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Summary
The Swedish Nuclear Fuel and Waste Management Company (SKB) recently published its
latest performance assessment for deep disposal of spent nuclear fuel, based on the KBS-3
concept. This assessment, SR 97, uses three hypothetical repository sites (known as Aberg,
Beberg and Ceberg) to provide a range of geological settings and hydrogeological conditions
for the assessment. The long-term performance of these sites is compared for several sets of
assumptions relating to canister lifetimes, climate evolution, and patterns of human
behaviour.

This report is a review of SR 97 conducted by Galson Sciences Ltd on behalf of the Swedish
Nuclear Power Inspectorate (SKI). The review focussed on the use of expert judgement in
the assessment and on the treatment of uncertainty and the use of probability in assessment
calculations.

Expert judgement plays an important role in all assessments, and is required both for making
decisions about the conduct of the assessment (e.g., selection of conceptual models, treatment
of FEPs) and for parameterising models where site characterisation data are absent. Because
expert judgements play a key role in all aspects of an assessment, it is important that they are
acknowledged, documented and appropriately justified.

The review of SR 97 concluded that SKB had identified many of the judgements made in
developing and implementing the assessment and modelling approaches, but that a more
formal documentation of the assumptions involved would add to the clarity and transparency
of the use of judgements. Similarly, explicit acknowledgement of the basis for making
judgements about the treatment of FEPs would improve confidence in the assessment. There
are a number of tools that can be useful in justifying the judgements made in an assessment.
The review concluded that more use of dialogue with stakeholders, peer review and expert
elicitation could all be of value in SKB's assessment programme.

Recently introduced regulations in Sweden have established an individual risk criterion for
the long-term performance of repositories. SKB has previously identified "pessimistic" and
"reasonable" values for a number of model parameters, and used these in a range of
deterministic calculations to calculate dose and to illustrate system performance. To allow
for the calculation of risk, SKB introduced probabilistic analyses into the SR 97 assessment
by assigning probabilities of 10% and 90% to the pessimistic and reasonable values
respectively. The review considered this approach to be arbitrary and also concluded that the
use of continuous probability distribution functions, rather than discrete "pseudo-
distributions", would help in understanding system behaviour and building confidence.
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1 Introduction
This report has been prepared by Galson Sciences Ltd. (GSL) on behalf of the Swedish
Nuclear Power Inspectorate (SKI) as part of SKI's overall review of the recently published
SR 97 performance assessment (PA) from the Swedish Nuclear Fuel and Waste Management
Company (SKB). SR 97 provides a comprehensive description of a deep disposal system for
spent nuclear fuel, based on the KBS-3 disposal concept, at three hypothetical repository sites
(known as Aberg, Beberg, and Ceberg). SR 97 compares the long-term performance of these
sites under different sets of assumptions regarding the longevity of the canisters, evolution of
the climate, and different patterns of human behaviour.

SR 97 uses probabilistic techniques because the PA must calculate risk for comparison with
the recently introduced Swedish regulatory criteria [SSI FS 1998:1]. The risk criterion states
that the annual risk of harmful effects after closure should not exceed 10~6 for a representative
individual in the group exposed to the greatest risk. Probabilistic techniques can also be of
value in exploring the uncertainties inherent in the description and analysis of the disposal
system. Our review covers SKB's treatment of expert judgement and SKB's approach to
probabilistic calculations.

SR 97 is presented in two main volumes and in a number of supporting reports that provide
information about how SKB has structured its assessment and determined the information to
be included in the assessment. The following short-hand is used to refer to these reports:

• MRV - SR 97 Main Report Volumes I and II, SKB Technical Report TR-99-06 (SKB,
1999a).

• D&DU - SR 97 Data and Data Uncertainties, SKB Technical Report TR-99-09
(Andersson, 1999).

• PRE - SR 97 Processes in the Repository Evolution, SKB Technical Report TR-99-07
(SKB, 1999b).

Review objectives

SKI recently commissioned GSL to undertake a scoping study on the use of expert judgement
in performance assessment for radioactive waste disposal (Wilmot and Galson, 2000). This
study presented recommendations for the application and assessment of expert judgement for
different elements of the PA development cycle. The current report uses the framework
established by Wilmot and Galson (2000) to structure the review of the way in which expert
judgements have been used in SR 97.

The review of expert judgements has three principal objectives:

• To determine how well SKB has acknowledged its expert judgements during the different
elements of the PA development cycle, and how well the judgements are documented.

• To evaluate the appropriateness of the use of expert judgement by SKB during each of the
different elements of the PA development cycle, and the tools used by SKB to justify the
judgements.



• To make recommendations for future practice by SKB that will help SKI in reviewing the
use of expert judgement in proposals by SKB for the siting, construction and operation of
radioactive waste repositories.

Not every case of expert judgement in SR 97 has been reviewed in detail. Rather, key
examples of types of expert judgements and the associated justification tools used at each
stage of the SR 97 PA development cycle have been identified and discussed.

The review of the treatment of probability has two principal objectives:

• To evaluate how SKB has incorporated probability into its PA calculations in order to
calculate risk for comparison with the SSI regulatory criterion.

• To compare the approach of SKB with international practices in probabilistic safety
assessment for radioactive waste repositories, and to make recommendations for future
practice.

Report structure

Section 2 of this report considers the use of expert judgement in the selection, justification,
documentation and review by SKB of the assumptions that underpin SR 97. Section 3
considers the way in which SKB has incorporated probabilistic elements into SR 97.
Conclusions and recommendations arising from the review are presented in Section 4.



2 Use of Expert Judgement in SR 97

2.1 Introduction

Wilmot and Galson (2000) classified expert judgements according to why the judgements are
made and according to how the judgements are made. The two principal reasons why
judgements are made are because alternatives are not feasible, and because there are no
alternative approaches for making the decision. Feasible alternatives may not be available for
measuring certain types of data because observations on the required spatial or temporal
scales would be impracticable. Alternatively, the experiments required might be too
expensive to conduct at a particular stage of a development programme. In contrast, the
second type of judgements are required because there are no observations that could be made
in place of the judgement. For example, speculation about future human activities cannot be
supported by observations, and nor can judgements concerning the selection of a particular
modelling approach or the scope of PA calculations.

