

current conditions of the NPD facility and show that none of the ageing management findings 
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identified will have a significant effect on the overall safety of the NPDDF post-closure. 

Humidity and water ingress into the facility is not anticipated impact facility performance 

because it is assumed that the facility fully resaturates within the institutional control period, 

and humidity will no longer be an issue once the facility is filled with grout. Large cracks 

will be repaired before filling the facility with grout, however fast pathways analysis can 

be performed as part of the safety analysis in order to demonstrate if increased cracking of 

the facility causes a significant release of radionuclides from the facility. 

The safety case for closure of the NPDDF will recognise the Life Management Program 

and recent ageing management studies of the facility to provide confidence in the current 

condition of the facility and substantiate the understanding of the predictions for performance 

in the future. 

Reference 

Porter, G. (2017), Safety Case for the Insitu Decommissioning of the NPD Waste Facility, 

64-03610-SAR-002, Rev. 0. 
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Abstract 

The Belgian National Agency for Radioactive Waste and Enriched Fissile Materials 

(ONDRAF/NIRAS) is developing a methodological safety and feasibility case (SFC1). This 

safety case intends to investigate the safety and feasibility of a geological disposal facility 

(GDF) in poorly indurated clay. Such geological environments (Boom Clay and Ypresian 

Clays at various depths) are present across a broad region in the North of Belgium. The 

specific objectives of SFC1 encompass the testing of the methodological tools developed at 

ONDRAF/NIRAS, a synthesis of scientific knowledge on poorly indurated clay, an update 

of the reference disposal design and long-term safety evaluations using numerical tools 

developed by ONDRAF/NIRAS. The investigation of a large area with different geological 

configurations implies a generic nature to the safety case. Three generic sites have been 

proposed for the safety assessment. These simple conceptualisations capture the main 

features and processes supporting the safety functions of the disposal system in poorly 

indurated clay. The analysis of these generic sites allows performance targets to be 

derived. A performance target is defined here as the minimum performance a safety 

function should have to be considered as effective. 

Performance targets have been determined for the safety functions associated with the 

diffusive transport of radionuclides in clay, and with matrix dissolution of high-level waste 

(HLW). These performance targets are:  

  a retention factor of 1 000 in the clay host rock for the actinides and a retention 

factor of 100 for the retarded fission and activation products (FAPs); 

  a spent fuel matrix lifetime of at least 300 000 years as well as an associated instant 

release fraction (IRF) lower than 20% for all radionuclides;  

  40 metres as a minimum diffusive length in the host formation (or a characteristic 

diffusion time of 30 000 years for a conservative tracer). 

Estimations based on current research, development and demonstration (RD&D) results 

show that the vitrified HLW (CSD-V) matrix lifetime in a cementitious environment would 

be lower than the minimum value for its required performance (a matrix lifetime of a few 

hundred thousand years). The defence in depth of the safety concept for the CSD-V waste  
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might improve if solubility limits of the critical radionuclides in the cementitious or clay 

environments are taken into account. These targets provide elements of prioritisation for 

RD&D and guide the development of scenarios. The performance targets derived in these 

calculations depend strongly on the hypothesis taken for the modelling of the aquifers. A 

simple conceptualisation of the transport of radioelements in aquifers, relying on a few key 

parameters, and suitable for the assessment of generic sites, is under development. 

Introduction 

In the absence of a political decision regarding the management of long-lived low-level 

and intermediate-level long-lived waste (LILW-LL) (Category B waste), and high-level 

waste (HLW) and spent fuel (Category C waste), poorly indurated clays are the current 

reference option considered for RD&D in Belgium. This option implies either the Boom 

Clay, or the Ypresian clays as reference host rock. These clays are present in continuous 

layers in the north of Belgium. The proposed reference option for the management of 

Category B and C waste is a geological disposal facility (GDF) in poorly indurated clays 

at a depth between 200 m and 600 m. 

