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Abstract 

The European Commission (EC) PAMINA project – Performance Assessment Methodologies 
in Application to Guide the Development of the Safety Case – was conducted over the 
period 2006-2009 and brought together 27 organisations from 10 countries. PAMINA had 
the aim of improving and developing a common understanding of performance assessment 
(PA) methodologies for disposal concepts for spent fuel and other long-lived radioactive 
wastes in a range of geological environments. This was followed by a Nuclear Energy 
Agency (NEA) sponsored project on Methods for Safety Assessment of Geological Disposal 
Facilities for Radioactive Waste (MeSA), which was completed in 2012. This paper 
presents a selection of conclusions from these projects, in the context of general 
understanding developed on what would constitute an acceptable safety case for a 
geological disposal facility, and outlines areas for further development. The paper also 
introduces a new project on PA that is under consideration within  
the context of the EC Implementing Geological Disposal of Radioactive Waste Technology 
Platform (IGD-TP). 

Introduction to the safety case 

A safety case for a geological disposal facility (GDF) is a set of claims concerning the 
safety of the disposal of radioactive waste, substantiated by a structured collection of 
arguments and evidence. Within the safety case, the performance of the facility against 
quantitative safety standards is evaluated through calculations. A quantitative safety 
assessment involves developing an understanding of: i) how safety functions contribute 
to isolation and containment of the waste; ii) how, and under what circumstances, 
contaminants might be released from a GDF; iii) how likely such releases are; iv) what the 
potential radiological or other consequences of such releases could be to humans and the 
environment. Importantly, it is necessary to understand how the geological characteristics 
of the site and the components of the design will evolve and function, and document the 
uncertainties associated with the assessment and their potential consequences. The term 
“PA” is used more generally to refer to analyses of the performance of the overall 
geological disposal system or of particular sub-systems. 
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Figure 1: Some key features of a safety case 

Items in italics were addressed within PAMINA and MeSA 

 

Some key features of a safety case are illustrated in Figure 1. A safety case needs to 
bring together and effectively integrate a wide range of safety arguments and analyses. 
Safety cases require siting and design strategy, an assessment strategy and a management 
strategy. The siting and design strategy describes how the system will provide safety 
through the use of multiple engineered and natural barriers. The assessment strategy 
describes how the requisite level of safety can be demonstrated, and needs to make use 
of both quantitative and qualitative lines of reasoning. Neither strategy should rely 
unduly on any single component – whether that is a physical component of the system 
(such as a particular engineered barrier) or a single element of the assessment strategy 
(such as numerical modelling). The management strategy should ensure that siting and 
design and assessment strategies are implemented with the appropriate degree of 
co-ordination and quality. 

A safety case must be underpinned by the results from research and development 
(R&D) studies, design and site characterisation, and demonstration of how regulatory 
requirements and guidance have been or will be met. The safety case will need to be 
developed in a staged manner, consistent with a staged approach to GDF conceptual 
development, feasibility studies, site selection and characterisation, licensing, construction, 
operational testing, full-scale operation and closure. A safety case needs to be informed 
at each development stage by dialogue with regulators and stakeholders. 

PAMINA and MeSA projects 

The parts of the safety case considered within the EC PAMINA project are illustrated by 
the use italics in Figure 1 (safety functions; safety arguments and the use of PA modelling, 
complementary performance indicators, and optimisation/best available techniques (BAT); 
regulatory dialogue; wider communication). The work within PAMINA was organised into 
four research and technology development components (RTDC) having the following 
main aims: 

· RTDC-1: To evaluate the state of the art by undertaking a comprehensive review of 
PA methodologies and experience in participating organisations. 

· RTDC-2: To establish a framework and methodology for the treatment of uncertainty 
in PA and safety case development, and to document good practice. 
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· RTDC-3: To develop and improve particular PA methods and tools. 

· RTDC-4: To conduct collaborative PA exercises designed to understand the potential 
implications of undertaking modelling at different levels of process and geometric 
complexity. 