A number of tools and methodologies are available for assessing judgements, with the most
appropriate tools depending on both the type of judgement made and the stage within the PA
process at which the judgement is made. This review uses the following stages of the PA
process as the basis for describing the use of judgements in SR 97:

• Assessment context.

• Site selection / characterisation.

• Repository design / optimisation.

• Scenario development.

• Model development.

• Parameterisation.

The key techniques available for presenting and assessing expert judgements are
documentation, quality assurance (QA), peer review, expert elicitation, and dialogue with
stakeholders (Wilmot and Galson, 2000). The following sections discuss how these
techniques have been used by SKB in the stages of the assessment process listed above.

2.2 Assessment Context

The assessment context is the assemblage of factors that influence the conduct of an
assessment. By definition, all of the decisions made in defining the assessment context are
judgements because they relate to issues that cannot be quantified by any observations or
analyses, although ranking methods can be used as a means of comparing values held by
different stakeholders. Stakeholders should have a role in defining the assessment context
because much of the public debate will focus on overall issues and approaches rather than on
the details of the technical analysis.



There is no unambiguous statement of the assessment context in SR 97, or of the judgements
involved in developing it, although Sections 1, 2 and 3 of MRV describe the background to
the assessment. The assessment context is strongly influenced by the applicable regulations,
and the guidance published by the Swedish Radiation Protection Institute (SSI, 1999) sets out
some of the assumptions and judgements involved in setting the regulations.

The assessment context, and particularly the approach of developing an assessment of three
hypothetical sites, is influenced by the mission of SKB. It is not clear from SR 97 whether
any dialogue was undertaken in developing this approach to fulfilling this mission, other than
the formal reviews of SKB's programme by the regulators.

2.3 Site Selection / Characterisation

No final site selection is made in SR 97. However, three sites are evaluated to illustrate a
range of environments that are typical for Sweden, and judgement has been exercised to
determine that these three sites constitute an appropriate range. The three sites analysed are
hypothetical sites, but the data used are derived from available data for three real sites.
Judgements have been made in determining where sufficient site-specific data are available
and where generic data should be used. These judgements will be different in an assessment
of any proposed site because the option of additional site characterisation will also be
available. SKB will need to provide careful documentation to demonstrate that it has
transferred data from its hypothetical assessments to assessments of a potential site in a
reasonable manner.

As must be the case, considerable expert judgements are involved in the acquisition and
interpretation of site characterisation data at the three sites. For example, the site geological
structure models presented in Section 6.1 of D&DU represent the application of expert
judgement, particularly through extrapolation of direct measurements (e.g., outcrop mapping)
and interpretation of indirect measurements (e.g., geophysics). The quality of the data and
the approaches to interpretation vary between the sites and, therefore, so does the reliance on
expert judgement. The documentation and QA of the site characterisation data and
interpretation is presented in reports supporting SR 97 (e.g., Rhen et ai, 1997) and are
generally good. This allows evaluation of the models outside the project by independent peer
review and by the regulator. For the purposes of SR 97, the uncertainty associated with the
site structure models and, therefore, the appropriateness of the mix of data and judgement,
has been evaluated by Saksa and Nummela (1998). However, more extensive peer review
might be required for a real post-closure safety case.

The development of hydrogeological models for the sites is also based to a significant degree
on expert judgement, particularly in the extrapolation of data from boreholes. For example,
hydrological parameterisation of conductor domains at the regional scale is based on
extrapolation and expert judgement (p. 60 of D&DU). The scaling of hydraulic
conductivities (i.e., applying measurements to blocks of sizes larger than the measuring scale)
is based on a regression analysis that "builds on a series of non-proven assumptions" (p. 61 of
D&DU) or, in other words, expert judgement. However, as with the geological
characterisation data, the documentation and QA of the hydrogeological characterisation and
interpretation is generally good. This enables independent review of the judgements and
uncertainties involved.



2.4 Repository Design and Optimisation

SR 97 is an assessment of hypothetical sites undertaken to help in understanding the effects
of differences in hydrogeological regimes. To allow these differences to be analysed, it is
important that certain assumptions are held constant for the three sites under study. The
repository design is one such factor. In an assessment of a potential repository site,
optimisation of the repository design would take account of site-specific features and would
therefore be different for any site considered. For comparing hypothetical sites, it is therefore
appropriate not to optimise the design. SKB has previously documented an approach to
optimisation, and the judgements made in this approach, and in developing the design
concept used in SR 97, are described outside SR 97 (e.g., KBS-3 (SKBF, 1983); PASS (SKB,
1992); PLAN 98 (SKB, 1998)).

2.5 Scenario Development

Wilmot and Galson (2000) sub-divided the topic of scenario development into three sub-
topics:

• Derivation of a comprehensive list of features, events and processes (FEPs) potentially
relevant to system performance.

• Reduction of the full FEP list to a set of FEPs to be accounted for in system calculations.
This reduction should follow a screening protocol using defined screening criteria.

• Development of a set of scenarios for calculating dose, risk and other performance end-
points.

Judgements are required at each stage, and the judgements made in SR 97 are discussed in
the following three sections. The use of scenarios in SR 97 is discussed in Section 3.2.3 of
this review. Many of the judgements regarding scenarios involve the way in which they are
used in risk analyses and how they are treated probabilistically, and the comments in Section
3.2.3 should be read in association with the discussion below.

2.5.1 FEP list

SKB has previously compiled a FEP database (Andersson et al., 1989) and has used
interaction matrices to identify processes and interactions of importance for the evolution of
the repository (e.g., Skagius et al., 1995). In SR 97, a new structure for description of the
repository system has been adopted, termed THMC (thermal-hydraulic-mechanical-chemical)
diagrams. The role of these different tools in future assessments is to be evaluated and
rationalised by SKB (Section 4.2.4 of MRV).

Derivation of the FEP list, interaction matrices and THMC diagrams are all based on expert
judgement. This is acknowledged in Section 5.8 of MRV. Expert judgement is used because
there is no ready and acceptable alternative. The judgements are made predominantly in a
formal and controlled environment by working groups of technical project personnel and
experienced consultants. Assessment of the expert judgement is by peer review and informal
expert elicitation, and also by cross-checking between the different tools and by comparison
with work of other organisations (e.g., the NEA International FEP List). However, as is



acknowledged in Section 7.3.3 of MRV, this cross-checking has not yet been undertaken in a
systematic and formal manner.