Objectives of SFC1 

The first safety and feasibility case (SFC1) for geological disposal in poorly indurated clay 

in Belgium will be a methodological safety case. The specific objectives of this safety  

case are: 

 To test the methodological tools developed at ONDRAF/NIRAS through an 

illustrative assessment of the safety and feasibility of a geological disposal facility 

for Category B and C waste in poorly indurated clay at a depth between 200 m and 

600 m based on current knowledge. 

 To synthesise the scientific knowledge acquired since the start of the GDF 

programme in Belgium. Indeed, SAFIR2, the last formal assessment, had placed 

the focus on the long-term safety evaluation. 

 To update the reference design of a GDF in poorly indurated clays.  

 To conduct a long-term safety evaluation of generic sites, using numerical tools 

developed by ONDRAF/NIRAS. 

SFC1 considers a broad region in the north of Belgium where Boom Clay and Ypresian 

Clays are present, at variable depths. Generic geological sites will be analysed in SFC1. 

They cover the different types of geological configuration in the region of interest. The 

main features distinguishing these generic sites are the depth and thickness of the host rock 

layers, and the structure of associated aquitards and aquifers with different assumptions 

regarding their hydraulic properties. These features of the geological environment are the 

most relevant in terms of engineering feasibility and long-term safety. 

This generic approach is preferred to an in-depth study of specific RD&D sites. A generic 

approach is sufficient at this stage of the GDF programme to guide future RD&D and to test 

the methodological tools of the safety case. This generic methodology allows the minimum 

requirements for the safe and feasible disposal of Category B and C waste in poorly 

indurated clays to be identified (as well as the interrelations between these requirements).  
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Safety assessment in SFC1 

Objectives 

Three generic sites have been derived from the analysis of the various geological 

configurations in the north of Belgium. The safety assessment of these generic sites would 

provide sufficient information to evaluate the long-term safety of a specific site in the zone 

of interest. Safety assessment is defined as the systematic analysis of the hazards associated 

with the disposal facility and its ability to guarantee the long-term safety functions. Next 

to the usual analysis over “How safe is the GDF in the broad area investigated?”, the generic 

nature of this safety case has brought the concern over “What are the geological and design 

factors that provide long-term safety?” into focus. This latter issue can be addressed by 

undertaking several tasks: 

 Identify the key features of the disposal system that provide long-term safety. How 

do these safety-relevant elements behave at the three generic sites? 

 Identify the performance targets of the safety functions. A performance target is 

defined here as the minimum performance a safety function should have to be 

considered as effective (see extended discussion in the next section).  

 Investigate the limits of the analysis of a generic site. What is the impact of the 

spatial variabilities of the region investigated on long-term safety, or more generally, 

what is the impact of the elements that are relevant to a specific site? 

These tasks are performed among others by modelling and sensitivity analysis. This paper 

provides an overview of the preliminary analysis regarding the two first aspects (i.e. key 

features of the disposal system that provide long-term safety and the performance targets 

of the safety functions). 

Definition and use of the performance targets 

The performance of a safety function is assessed with respect to its ability to contribute to 

the overall safety objective of isolation and confinement of the safety concept. The 

performance target is defined in this context as the minimum performance a safety function 

should have to be considered as effective. The performance target is estimated by modelling 

on the basis of the required safety target(s) that the disposal system as a whole must achieve. 

The model used in this study relies on a simple and conservative abstraction of the disposal 

system evolution so that the performance target can cover a large spectrum of scenarios 

and sites. The performance targets proposed in this study are not absolute and firm. Indeed, 

the search for the optimum performance might lead to setting a target that is too ambitious 

regarding the actual effectiveness of a safety function, or which attempts to cover scenarios 

or sites that are too penalising. On the contrary, RD&D might show that the initial target set 

for a safety function could be easily surpassed. These situations might lead to re-evaluating 

the performance target, reinforcing the RD&D on the relevant topic or revising the safety 

concept by modifying the weight/role of the safety function in question. In any case, the 

fact that the RD&D knowledge (at a certain point) cannot support a performance target 

does not mean the system is not safe. Indeed, the performance target provides information 

on the performance of one safety function without accounting for the other safety functions. 