The results of RTDC-1 constitute the European Handbook of Safety Assessment Methods 
for Geological Repositories – Part 1, while the results of RTDC-2, RTDC-3 and RTDC-4 
collectively form the European Handbook of Safety Assessment Methods for Geological 
Repositories – Part 2. The European Handbook is therefore the key output of the project. 
The main introduction to the project and its results is via the PAMINA Project Summary 
Report (Galson, 2011). 

The European Handbook – Part 1 (Bailey, 2011) is based on reviews conducted of the 
state of the art as of the start of the project, and is divided into 11 topic areas: i) safety 
functions; ii) definition and assessment of scenarios; iii) safety indicators and performance/ 
function indicators; iv) uncertainty management and uncertainty analysis; v) safety 
strategy; vi) analysis of system evolution; vii) sensitivity analysis; viii) modelling strategy; 
ix) human intrusion; x) biosphere modelling; xi) criteria for data selection/input. The other 
three RTDCs took forward work in all of these topic areas. 

Subsequent to PAMINA, further dialogue on some of these issues was undertaken at 
the international level within the context of the NEA MeSA project, which enabled the 
thinking within PAMINA to be further shared and integrated, and a wider consensus 
documented (OECD/NEA, 2012). Seven assessment strategy issues were considered with the 
MeSA project: i) safety assessment in the context of the safety case; ii) safety assessment 
and safety case flowcharts; iii) system description and scenarios; iv) modelling strategy; 
v) safety assessment indicators; vi) treatment of uncertainties; vii) regulatory issues. 

Selected conclusions from PAMINA and MeSA 

Key conclusions from PAMINA and MeSA include: 

· Safety assessment forms a central part of the safety case. However, the results of 
such assessments must be placed in context and augmented by additional 
information in a safety case to support decision making. Whereas in the past, 
safety case development placed a lot of emphasis on comparison between safety 
assessment calculation results and dose/risk criteria set by the regulator, recent 
safety cases have used a broader range of performance indicators and safety 
arguments. BAT, optimisation, safety functions and alternative safety and 
performance indicators are increasingly being used as additional arguments in a 
safety case in support of compliance with the regulatory dose/risk criteria and to 
build confidence in the long-term safety and the robustness of GDF design options. 
Doses and risks remain the primary safety indicators, but it is understood that 
over long time scales such calculations should be considered as illustrative. 

· The concept of using various types of indicators to complement dose and risk has 
developed considerably during the last 20 years, although terminology is not 
consistent between national programmes. Calculation of a range of alternative 
safety and performance indicators beyond the traditional dose/risk approach can 
assist in demonstrating safety, understanding of subsystem performance, and 
building confidence in the multi-barrier approach and optimisation decisions.  
It can also assist in wider communication of the safety case when addressing both 
technical and lay audiences. This does not remove the need to provide detailed 
calculations to regulatory authorities for comparison to regulatory dose/risk 
performance measures, but alternative indicators provide a useful adjunct. 
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· The main focus of safety assessment remains an evaluation of radiological impacts 
on humans, but there is an increasing recognition of a need for consideration of 
the potential impacts on non-human biota. In addition, the potential impacts of 
chemotoxic elements in the wastes are regulated, e.g. by groundwater protection 
legislation, and there is increasing work to develop approaches to demonstrate 
compliance with such legislation. 

· Safety assessment provides information to focus research and development, site 
characterisation and design. Conversely, these aspects of GDF development produce 
the data and interpretations that support assessments. It is therefore essential to 
ensure clear and effective information flow between the parties involved with GDF 
development. As programmes mature, safety case development is being driven 
increasingly by two elements. One element is the requirement for staged updating 
at key programme decision stages – where decisions are likely to be based on a 
much wider range of factors than purely safety arguments, such as the need to 
demonstrate optimisation and the use of BAT. Second, the development and 
implementation of an assessment approach based on the use of safety functions 
that tie into the multi-barrier approach is being increasingly used as a means to 
structure assessments and to communicate the outputs. 

