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Summary
Expert judgements are an important element of all performance assessments and are made
when alternative approaches to decision-making are not available or are not feasible.
Decisions regarding the scope of a particular assessment or the type of modelling approach
adopted must be made through judgements because there are no observations that can be
made. Similarly, any assumptions concerning human activities in the far future are
essentially speculative and must be based on expert judgement. Observations of spatial
heterogeneity within a disposal system may, on the other hand, be theoretically possible but
not be feasible because of excessive cost or because they would adversely affect the system
they were intended to characterise.

Because there is a wide range of judgements made within a performance assessment, there
are several ways of making the judgements and of assessing how they have been made.
Judgements may, for example, be made by individuals or by groups, and they may be
formally elicited or made without formal elicitation. Dialogue with stakeholders can be an
important means of assessing judgements, as can peer review. Documentation is a key
element throughout the process of making and reviewing judgements, and appropriate quality
assurance procedures can also build confidence in judgements.

In order to develop an understanding of the processes of making and assessing judgements,
the Swedish Nuclear Power Inspectorate (SKI) and the Swedish Radiation Protection Institute
(SSI) jointly sponsored a seminar entitled "The Use of Expert Judgements in Performance
Assessments". The seminar was held in Nortallje, Sweden, on 17-19 January 2000. The
seminar was organised by Galson Sciences Ltd (GSL) on behalf of SKI, and conducted
jointly by GSL and Professor Steve Hora of the University of Hawaii. Participants at the
seminar included SKI and SSI staff and independent experts. A key element of the seminar
was an illustrative expert elicitation session, designed to give participants experience and
insight into the advantages and disadvantages of one important means of making judgements
in performance assessments.

For the purposes of the trial elicitation exercises, participants formed two Working Groups to
explore how elicitation could be used to derive numerical values and to make judgements
concerning concepts or assumptions. The topics explored by the Working Groups were
canister performance and cost calculations / longevity of funding. Prior to the elicitation
exercises, the seminar included presentations to familiarise participants with the concepts of
expert judgement and elicitation, and participants also undertook a training exercise on
probability theory. This report presents summaries of the discussions held within the
Working Groups.

Key lessons learned by participants included the importance of appropriate training for
experts prior to formal elicitation, the usefulness of the structured approach to decomposing
problems into manageable issues, and the importance of clear problem definition. Although
the concept of probability as a means of characterising uncertainty was unfamiliar to many
participants, the potential for elicitation as one means of making judgements was recognised.

Topics that participants felt could be considered for further work included the development of
guidelines for elicitation, structured evaluation of canister failure modes, structured decision
analysis in areas such as funding, and the use of probabilities and the treatment of uncertainty
in the calculation of costs.



1 Introduction
This report provides a summary of a seminar on the use of expert judgements in performance
assessment (PA). The seminar was sponsored jointly by the Swedish Nuclear Power
Inspectorate (SKI) and the Swedish Radiation Protection Institute (SSI), and was held in
Nortallje, Sweden on 17-19 January 2000.

The seminar had three principal objectives:

• To present and discuss information on the ways in which expert judgement is used in
performance assessment (PA), and methods that can be used to assess such judgements.

• To undertake an illustrative expert elicitation session, and to give SKI and SSI staff direct
experience of the process of elicitation and hence some insight into the advantages and
disadvantages of elicitation.

• To identify future activities that will help SKI and SSI in developing strategies for the
assessment of proposals for the siting, construction and operation of radioactive waste
repositories.

The seminar was organised by Galson Sciences Ltd (GSL) on behalf of SKI, and was
conducted jointly by GSL and Professor Steve Hora of the University of Hawaii.

The seminar comprised three principal elements (see Attachment 2). The first of these was
on the classification of expert judgements in PA and the tools that can be used for their
assessment. This presentation was based on a recent report prepared by GSL for SKI
(Wilmot and Galson, 2000), supplemented by examples and case studies from a number of
PA programmes. The second part of the seminar was a presentation on the techniques of
expert elicitation. This presentation was similar to the type of training that would be given to
experts involved in elicitations and included some training exercises intended to familiarise
experts with the concepts of using probability to express their uncertainties. In the third
principal part of the seminar, participants formed two Working Groups to undertake trial
elicitations. One of the recommendations of Wilmot and Galson (2000) was that SKI
conduct a trial expert elicitation in order to better understand the advantages and
disadvantages of expert elicitation. The report concluded that trial elicitations of both a
numerical value or distribution, and of a concept or assumption would be of value, and the
Working Groups explored both of these uses of elicitation.

Following this Introduction, Section 2 of this report summarises the presentation on the use
of expert judgement and Section 3 the way expert judgements can be elicited. The topics that
were discussed by the Working Groups as part of two illustrative elicitations are summarised
in Section 4. Because of the illustrative nature of these elicitations, however, the parameter
distributions that were developed are not presented in this report. Section 5 presents a digest
of the feedback received from the seminar participants on the relevance and potential future
use of the tools and techniques for assessing expert judgements discussed in the
presentations, and concludes with a summary of a discussion on possible future activities.