The long-term safety of the system should be assessed by considering the safety concept as 

a whole, analysing its defence in depth and its robustness for different scenarios. The 

performance targets defined here are thus a tool for interactions between safety assessors 

and field experts in order to evaluate safety assessment needs and RD&D prioritisation. 
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The performance targets also support the abstraction of phenomenological knowledge to 

the assessment scenarios. The definition of a performance target requires a certain level of 

knowledge over the disposal system features and processes that are relevant to the safety 

function of interest. 

Preliminary evaluation of performance targets for a disposal system in poorly 

indurated clays in Belgium 

The objective of the initial analysis was to identify the list of the radioelements of potential 

safety relevance on the basis of features inherent to a disposal concept in poorly indurated 

clays (ONDRAF/NIRAS, 2017). This screening analysis relied solely on the slow diffusion 

transport of the radioelements through a 40-metre thick porous clay medium. The 

parameterisation of the diffusive transport was assumed to be conservative with respect to 

the transport characteristics of the clay layers in the region of investigation for SFC1. The 

protective safety functions of the engineered barrier system (EBS) or the source term were 

intentionally ignored, and the screening analysis was independent of the inventory. All 

possible radionuclides were considered (list JEFF3.1 counting 3 852 nuclides) and bounded 

to unrealistic inventory values. The screening analysis showed that only 34 radionuclides 

could have a long-term safety impact, and this without consideration of safety barriers other 

than diffusive transport. 

The minimum performance required for a diffusive clay layer was further investigated 

using a more realistic, but still conservative radionuclide inventory. Modelling calculations 

showed that a maximum clay retardation factor of 1 000 and 100 (Rd: 10–1 m3/kg and 10–2 

m3/kg) keeps the effective dose rate below the radiological constraint for the actinides and 

fission and activation products (FAPs), respectively. Current RD&D on poorly indurated 

clays shows that the minimum retention required for the actinides can be fulfilled. However, 

some FAPs are known to sorb weakly in clays. For these FAPs (in particular 36Cl, 129I, 94Nb 

and 79Se), the diffusion length is thus a determining factor: A clay layer of at least 40 metres 

thick is necessary between the disposal source and the biosphere. 

This analysis led to the following performance targets being set for the safety functions 

representing the retarded transport in the clay host formations investigated in SFC1: 

 a diffusion length of 40 metres (or a characteristic diffusion time of 30 000 years 

for a conservative tracer); 

 a retention factor of 1 000 in the clay host rock for the actinides; 

 a retention factor of 100 for the retarded FAPs. 

Spent fuel is among the most radiotoxic of wastes and a safety function associated with the 

spent fuel matrix dissolution in the ONDRAF/NIRAS safety concept has been defined. A 

second analysis was performed on this safety function to identify its associated performance 

targets. This analysis included consideration of both the diffusive transport in the host rock, 

as modelled in the first analysis, and the spent fuel matrix dissolution. In the current 

preparatory safety assessment, the release rate of radionuclides from a waste form is 

determined by: 

 the dissolution rate of the waste form which can be translated to a waste form 

lifetime under the assumption of congruent release (CR) (i.e. radionuclides released 

congruently with the dissolution of the waste matrix); 

 an instant release fraction (IRF). 
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Experimental studies on waste form degradation often show an “initial” incongruent release 

that can last for a few days to months. This faster release is due to radionuclides “loosely” 

associated with the materials: They are sorbed on the material surface or located in cracks 

within the materials. Solid diffusion might also play a role as well as the experimental 

artefacts (oxic conditions). In safety assessment, this faster/incongruent release is captured 

as an IRF. 