Documentation of the THMC diagrams is provided in PER and in Pers et al. (1999). Pers et
al. (1999) was not reviewed, but the documentation in PER is generally good.
Documentation of the FEP database and interaction matrices is also good, although this work
was undertaken outside the auspices of SR 97. However, documentation of the expert
judgement applied in identifying the processes is not always adequate, in that only the end
result has been presented and the thought processes have not always been recorded. Minutes
of working group meetings may address this deficiency in part, but the minutes do not
capture work done by individuals outside of the meetings.

2.5.2 FEP screening criteria and FEP screening

No formal FEP screening criteria are presented. PER presents the reasoning behind which
processes are represented in the modelling of the various scenarios in SR 97; the main FEP
screening criteria that have been applied are likelihood of FEP occurrence and consequences
of FEP occurrence in terms of system performance. Neither of these criteria are applied in a
quantified and formal manner; for example, the consequence criterion is often based on the
effect on a subsystem component compared to the effect, or uncertainty associated with the
effect, of another process.

Many screening decisions are the result of expert judgement relating to the review of
scientific evidence and considering its relevance to the SR 97 assessment, i.e., expert
judgement is used to choose between the alternatives of modelling or not modelling a
process. The review process to justify the screening is generally well documented in PER. In
most cases, the judgement is clear but, in several cases, there is considerable uncertainty
about whether the judgement is appropriate or valid. These areas are candidates for further
work to assess the judgement (e.g., erosion of the bentonite buffer, formation of colloids in
scenarios where the bentonite is breached, colloid transport).

Screening judgements are often made by technically-qualified individuals. In some cases,
more contentious judgements may be made by a group. In both cases, assessment of the
judgement would be expected to be done predominantly by peer review. However, in SR 97,
there is no identification of the responsible parties for each screening decision, other than by
the naming of the managers for each section (i.e., near-field, geosphere, etc.). Further, there
is no mention of any peer review undertaken outside the project.

2.5.3 Scenario development

Five scenarios are evaluated in SR 97. Section 7.3 of MRV acknowledges that scenario
development is based on expert judgement and cannot be proven to be comprehensive. The
scenarios chosen are justified (i.e., the expert judgement is assessed) by comparison with the
scenarios selected in other assessments. In the case of unlikely events, scenario selection has
also been based on an assessment of probability and whether uncertainties can be accounted
for by the use of variants of a given scenario or whether an explicit scenario is required.
There is no documentation of the thought processes behind scenario development and no
formal verification of the comprehensiveness of the scenarios selected. Section 7.3.4 of
MRV states SKB's intention to revise the set of scenarios used and to undertake a formal
review of the selection process.



Wilmot and Galson (2000) emphasised dialogue with stakeholders as an important tool for
assessing the selection of scenarios and screening criteria. However, the use of dialogue with
stakeholders is not discussed in SR 97.

2.6 Model Development

Numerous modelling assumptions are made as part of conceptual model development and in
the implementation of the conceptual models through mathematical representation, numerical
solution, and code configuration. As with FEP screening, these assumptions all rely to a
greater or lesser extent on expert judgement. Some assumptions are well supported by
experimental evidence or modelling calculations, while others rely more on expert
interpretation of how best to account for uncertainty and variability. In SR 97, description of
the modelling assumptions are found throughout the documentation. PER is the main source
of information. However, there is no systematic documentation of assumptions and, as with
the FEP screening, there is no formal identification of the responsible person for each
assumption. Because there is no systematic documentation, there can be no formal peer
review of each assumption.

Some of the more significant judgements with regard to model development are made in the
conceptualisation of the climate change and earthquake scenarios. This is primarily because,
for these scenarios, it is necessary to bound future natural events and their consequences, and
this involves considerable uncertainty. These judgements are well documented throughout
SR97.

The earthquake scenario is based on a primary judgement that large earthquakes (magnitude
7.5 to 8.5) can occur in the future and can be predicted by extrapolation of data from the
limited time interval covered by instrumental recording of earthquakes. However, in this
time interval, there have been no earthquakes recorded having a magnitude greater than 5.

The conceptualisation of the climate change scenario involves judgement both about the
timing of events and the consequences or effects of these events. For example, with regard to
timing, land uplift appears to be well characterised (Section 8.3.2 of MRV), but sea-level
change predictions do not apparently account for greenhouse gas effects. The effects of
glacial meltwater are based on observations of past behaviour that become less clear with
time. Therefore, the model is predominantly based on behaviour since the most recent glacial
event only. The model is supported by studies that seek to explain the observed groundwater
distributions (e.g., Svensson, 1999) and seek to predict the magnitude of future effects (e.g.,
Guimera et al, 1999). However, judgements must be applied both to future boundary
conditions, driving forces, and durations, and to assumptions that future behaviour will
parallel past behaviour.

Thus, judgements on the conceptualisation of the earthquake and climate change scenarios
are largely made because there is no ready alternative. Peer review and dialogue would be
good methods of building confidence in the judgements, but use of these tools is not
discussed in SR 97.

In SR 97, a stochastic continuum model was applied for detailed-scale hydrogeolgical
modelling. There are alternative conceptual models, as set out in Section 6.3.2 of D&DU,
and quantitative evaluation of these alternatives has been performed to support the choice of
the main modelling technique (Section 6.5.4 of D&DU). However, the choice of modelling



technique also relies partly on expert judgement which, in turn, is influenced by available
tools and data. The application of the stochastic continuum model itself requires expert
judgement, and this has been undertaken in part by a working group (Section 6.5.3 of
D&DU). The basis for the modelling decisions taken is well documented in supporting
reports (e.g., Walker and Gylling, 1998; 1999; Selroos and Strom, 1999).

2.7 Parameterisation

The derivation of parameter values for the SR 97 calculations and the associated uncertainty
is documented mainly in D&DU. Section 2.1.3 of D&DU discusses the treatment of
probability and acknowledges that subjective uncertainty can be treated using probability
distributions for parameter values, and that such distributions are often constrained by expert
judgement. However, the approach taken in SR 97 is to use, where possible, "reasonable"
and "pessimistic" estimates of parameter values, rather than probability distributions. Section
2.2 of D&DU acknowledges that the derivation of both reasonable and pessimistic values is
judgmental. Section 2.2.3 of D&DU states that probability distributions are only presented
where there are data to support the distribution.