· Uncertainties are, and always will be, associated with assessment results. 
Internationally, there is a high level of consensus on the types and sources of 
uncertainties in safety assessments. Typically the uncertainties considered in 
safety assessment are classified into scenario uncertainties, model uncertainties, 
and data or parameter uncertainties. Strategies for treating uncertainties within 
the safety assessment are well established. 

· Scenarios represent specific descriptions of a potential evolution of the disposal 
system from a given initial state. They describe the compilation and coupling of 
safety-relevant features, events and processes (FEP) as a fundamental basis for the 
assessment of post-closure safety. The development of scenarios constitutes a key 
element of the management of uncertainties. Catalogues of FEP describing all of 
the possible influences within and on the disposal system are seen as useful in 
driving or auditing the development of expected evolution (or base case) scenarios 
and altered evolution (or variant) scenarios for use in PA. Scenarios are increasingly 
being developed by consideration of how particular FEP could affect the safety 
functions of a disposal system. However, the FEP to be considered were largely 
identified through structured elicitation exercises conducted in the 1990s, and 
there has been little effort to develop fundamentally new FEP databases since then. 

· The main consideration in the assignment of probabilities to scenario-forming FEP 
is safety case robustness and credibility. Where statistical information is available, 
this should be used. Otherwise, probabilities should be assigned on a cautious 
basis and should be avoided where regulatory guidance provides for this; where 
insufficient information is available; where assessment outcomes do not depend 
on this probability; or where siting has already explicitly considered the uncertainty 
and there is little that can be done to reduce the probability further (e.g. future 
human intrusion, see below). Where formal expert elicitation is used to define 
probabilities, it is important to record the experts’ thinking and to identify any 
factors that could affect probability estimates, in order to demonstrate transparency 
in attributing probabilities to particular parameters or events. Use of formal methods 
may be justified where safety case outcomes rely significantly on probability 
estimates. Robustness and credibility can be enhanced by careful explanation that 
most so-called “probabilities” are actually “degrees of belief” or “weightings”, 
rather than formal mathematical probabilities. Such a treatment means that it is 
permissible to assign scenario weightings that total more than one. This allows for 
a robust treatment of scenario uncertainty in a PA, even if not consistent with a 
purely mathematical treatment of scenario probabilities. 
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· As there is little scientific basis for predicting the nature or probability of human 
actions in the far future, the safety case for a GDF should focus on the potential 
consequences of inadvertent intrusion using one or more stylised scenarios.  
In contrast to the assessment of naturally occurring FEP, such analyses need not 
aim for comprehensiveness. The range of possible future human actions is large, 
and it is more appropriate to evaluate the resilience of disposal system design to 
stylised events. Some national regulations include requirements on how inadvertent 
human intrusion should be treated in assessments. 

· Overall, there is wide consensus on modelling strategies to support safety 
assessment. There is significant interest in developing more complex models to 
represent the different components of the disposal system as programmes mature, 
in order to demonstrate adequate knowledge and capability to evaluate system 
behaviour over time and to assist with design optimisation. Comparisons between 
models having greater and lesser geometric and process complexity have 
demonstrated that in the early stages of a GDF development process, simplified 
models can be successfully used to provide an indication of where more detailed 
investigations are required. As the programme matures, more complex models are 
likely to become available. If the results obtained using a complex model with 
many parameters can be reproduced using a simple model with a few parameters, 
it is clear that the key processes and parameters (those included in the simplified 
model) have been identified and the system is reasonably well understood. This 
would be a strong argument in a safety case. 

· Whether conservative or best-estimate assumptions and parameter values are 
used in a PA, and whether deterministic and/or probabilistic calculation methods 
are used, these should be based on a transparent use of expert judgement. When 
combined with a clear audit trail, this will allow regulators and other interested 
stakeholders to better understand the potential impact on safety posed by model, 
parameter and/or scenario uncertainties, and the way in which these have been 
addressed. Guidance has been developed within PAMINA on good practice for 
formal expert elicitation and the treatment of parameter and model uncertainties, 
the use of which can introduce a higher level of consistency and confidence in 
assessment outcomes and the safety case. 