The analysis showed that a spent fuel lifetime of at least 300 000 years is required to show a 

relevant impact on long-term safety. Indeed, a shorter lifetime is blurred by the effectiveness 

of diffusive transport in clay. The CR-induced radionuclide flux will be released from the 

host formation at about the same time as the IRF-induced radionuclide flux. Further, it can 

be shown that the possible overlap of these two fluxes over time results in non-monotonic 

effects on the effective dose rate. Indeed, the effective dose rate maximum originates from 

the CR release when the IRF is low and from the IRF when the IRF is high. Between these 

two limits, the effective maximum dose rate might be lower if there is good balance between 

the amount of radionuclides released via IRF and CR. However, this effect is relatively weak 

and we can consider that the impact of an IRF on the effective dose rate is likely to be 

negligible up to values of 20%. The performance target for the IRF of the spent fuel matrix 

points to values lower than 20%. The analysis of the safety function associated with the 

spent fuel matrix also confirmed the minimum diffusive length of 40 metres to separate 

efficiently the CR- and IRF-related radionuclide fluxes (ONDRAF/NIRAS, 2018b). 

The evaluation of the performance of the vitrified matrix of the CSD-V waste family also 

indicates performance targets of a few hundred thousand years. However, current RD&D 

shows that the CSD-V matrix lifetime in a cementitious environment would be limited to 

10 000. Therefore, the performance target set initially for CSD-V matrix dissolution cannot 

be met at the moment. A containment function (even of 300 000 years) cannot compensate 

for this limited release safety function for CSD-V. This result has two consequences. The 

performance of the safety function with respect to some radionuclides present in the CSD-V 

waste such as 79Se, 99Tc, 126Sn and 135Cs must rely on their transport parameters in clay. It 

follows that a minimum diffusive length of 40 metres is required for an efficient retention 

of these radionuclides. Further, a good knowledge (and potential reduction of the 

conservatism) of the inventory and the transfer factors in the biosphere is also critical for 

these radionuclides. The defence in depth of the safety concept for CSD-V waste might 

increase if the solubility limits of the critical radionuclides in the cementitious or clay 

environments are taken into account (ONDRAF/NIRAS, 2018a). 

The aquifer layers are accounted for in safety assessments because they are part of the 

disposal system (confined aquifers) or because the estimation of the radiological impacts 

required their conceptualisation (surface aquifers). The performance targets derived in these 

calculations depend strongly on the hypotheses made for the modelling of the aquifers. 

Their treatment is particularly sensitive in safety assessments because likely behavioural 

changes of these compartments might occur more quickly and with a larger amplitude than 

in other parts of the disposal system. It is thus critical to ensure that the performance targets 

rely on reasonable conservative hypotheses regarding the modelling of radionuclide transport 

in the aquifers. A simple conceptualisation of these aquifers suitable for the assessment  

of the generic sites is under development. The approach relies on a few key parameters 

characterising the aquifers.  
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Conclusions 

ONDRAF/NIRAS is developing a methodological safety and feasibility case (SFC1). This 

safety case intends to investigate the safety and feasibility of a GDF in poorly indurated 

clay. Such geological environments (Boom Clay and Ypresian Clays at various depths) are 

present in a broad region in the north of Belgium. Three generic sites have been derived 

from the analysis of various geological configurations in the zone of interest. The generic 

nature of this safety case provides the opportunity to identify the key features and processes 

of the disposal system supporting the safety functions, and to determine their performance 

targets. A few performance targets have been determined for the safety functions associated 

with the diffusive transport of radionuclides in clay, and with HLW matrix dissolution: 

 a retention factor of 1 000 in the clay host rock for the actinides and a retention 

factor of 100 for the retarded FAPs; 

 a spent fuel lifetime of at least 300 000 years as well as an IRF lower than 20% for 

all radionuclides; 

 a minimum diffusion length of 40 metres in the host formation (or a characteristic 

diffusion time of 30 000 years for a conservative tracer). 