The expert judgements made or presented in D&DU mostly concern derivation of parameter
values that describe physical attributes of the disposal system from a range of site
characterisation, experimental and literature data. D&DU appears to be the primary
documentation to support this process and is the main link between the judgements and the
supporting data references. The process of deriving parameter values for assessment
calculations does not appear to have been formalised under appropriate QA procedures so as
to ensure a consistent and adequate documentation. Further, there is no evidence of
formalised independent peer review to build confidence in the judgements, although several
SKB reports reflect peer review undertaken within the project to review data and
uncertainties in SR 97 (e.g., Bruno and Duro, 1997; Follin, 1999). The judgements are
sometimes made by the author of D&DU (e.g., the instant release fraction) and sometimes by
individuals or groups of technical experts in supporting reports (e.g., solubilities reported in
Bruno et al., 1997). Despite the usefulness of formal elicitation for dealing with uncertainty,
none has been performed.

Informal group elicitation is only mentioned in Section 4.3.2 of D&DU, where the use of
expert judgement, or "speculation," to determine the size and frequency of initial canister
defects is discussed. The expert judgement is stated to be based, in part, on elicitation of
SKB staff. However, there is no documentation of this elicitation process, e.g., who took
part, who conducted the elicitation, how it was conducted, what questions were asked, and
what answers were given. Therefore, the suggested reasonable and pessimistic parameter
values are not traceable to source. Furthermore, in the Appendix of D&DU, Table A. 1.3.1
gives a probability distribution for the number of canisters with initial defects, despite the
statement that probability distributions would only be provided where there are data or other
well founded means to support the distribution.

Section 5.6 of D&DU discusses the derivation of sorption data for the geosphere. The use of
expert judgement to select which experimental data to use is acknowledged. This judgement
is presumably documented in the supporting SKB report that describes the derivation of the
sorption database (Carbol and Engkvist, 1997 - this report was not available to this review).
The judgement used by Carbol and Engkvist (1997) is questioned, both by the author of
D&DU and by a SKB-funded peer review of the data (Bruno and Duro, 1997). The dismissal
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of the influence of temperature, organics and variable mineralogy and the use of chemical
analogy appear to be based on judgement rather than data. However, no major changes to
the parameter values provided by Carbol and Engkvist (1997) were recommended, and the
values were unchanged for use in SR 97. Although probability distributions were not used in
SR 97, Carbol and Engkvist (1997) did provide uncertainty ranges in their sorption data, and
D&DU recommends that a uniform distribution should be applied to these ranges for
probabilistic calculations. No basis for this recommendation is provided, and it appears to be
based solely on the judgement of the author of D&DU. However, a log-uniform distribution
rather than a uniform distribution has been shown to be more appropriate for sorption data in
soils (e.g., Sheppard and Thibault, 1990) and in limestone (EPA, 1998). Therefore, the
possibility of a log-uniform distribution should at least have been evaluated and documented
in making the judgement of which distribution type to apply.



3 Use of Probabilities in SR 97

3.1 Introduction

SSI has recently introduced a risk criterion into the regulations that apply to the disposal of
spent fuel. The regulation and the accompanying guidance indicate that the regulatory
authorities require a consideration of both consequences (doses) and the probability of
receiving a dose to be considered in assessments. This review is concerned primarily with
the way in which SKB has determined probabilities and incorporated these into SR 97. The
review has, to some extent, been broadened to consider SKB's overall approach to risk
assessment. This widens the scope because a risk assessment is not just a means of
demonstrating compliance with a risk criterion, but is also a means of developing and
documenting an understanding of system behaviour and of the associated uncertainties.

In the context of demonstrating compliance, the disposal concept developed by SKB is
sufficiently robust that performance assessments show that only low doses would arise in the
majority of foreseeable futures, and that the probability of circumstances that could lead to
doses above the prescribed limits are sufficiently low that the overall risks are well below the
regulatory target. This report presents some comments on the way in which SKB has used
probabilities in their analyses and presentation of results. We do not anticipate that
addressing these comments would result in an average calculated risk greater than the
regulatory limit, although some risks may increase if parameter distributions are treated
differently. However, we believe that a clearer explanation in a number of places would
improve the transparency of the analyses and increase confidence in the overall assessment.

SR 97 is the latest in a series of performance assessments undertaken by SKB to develop
understanding of system behaviour for three hypothetical disposal sites. Previous
assessments have concentrated on comparing performance with the dose criteria previously
included in Swedish regulations, and have also used deterministic calculations involving
pessimistic assumptions.

In SR 97, SKB has recognised the need to consider probabilities in determining risk, but has
not developed a coherent risk methodology. Instead, SKB has simply assigned some
arbitrary probabilities to their existing assumptions, and attempted to justify this by noting
that a fully probabilistic approach is difficult to implement. It would not be reasonable, given
the recent introduction of a risk criterion, to expect SR 97 to demonstrate a fully-developed
probabilistic risk assessment methodology. However, we believe that it would have been
reasonable for SKB to have noted the lack of time to develop a probabilistic approach, to
have outlined a methodology for future assessments, and to have presented a work
programme for implementation.

3.2 Accounting for Uncertainty

Before discussing the ways in which uncertainties are treated in performance assessments
and, in particular, the way in which probabilistic approaches are used, it is useful to discuss
the different types of uncertainty that need to be addressed. Three principal sources of
uncertainty are commonly identified:
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• Parameter uncertainty: This type of uncertainty arises because knowledge about a site,
including the characteristics of the geological setting and the conditions within the
repository, can never be fully known. Even where measurements and observations are
made at the site, they cannot account for all of the spatial and temporal variability within
a natural system or a complex chemical environment. In many cases the data used are not
site-specific and uncertainties arise in applying generic data to a particular site.

• Conceptual model uncertainty. This type of uncertainty arises because there can be
alternative models that explain the behaviour of parts of the disposal system and the
interactions between the features, events and processes that operate within the disposal
system.