· Sensitivity analysis is an important tool in understanding the impacts of particular 
model inputs on the overall safety of the disposal system, and allows effort and 
investigations to focus on those parameters, models and scenarios that have the 
greatest potential impacts on safety. Comparisons of sensitivity analysis 
approaches using both synthetic problems and real data from ongoing site-specific 
investigations have shown that the current level of capability amongst those 
working in the field is high, and adds to the confidence that suitable models and 
analytical approaches are available. Guidance has been provided within PAMINA 
on what techniques are most suitable for use in particular circumstances. 

· Spatial variability of parameter values can have considerable impact on the 
understanding of subsystem performance and the safety functions ascribed to 
sub-systems, such as mechanical stability and the ability of the geosphere to 
retard migrating radionuclides. There is a need for further work concerning the 
difficulties of transforming individual measurements of safety-related parameters, 
such as fluid flow rates and hydraulic conductivity, into parameter values that can 
be used with greater justification in large-scale radionuclide migration models. 
Examination within PAMINA of a new approach to simulate radionuclide transport 
as a sequence of particle transfer rates (Continuous Time Random Walk) indicates 
that this could offer an effective means to quantify radionuclide transport in a 
wide range of porous and fractured media. 
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· The maturity and complexity of biosphere modelling approaches and dose 
assessment strategies differs between organisations in different countries, mainly 
due to differences in national regulatory frameworks and differences in the 
maturity/timing of the programmes. Issues associated with biosphere modelling 
required for long-term assessments of radioactive waste disposal have been  
dealt with in greater detail in other international projects (e.g. BIOPROTA – 
www.bioprota.org). 

· PAMINA included a workshop on the regulatory perspective to PA and the safety 
case. Some of the high-level conclusions are that dose-based regulatory criteria 
should avoid language that discourages a developer/operator from exploring the 
full range of uncertainty owing to a concern that some calculations might yield 
results exceeding the criteria. Risk-based criteria should not be limited to 
requesting the presentation of mean values, but should encourage the developer/ 
operator to discuss and present the entire range of uncertainty. Given that long-term 
calculated doses are interpreted more as illustrative performance measures, the 
validity of basing regulatory decisions on the use of a dose “limit” for the long term 
is questionable. This line of thinking has led to significant regulatory redevelopment 
in a number of countries over the last 10-15 years. Second-generation regulations 
for GDF explicitly recognise the implications of the long assessment time frame  
for the demonstration of compliance, and take explicit account of the wider 
understanding developed within the “safety case” and the importance of concepts 
such as optimisation, BAT and safety functions in driving decision making. 
Regulators expect not only an assessment of compliance with quantitative 
radiological criteria, but also a demonstration that the geological disposal system 
is robust and that its possible evolution is well understood. Quality assurance, 
quality management and transparency and traceability of the assessment process 
are essential to building an acceptable safety case. However, given the long time 
scales of GDF development programmes, regulators will continue to learn, and 
future regulatory guidance will increasingly be informed by the national GDF 
development programmes. 

Where are we now and where next? 

There is an increasing databank of national safety assessments, built up over the last 
25 years or so. Already some 20 years ago the NEA Radioactive Waste Management 
Committee, jointly with the International Atomic Energy Agency and the EC, were 
collectively able to: 

Confirm that safety assessment methods are available today to evaluate adequately the 
potential long-term radiological impacts of a carefully designed radioactive waste disposal 
system on humans and the environment, and  

Consider that appropriate use of safety assessment methods, coupled with sufficient 
information from proposed disposal sites, can provide the technical basis to decide whether 
specific disposal systems would offer to society a satisfactory level of safety for both 
current and future generations. (OECD/NEA, 1991) 