Current RD&D shows that the CSD-V matrix lifetime in a cementitious environment would 

be lower than the minimum value for a relevant performance. A good knowledge (and 

potential reduction of the conservatism) of the inventory and the transfer factors in the 

biosphere is thus critical for non-retarded radionuclides in the CSD-V inventory. The defence 

in depth of the safety concept for the CSD-V waste might improve if solubility limits of 

the critical radionuclides in the cementitious or clay environments are taken into account. 

These targets provide elements of prioritisation for RD&D. It is noted that these performance 

targets should not be understood as firm siting criteria, as they may be revised based on the 

future progress of RD&D. 
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Abstract 

Identifying and describing the features, events and processes (FEPs) that are relevant to 

the evolution of the disposal system, or to its potential performance and safety, is an 

essential step towards ensuring comprehensiveness of the assessments and safety case.  

This paper provides a comparison between Posiva’s features, events and processes (FEP) 

list and the updated Nuclear Energy Agency (NEA) International Features, Events and 

Processes (IFEP) list. 

 

Since the early 2000s, Posiva has been developing an FEP list for the safety case specific 

to the Olkiluoto site, the spent nuclear fuel to be disposed and the KBS-3 method planned 

for the repository facility. The FEP list was discussed in a dedicated report which was part 

of the TURVA-2012 safety case in support of the construction license application (Posiva, 

2012). As a lesson learnt from the TURVA-2012 safety case, FEPs were discussed in nearly 

all safety case reports and ensuring consistency between the discussion in the FEP report, 

which was produced at the beginning of the safety case with the later reports, proved to be 

challenging.  

In addition, benchmarking FEP lists has proven to be an important tool for assessing their 

comprehensiveness. Both during TURVA-2012 and thereafter, the Posiva FEP list and the 

Nuclear Energy Agency (NEA) International FEP (IFEP) lists have been compared; the 

latest comparison with the current version of the IFEP list showed the databases are, once 

again, consistent. The main difference is that Posiva FEPs are relevant to the assessment of 

the long-term safety of a specific geological disposal facility at the Olkiluoto site while the 

NEA IFEP list is a structured list of generic FEPs, relevant to the assessment of the 

long-term safety of any deep geological repository (DGR) and different types of waste 

forms. The NEA IFEP list is intended to support national programmes in the production of 

their safety cases.  

In preparation for the operating licence application for the disposal facility (which also 

includes a low- and intermediate-waste facility for encapsulation waste), Posiva has 

developed a database to facilitate the handling of FEPs and related information for the FEP 

analysis in Posiva’s safety case (Figure 1). In addition, a web application has been developed 

for presentation of the database and to facilitate dynamic linking between the Posiva FEP  
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Figure 1: The FEP matrix 

The Components constitutes the diagonal elements of the FEP matrix and the FEPs occur either on the diagonal 

elements (when they act within a component) or on off-diagonal elements (when they interact between 

Components). From the links in the FEP matrix it is easy to navigate to the relevant section in the database. 

 
 

database and the documentation of the Posiva safety case portfolio, which will be 

presented, in addition to the traditional report format, in the form of an electronic content 

management system (CMS) (see Reijonen et al.). 

The Posiva FEP Database will be supplemented by a supporting technical report describing 

the technical features of the database as well as the methodology for the FEP analysis. The 

FEPs are described in the database in a concise way and they will be analysed (along with 

their interactions and impact on the barriers) in the context of the different safety case reports, 

such as the design basis, the initial state, the performance assessment, the radiological 

impact of radionuclide releases and the complementary considerations for the safety case. 

Posiva is currently preparing training material for the FEP Database aiming to 

communicate and encourage wider usage of the FEP list and database as well as to prompt 

spent fuel, engineered barrier systems (EBS) and disposal site researchers to communicate 

whether and how relevant FEPs are taken into account in the investigations. The Posiva FEP 

Database will be connected to the CMS and the FEP analysis will be done in the CMS 

environment. A consistent use of FEP terminology and the use of a database connected to 

safety case reports will also promote transparency and clarity on how the different FEPs 

have been handled in the safety case. 
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