• Scenario uncertainty. This type of uncertainty arises because the evolution of the
environment around a disposal system is unknown. This environment defines the initial
and boundary conditions of the disposal system, and assumptions about its evolution are
required before analyses of disposal system behaviour can be conducted. Different sets of
assumptions (scenarios) provide broad-brush descriptions of the future environment.

The distinction between these types of uncertainty is not absolute, and judgements are
required to classify uncertainties. Nevertheless, these types of uncertainty are often treated
differently in PAs, including SR 97, and the majority of this review uses this classification.

Risk is a useful criterion for assessing the performance of any system in which the outcome is
uncertain, because the language of risk can also be used to characterise uncertainty. As an
example, at low radiation doses, the consequences to individuals in terms of the onset of
cancers are uncertain: there is a small probability that an exposed individual will develop
cancer. If the level of the exposure is known, then this probability is the only contributor to
the risk. If the level of exposure is uncertain, then additional probabilities that express the
other uncertainties can be used to determine risk.

SKB is correct in noting that, for a system such as a deep disposal facility for spent fuel,
frequency data are not available to characterise most uncertainties. Other techniques, many
involving use of expert judgement, are required to express conceptual model and scenario
uncertainties as probabilities, and also a large proportion of the parameter uncertainties. SKI
and SSI recently held a seminar to consider the ways in which these expert judgements could
be captured and used (Wilmot et al., 2000).

3.2.1 Parameter uncertainty

Instead of using available information and expert judgement to characterise parameter
uncertainty using probability distributions, SKB has adopted the concept of "reasonable" and
"pessimistic" values to define uncertainty. These two values have been determined using a
variety of group and individual judgements, with varying degrees of documentation and
traceability (see Section 2). The use of the concept of reasonable and pessimistic values is
not, in itself, inappropriate. SKB has, however, applied arbitrary and unjustified probabilities
of 90% and 10% to the reasonable and pessimistic values respectively. SKB's approach to
probability assignment does not accord with that used in any other PA programme, and we do
not consider it appropriate either for presentation of a safety case or for regulatory decision-
making.
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As well as assigning arbitrary probabilities for the two values it has selected, SKB has also
used the resulting "pseudo-distribution functions" inappropriately. In SKB's methodology, if
there were only two uncertain parameters, A and B, there would only be four parameter
combinations to consider - A(p):B(p); A(r):B(r); A(p):B(r); and A(r):B(p), where r represents
the reasonable value and p the pessimistic value of the parameter. In a calculation involving
100 realizations, these combinations would occur, on average, 1, 81, 9 and 9 times
respectively. No additional information or understanding would be gained, however, by
repeating one calculation 81 times, and the output from such a calculation would be limited to
four discrete values.

A better approach to probabilistic analysis than that adopted in SR 97 would be to use the two
estimated values to define points on a continuous distribution function for each parameter.
Sampling from this function would then include values other than the two fixed values in the
analysis.

If sampling from a continuous distribution function is undertaken, there are better, and less
arbitrary, functions than those defined by SKB's reasonable and pessimistic values. Two
such distributions are the uniform and triangular distributions, neither of which require
onerous levels of expert judgement or elicitation to define, but which can be used to build an
understanding of system behaviour and determine sensitivities.

In the uniform distribution, a minimum and a maximum value are defined, and all values
between these are assumed to be equally probable. SKB's "pessimistic" values could be
regarded as the maximum value, but a minimum (optimistic) value must also be determined.
Minimum and maximum values are also required for a triangular distribution, together with a
median value. SKB's "reasonable" values could be treated as the median value, although
some re-assessment might be required where the reasonable value accords more closely with
the modal value of the distribution.

Figure 9-41 of MVR shows that the form of the distribution function is not critical for a
number of parameters, since there is little relative change in the calculated dose when the
parameter value is varied between "reasonable" and "pessimistic". However, for a number of
parameters there is a significant change in calculated dose. In a system in which there are
non-linearities, simple interpolation cannot be used to infer the behaviour of the system for
values between these limits. Defining uncertainties using a probability distribution function
(pdf) would allow for proper sampling across the range of values. For example, if triangular
distributions were used for two parameters, each realization would involve different
parameter values, with values close to the maximum, between median and maximum, just
above the minimum, etc., being sampled, as well as just the end-point values. It is likely that
the "steps" apparent on the cumulative doses curves (e.g., Fig. 9-44 of MVR) would be
resolved by this approach.

It is unlikely that sampling from continuous probability density functions instead of discrete
ones would lead to a major change in calculated doses and risks. However, the purpose of a
performance assessment is not solely to demonstrate compliance with regulations but is also
to develop an understanding of system behaviour and identify areas where further research
and development should be focussed. As well as being less arbitrary, the use of continuous
functions rather than the two-valued, pseudo-distribution functions, at least for the sensitive
parameters, will allow for a much clearer understanding of system behaviour.
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3.2.2 Conceptual model uncertainty

SKB acknowledges that there is uncertainty associated with the selection of conceptual
models for use in PA calculations. There are useful discussions of the different conceptual
models for several parts of the disposal system in D&DU. These provide the basis for SKB's
selection of a single conceptual model and, in general, the selection is based on the model
that is assessed to be reasonable. The alternative approach - assigning probabilities to the
different conceptual models and using these to control how the models are used in PA
calculations - is not used. The selection of a single conceptual model is not inappropriate,
although it may be difficult to justify that a particular model is "reasonable". Assigning
probabilities or degrees of belief to models does require expert judgement and may not be
justified except in situations where regulatory decisions or optimisation depend on the choice
of conceptual model.

The remainder of this section discusses two examples of conceptual model uncertainty in SR
97 that illustrate SKB's approach.

In D&DU Section 4.1, SKB describes the assumptions used to determine the inventory for
each fuel element. Alternative sets of assumptions for the rate of burn-up are identified, as
are alternative computational models for determining the actinide composition of spent fuel
given these different assumptions. These uncertainties are not quantified, although the text
implies that the alternative conceptual models can lead to uncertainties of up to 20%. SKB
assumes, on the basis of preliminary and unreferenced PA calculations, that these
uncertainties can be neglected because the overall disposal system is not sensitive to the
original inventory. SKB also states that there is no motivation for use of a pessimistic case.