There is good knowledge of the sources of uncertainty in PA and the safety case, and 
how they can be managed through a multi-factor safety case and multiple lines of both 
qualitative and quantitative reasoning – as evidenced in PAMINA RTDC-2 (Crawford, 2009). 
There is also a good understanding that expert judgement runs through all steps of a PA 
and the safety case, and that systematic approaches are needed to develop the PA and 
the wider safety case – as evidenced in the European Handbook – Part 1 (Bailey, 2011). 
Finally, there is good understanding of the issues involved in regulating a project that 
requires safety to be considered over many thousands of years. 
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PA and safety case topics that would benefit from further development within national 
programmes include the following: 

· The management of PA and integration of PA activities with other parts of the 
disposal programme as the programme matures. In particular, there is a need to 
better understand: i) how PA methods can be used to support optimisation of 
design as a programme moves closer to actual implementation; ii) how PA can be 
used as a tool to help inform and prioritise investigation and R&D studies; iii) the 
appropriate balance between quantitative PA methods and “complementary 
considerations” in a safety case; iv) how to maintain traceability of how and why a 
PA and the safety case evolve as disposal programmes move forward over many 
decades. 

· The communication of PA and the safety case to stakeholders having different 
degrees of understanding and/or different frameworks for understanding about 
long-term safety issues. 

· Further refinements to PA tools – for example increasing use of fast-running 
system assessment models, supported by more detailed component models, to 
assist decision making with such issues as optimisation, disposal layout, waste 
packaging proposals and development of waste acceptance criteria. There has also 
been renewed interest internationally in the use and development of total system 
probabilistic assessment approaches, as an adjunct to mainly deterministic 
approaches, to better understand model sensitivities. 

In addition, we note that even as more data and understanding accrue, there will 
always be uncertainties that remain to be managed in the safety case, particularly those 
that are present over long time scales. There will be a need to demonstrate that such 
residual uncertainties are unimportant. However, the regulator will always have the job 
of making a decision in the face of these uncertainties. Further regulatory development 
and guidance can be expected on PA and the safety case as programmes mature and as 
regulators learn along with the teams developing the PA/safety case. 

The MeSA project led to several suggestions on areas related to the safety case in 
which further development work might be conducted by the NEA. These included 
suggestions: i) to update the NEA brochure on the safety case concept; ii) to update the 
NEA FEP database; iii) to initiate a project on exchange of information and best practice 
on scenario development; iv) to develop a state-of-the-art report on safety indicators; 
v) to develop guidance on conduct of sensitivity analyses; vi) to develop guidance on 
when formal approaches to expert judgement and elicitation may be warranted in safety 
assessment. 

Another international initiative is now being pursued in the context of the IGD-TP. 
One of the strategic research topics within the IGD-TP concerns the safety case. Work in 
three topic areas is foreseen (IGD-TP, 2012): 

1) Increasing confidence in the research models used to underpin safety assessments. 
The objective is to test and compare coupled material interaction models. 

2) Improving communication of the safety case. The objectives are to create and 
maintain a resource pool of experts available for review of scientific and technical 
reports, and to create a channel for dialogue on research into the post-closure 
safety of geological disposal. 

3) Increasing confidence in methods for the management of uncertainty in safety 
assessments. The objective is to evaluate the state of the art of the different 
methods used, and to refine them for practical application in safety assessments 
in support of licensing. 
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A technical/scientific working group has been established, and international meetings 
were held in May and September 2013 to consider a possible new collaborative project in 
the third area, building on the achievements of PAMINA and MeSA. Topics under 
consideration after the September meeting include: 

· the management of uncertainties, including issues such as overall strategies, 
management of uncertainties in different time frames of disposal system evolution, 
regulatory decision-making under uncertainty and communication of uncertainty 
to different stakeholders; 

· uncertainty identification and quantification, including issues such as expert 
judgement, derivation of PDF, and identification and quantification of correlated 
parameters; 

· sensitivity analysis, including such issues as survey and evaluation of methods 
suitable for use in assessments, comparison of methods in numerical experiments 
and use of sensitivity analysis to guide R&D programmes. 

It is likely to be a couple of years before this becomes an EC project, but there is 
planned to be some collaboration on specific technical topics before then. 
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