A probabilistic approach to defining the inventory for use in PA calculations would require
assigning degrees of belief to the assumptions regarding burn-up and to the appropriateness
of the burn-up codes. This approach would ensure that calculated inventories were self-
consistent in terms of the relationships between actinides. SKB correctly notes that assigning
uncertainty ranges directly to actinide concentrations is inappropriate where there are strong
correlations between the concentration of different actinides. Neglecting uncertainties in the
inventory and using a fixed inventory is an appropriate approach if the overall radionuclide
release calculations are not sensitive to the uncertainties in the initial inventory. Given the
approach used elsewhere in SR 97, however, it is unclear why the fixed inventory was not
defined using pessimistic assumptions. In this case, a pessimistic value would not overly
influence the overall assessment, but would provide confidence that the final performance
assessment, based on the disposed inventory, would not indicate greater releases than
preliminary assessments.

In the case of modelling dissolution of the UO2 matrix, SKB discusses two conceptual
models - immediate dissolution (the so-called "instant coffee" model) and a model based on a
realistic description of fuel oxidation. The immediate dissolution model is discounted as
being too pessimistic. However, uncertainties are not considered in the oxidation model so
that only a single value of the dissolution rate is derived for use in PA calculations. This is
despite SKB's observation that there are a number of assumptions in this model that could
affect the dissolution rate.
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3.2.3 Scenario uncertainty

Scenario definition

SKB has identified four aspects of the disposal system (or FEPs) as being outside the domain
of parameter uncertainty, and has explored the effects of these on system performance by
including them in separate scenarios rather than by defining "reasonable" and "pessimistic"
parameter values. These scenario-forming FEPs are:

• Canister defects.

• Climate change.

• Earthquakes.

• Human intrusion.

The majority of the work presented in SR 97 focuses on system performance for the so-called
base case scenario. In this case, the climate is assumed to be constant and similar to the
present-day climate, land uplift continues at the current rate but there are no earthquakes
large enough to affect the disposal system, there is no human intrusion into the disposal
system, and there are no initial defects in the canisters. Four additional scenarios incorporate
the effects of each of the above FEPs. The results of these scenarios allow the effects of
different assumptions to be assessed, and therefore help in developing an understanding of
system behaviour. However, there are no analyses that show the influence of interactions
between these FEPs. For example, the effects of earthquakes under climate conditions other
than present-day, or the effects of initial canister defects on doses received following
intrusion, are not explored.

The approach of defining different scenarios to explore the influence of different sets of
assumptions is a common one in performance assessment programmes. However, accounting
for scenario uncertainty in risk assessments is conceptually difficult because it requires that
an exclusive and exhaustive set of scenarios can be defined. Each scenario in such a set
would be independent, so that the consequences could be calculated independently of other
scenarios and a probability of occurrence determined. The set of scenarios would define all
possible futures within the analysis domain, so the sum of the probabilities would be one and
the results could be combined into an overall measure of risk. Although exclusive scenarios
are relatively easy to define, it is difficult to define an exhaustive set if different events define
different scenarios, because the interactions between different aspects of the disposal system
are not accounted for. If an exclusive and exhaustive set of scenarios is not defined, then the
calculations can only yield a set of contingent risks. Contingent risk calculations can be
useful in cases where highly uncertain events can have significant consequences. For
example, events such as future human intrusion can dominate calculated risks, but require
speculation to define the associated uncertainties. Including human intrusion in a separate
scenario will lead to contingent risk estimates, but will ensure that there is a clear separation
of speculation and other sources of uncertainty, and so provide a stronger basis for regulatory
decision-making.

SSI has recognised the speculative nature of probabilities for human intrusion, and states in
its guidance for the risk criterion (SSI, 1999; Section 2.6.1) that:
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Questions relating to intrusion will be handled by SSI separately from the discussion concerning the
undisturbed repository. Therefore, the stipulations concerning the holistic approach and optimisation in
§ 4 and in Section 2.3.3 shall not apply to intrusion into a repository. Estimated probabilities
concerning human intrusion in the future are so uncertain that SSI does not wish to disregard
requirements on the safety of the undisturbed repository.

SSI does not, however, recognise that there are any other scenarios that should be assessed
through the calculation of contingent risks. SSI's guidance assumes that both consequences
and probabilities can be assigned to scenarios (SSI, 1999; Section 2.4.4):

Instead, the risk must be assessed from the risk scenario which is obtained by weighing together
consequences and probabilities for different event sequences. In this context, the concept of the risk
scenario refers to calculated, or otherwise assessed, consequences and probabilities for a relevant
selection of possible event sequences (scenarios). The consequences must be calculated or estimated so
that they include uncertainties in the assumptions and data upon which the calculations or assessments
are based. The chosen scenarios must in their entirety give a full picture of the risks attributable to the
final repository.

The only way in which the probabilities of scenarios can be determined in a way in which
they can be used to calculate risk is if they are distinguished by the occurrence of events that
can, in turn, have probabilities assigned to them. This is the approach that was used in the
trial assessments undertaken on behalf of Her Majesty's Inspectorate of Pollution (HMIP) in
the UK (Sumerling et ah, 1992). A similar approach has been used for the Waste Isolation
Pilot Plant (WIPP) in New Mexico (DOE, 1996). In the HMIP approach, a simulation code
(TIME4) was used to generate a set of climate sequences, each of which effectively defined a
"calculational scenario". For the WIPP, "calculational scenarios" were defined by sampling
for the occurrence of future drilling and mining events. In both cases, the overall scenario
was assumed to have a probability of one, and each realization or calculation was assigned a
probability equal to the reciprocal of the number of realizations. The probabilities used in
these assessments are therefore not "real" probabilities, but rather mathematical constructs
dependent on the details of the calculation. The important aspect of these approaches, which
enables probabilities to be defined, is that the assessments include all of the significant events
within one scenario rather than treating them as variants to a base case. This ensures that
interactions between uncertain events are included in the calculations, and that, within the
assessment context, an exhaustive and exclusive set of (calculational) scenarios can be
defined.

The approach described in SR 97 does not fulfil SSI's guidance on treatment of scenario
uncertainty. The scenarios defined by SKB are mutually exclusive, in the sense that they do
not overlap, and so probabilities of occurrence could theoretically be assigned. However,
these scenarios are not exhaustive, because they do not consider interactions, and so the
probabilities would not add to one. This means that combining results from the different
scenarios would not give rise to an overall estimate of risk. In fact, the probability of
occurrence of any of the scenarios analysed is essentially zero because there is a vanishingly
small probability that climate conditions will remain constant over hundreds of thousands of
years. Although the results of SKB's calculations are useful in developing system
understanding, they cannot be combined in any meaningful manner to provide an estimate of
risk as required by the regulations.

Canister defect scenario

This scenario differs from the base case scenario primarily in whether the calculations
assume that defects are present in the canisters at the time of deposition. In the base case
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scenario, all of the canisters are assumed to be intact at the time of deposition, and even the
most pessimistic corrosion rate assumed gives a canister lifetime of about 10 million years.
This means that there are no releases of radionuclides to the geosphere over the period of
regulatory interest. In contrast, in the canister defect scenario, some canisters are assumed to
have initial defects and these result in releases of radionuclides that eventually lead to activity
levels in the biosphere sufficiently high to give doses. SKB assumes that the highest
proportion of canister defects is about 0.1% (5 canisters), and that the most probable
("reasonable") value is one defective canister in the repository.

SKB has conducted dose calculations for the canister defect scenario, and has presented the
results of these as risk calculations (see Section 3.3.1). Apart from the human intrusion
scenario, these are the only dose calculations reported in SR 97. SKB has apparently
concluded, therefore, that the canister defect scenario fulfils the regulatory requirement for
accounting for all sources of risk. This may be appropriate if climate change and earthquakes
can be justifiably screened out of the assessment. However, regulatory assessment would be
easier if SKB clearly presented within their documentation a description of the repository
system that they believe incorporates all the significant features, events and processes, and
presented dose and risk calculations based on this description. Supporting analyses, such as
those currently included in the base case, climate change and earthquake scenarios, should
still be included to demonstrate an understanding of the disposal system and to provide
confidence in the analyses.

Human intrusion scenario

SR 97 includes an analysis of the ways in which societal evolution could lead to sufficient
loss of knowledge about radioactivity and the location of a repository that unintentional
human intrusion could occur. SKB's conclusions are that there are circumstances in which
intrusion could occur in the future, and that the most likely form of this intrusion is deep
drilling. SR 97 presents analyses of the consequences to both members of a drilling crew and
future residents of the site after drilling, and also discusses the probability of the human
intrusion scenario.

Although the discussion of societal evolution and doses from drilling are interesting, SSI's
guidance suggests that the only regulatory requirement is for an assessment of disposal
system performance after an intrusion (SSI, 1999; Section 2.6.1):

In the case of a repository, the consequences of intrusion must be described. The essential point is not
to describe the chain of events that leads to the intrusion, but to study the ability of the repository to
isolate and retain the radioactive substances after an intrusion, in accordance with §§ 8 - 9 of the
regulations.

SKB has used an assessment of drilling rates in Sweden to determine the risks from human
intrusion, but presents this as an assessment of the probability of the scenario, rather than as
the probability of a drilling event. This is an example of the overlap between different types
of uncertainty. If human intrusion were to be included in an overall risk assessment, then the
probability of the human intrusion scenario would be relevant. On the other hand, if
contingent risks are calculated, it is only probabilities within the scenario that are relevant.

SKB has made erroneous assumptions in determining probabilities of drilling into a
repository. SKB has determined two probabilities: the probability that a randomly drilled
borehole within Sweden is within the repository footprint, and the probability of a borehole
within the footprint intercepting a canister. The product of these two probabilities (5 x 10~8)
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is therefore the probability that any one borehole will intercept a canister. SKB then states
that if 200 boreholes are drilled in Sweden each year, then during a period of one hundred
thousand years the probability of intercepting a canister at some time is 1. This is erroneous,
as is clearly shown by considering a drilling rate of 300 boreholes per year - during a period
of one hundred thousand years, SKB's approach would give a probability of intercepting a
canister of 1.5, which is nonsensical.

If SKB does present risks from human intrusion, in addition to an assessment of
consequences, then it should use a Poisson function to determine the probability of
intercepting a canister. Using SKB's assumptions about drilling rates in Sweden and the size
of the repository footprint, this would give a probability of interception within one hundred
thousand years of 0.63. After a million years, the probability would be greater than 0.999,
but no random process can ever lead to a probability of exactly 1.

3.3 Risk Analyses

Section 3.2 discusses ways in which probability can be used to express uncertainties in
different aspects of an assessment. This section discusses how the these probabilities are
combined with a measure of consequence to give a value for risk that can be compared to a
regulatory criterion.

3.3.1 Use of dose rather than risk

The concept of risk requires an assessment of both the consequence of an event or process
and the probability of that event or process occurring. The consequence used in defining the
risk criterion in the Swedish regulations is the incidence of fatal and non-fatal cancers and
hereditary damage. At the levels of radiological dose likely to arise from a KBS-3 type
repository, two probabilities are necessary to determine the overall risk - the first is the
probability that some event, or process or combination of events and processes will lead to a
dose, and the second is the probability that this dose will lead to a harmful effect. The
International Commission on Radiological Protection (ICRP) uses a variety of information
sources to determine the relationship between radiological dose and harmful effects, and its
current best estimate of the probability is 0.073 per Sv.

An alternative approach to using the ICRP dose-risk conversion factor is to express the risk
criterion in terms of an annual dose equivalent. This is the approach used by SKB in their
presentation of results from probabilistic calculations (Section 9.11.9 of MVR). Although
these two methods of presentation are essentially equivalent, there is some potential for
confusion, particularly if terms such as "risk limit" and "calculated risks" are used on plots of
annual dose (e.g., Figures 9-43, 9-44 and 9-45 of MVR). Since the regulatory criterion is
expressed as an annual individual risk, the results of an assessment should be presented in
terms of risk. Dose equivalents can also be used, but they should be used for comparisons -
for example, with doses from natural background radiation.

3.3.2 Contingent risks

A contingent or conditional risk analysis is one in which the probability of some events or
processes is assumed to be one. Ideally, a risk assessment would account for all the
uncertainties within the system under study. In practice, and particularly in the case of
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complex systems such as radioactive waste disposal facilities, use of contingent risk analyses
may allow for greater transparency by simplifying the calculations.

It is important when presenting contingent risk calculations that it is made clear what
assumptions have been made and that probabilities have been set to one. Contingent risks
cannot be directly summed, and they are most useful for comparisons, in the sense of
showing that the risks arising from one set of events and processes are greater than those
from another set. If risks are to be summed, or an assessment made of the contribution of a
set of events and processes to the overall risk, then contingent risks are inappropriate and the
probability of occurrence must be included in the analysis.

The risk calculations presented by SKB (Figures 9-43, 9-44 and 9-45 of MVR) appear to
represent contingent risk calculations, although the figure captions and explanatory text do
not clearly state which probabilities have been assumed to be one. As discussed in Section
3.2.3, although there is discussion of scenario uncertainty and the probabilities of various
events, SR 97 does not include a clear description of the risks arising from all significant
events and processes. We consider that this is acceptable at this stage of the analysis, because
risk estimates may require revision in the light of future research. We also consider that it is
appropriate to distinguish between the risks associated with the normal evolution of the
disposal system and those associated with intrusion into the repository after the failure of
institutional controls. We do not consider, however, that an assessment restricted to
contingent risk calculations is appropriate as this neglects a significant part of the
uncertainties that the regulators intend should be addressed by setting a risk criterion. We do
not see evidence in SR 97 of how SKB intend to address scenario uncertainties and present a
risk calculation appropriate to a safety case.

3.3.3 Calculational approach

SKB presents cumulative distribution functions of calculated risk at the three sites for two
different biospheres (Figures 9-43 and 9-44 of MVR). These are based on a number of
realizations, each of which calculates dose as a function of time. Each realization represents
a set of parameter values that are either set at the "pessimistic" value for the parameter, or
sampled from the pseudo-distribution function (see Section 3.2.1). Setting parameters to
their pessimistic values should ensure that the calculated risks are larger than those that
would be determined if the same parameters were sampled or set to their reasonable value.
However, an important aim of a risk analysis is to aid in developing an understanding of
system behaviour, and using pessimistic values will not help in this respect. We consider that
SKB should endeavour to overcome the technical difficulties that SKB considers are
associated with the establishment and sampling of pdfs, and that are stated to be the reason
for this approach.

SKB does not report the number of realizations used in its calculations of risk. In general,
increasing the number of realizations increases confidence that the analyses fully cover the
possible combinations of parameter values, and the confidence limits on the mean become
narrower. There are a number of "stopping rules" that can be applied to determine how many
realizations are required for a particular level of confidence (e.g., Orford et ah, 1991). These
rules are based on sampling from continuous pdfs. SKB's use of distribution functions that
have only two possible values ("reasonable" and "pessimistic") severely restricts the number
of possible parameter value combinations, and thus many fewer realizations will be needed
for a particular level of confidence than if sampling were done across a continuous pdf. Even
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if SKB persists with the approach of discrete, two-valued distributions, the number of
realizations should be stated and justified.

Each realization in SKB's risk analysis yields a distribution of consequence (dose) as a
function of time (examples are shown in Figures 9-28 to 9-40). SKB uses the maximum
consequence from each realization, at whatever time this maximum occurs, as the measure of
consequence for determining risk. This is an acceptable approach to defining risk, although it
does not indicate the way in which risk varies with time. As with many of SKB's
assumptions and procedures, this approach tends to maximise calculated risk in comparison
with other approaches that could be used.

An alternative approach to calculating risk is to determine the mean risk at particular times.
Calculations of dose are generally made using numerical models rather than analytical
solutions. The output of these models is not a continuous function of dose against time, but
rather a set of doses calculated for specific times (e.g., 5 000, 10 000, 250 000 years). Doses
at intermediate times can be interpolated to generate dose-time curves. Each realization will
generally use the same set of times or, if different time steps are used, doses at a standard set
of times can be interpolated. A mean dose or risk can then be calculated from the results for
each realization at each time. These results, with appropriate confidence limits, will show
how mean risk changes with time.
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4 Key Recommendations
This review of the use of expert judgement in SR 97 and of SKB's approach to the use of
probabilities leads to the following key recommendations. We consider that adoption of
these recommendations by SKB would lead to an assessment that would satisfy the recently
introduced risk criterion, as well as being more traceable. Such an assessment would build
confidence in the KBS-3 disposal concept.

Expert judgement

A formal documentation of modelling assumptions, including classification of assumptions
(e.g., conceptual, mathematical, numerical, reasonable, conservative, simplifying), would add
clarity and transparency by explicitly setting out all of the expert judgements.

Documentation of FEP screening, modelling assumptions, and parameter value derivations
should identify both the individual or group responsible for the work and the associated
judgements, and the individual or group that has reviewed or approved the work.

Clear FEP-screening criteria are needed (e.g., low consequence, low probability). Well-
defined criteria would clarify the basis for the expert judgements made in establishing an
assessment model.

Three tools that appear to have been under-utilised in SR 97 are dialogue with stakeholders,
independent peer review and expert elicitation:

• Dialogue with stakeholders would be of particular benefit in determining the assessment
context and in scenario development. Dialogue would build confidence in the structure of
the assessment and in the scenarios selected by expert judgement.

• Peer review has been used in the development of FEP lists used in SR 97, but
independent peer review could be used at several other points within the assessment
process, particularly as part of the model development process.

• Formal and documented elicitation could be used for particularly contentious issues that
can only be readily tackled using expert judgement (e.g., climate change, canister
defects).

Treatment of probability

SKB should develop a more coherent approach to risk analysis and integrate this with its
assessment methodology. A key part of this approach should be a more rigorous and less
arbitrary method for incorporating parameter uncertainty into the analysis. Risk analyses
should place less emphasis on the use of "pessimistic" parameter values and other
conservative assumptions.

SKB should describe more clearly the set of FEPs, FEP interactions, and conceptual models
that it considers incorporates all of the significant uncertainties. This set of assumptions
should be the basis of the risk analysis and fulfil the regulatory requirements for an integrated
assessment. SKB should continue to develop and describe supporting models that help to
justify its assessment models and provide confidence in its assessments. These supporting
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models and results should, however, be more clearly distinguished from the assessment
calculations.

In line with regulatory guidance, SKB should continue to treat human intrusion separately
from other events affecting the disposal system. SKB must, however, correct its erroneous
approach to determining the probability of intrusion.
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