There are four attachments to this report. Attachment 1 comprises a list of seminar
participants, Attachment 2 is the agenda for the seminar, and Attachments 3 and 4 present
background material on the topics that were discussed in the illustrative elicitation exercises.



2 Expert Judgement in Performance Assessments
Expert judgements can be classified 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 either because observations spatial or temporal scales required 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.
Speculation about human activities in the far future cannot be supported by direct
observations, and nor can judgements concerning the selection of a particular modelling
approach or the scope of PA calculations.

In the case of how judgements are made, a distinction can be drawn between non-elicited
judgements made by individuals, non-elicited judgements made by groups, and elicited
judgements made by individuals or groups. One factor that commonly distinguishes these
types of judgement is the extent of the associated documentation. Judgements made through
formal elicitation are generally well-supported by documentation, but non-elicited
judgements, particularly those made by individuals, may be poorly recorded and more
difficult to trace.

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 at which stage within
the PA process the judgement is made. Documentation is a key tool for all stages of a PA
and for all types of judgements. Quality assurance (QA) is also important throughout a PA,
but QA records are likely to be especially important in assessments of judgements made
during site characterisation and model implementation. Peer review is a technique that can
be used at particular milestones, including the development of a list of features, events and
processes (FEPs), screening of the FEP list to determine what is to be included within an
assessment model, and conceptualisation of the models used to account for screened-in FEPs.
Elicitation can also be used in the development of FEP lists, and in the parameterisation of
models. Dialogue with stakeholders could be a useful technique for establishing whether
judgements are justified in the context in which they are used.

Further details of the classification used for expert judgements and the roles of different tools
and techniques for assessing judgements can be found in Wilmot and Galson (2000). This
report concluded that there was scope for further work on expert judgement, both in
developing guidance and as part of SKI's independent assessment programme, that would
help to build SKI's capability to undertake a thorough regulatory review of PAs submitted as
part of future licence applications. An understanding of the extent and impact of expert
judgements in such PAs will be important for credible decision-making.

Several of the topics and issues raised by Wilmot and Galson's (2000) analysis of expert
judgements were discussed at the seminar. The principal topic discussed was expert
elicitation, which is presented in more detail in the following section, but other topics
discussed included the use of peer review and QA in both the regulator's and proponent's
programmes, and whether there was a role for regulatory guidance on these issues. The
importance of dialogue at all stages of performance assessment was also debated.



3 Expert Elicitation
Wilmot and Galson (2000) identified expert elicitation as an approach to making judgements
in performance assessments, and distinguished this technique from other ways of making
judgements. A common form for judgements elicited from experts is as probability density
functions (pdfs) for uncertain quantities. Expert judgements may take other forms such as the
probability of an event or the definition of a scenario of events. The training session at the
seminar was intended to introduce participants to the concept of representing uncertainty as a
pdf, and the emphasis of the exercises during the training and the subsequent discussions and
elicitations was in encouraging participants to express uncertainties in this way.

This section of the report presents a description of the elicitation process, based on the
presentation and training session at the seminar. It is divided into subsections describing the
selection, organisation, and training of experts, and the elicitation and recording of
judgements.

3.1 Selecting experts

The formalised process of acquiring the judgements of experts - expert elicitation - invariably
involves one or more experts, a set of issues or topics relevant to the problem at hand and in
the area of expert's knowledge, and a coordinator, "facilitator" or "elicitor" who most often,
but not always, deals face to face with experts. An expert is someone who possesses
exceptional knowledge or has some special access to such knowledge. The selection of
experts is often a key step in a formal expert judgement elicitation. This is particularly true
when the study may come under critical review. If the "experts" are deemed by reviewers to
be not particularly able and experienced in the appropriate field of study, the findings will be
criticised and distrusted. But the selection of experts may be criticised on other grounds. It
may be thought, for example, that the selection has excluded experts with certain viewpoints
that may be contrary to the goals or beliefs of the analysts or sponsors of the study.

Another potential pitfall is the selection of experts who may have, or may be perceived to
have, a motivational bias. A motivational bias occurs when the expert's response is somehow
influenced by the expert's situation or beliefs, so that the response no longer reflects the
expert's best judgement. For example, an employee of a concern that has a financial stake in
the outcome of a study may be perceived to have a motivational bias. Likewise, a member of
a government agency who has a political stake in the outcome of a study may be viewed as
being motivationally biased. The potential for motivational bias and the perception of
motivational bias should be evaluated in the selection of experts. Sometimes this will mean a
disqualification of the project staff for use as experts. Occasionally, the potential for
motivational bias may require the disqualification of an otherwise very desirable expert. To
accommodate this situation, the disqualified expert may be allowed to testify to the other
experts about his or her beliefs, thus permitting the exceptional knowledge that this expert
may have to enter the process.

It is normal practice to use several experts to answer the same questions for two reasons.
First, there may be multiple viewpoints or approaches to the issues under study. Selecting
just one expert may exclude other viewpoints and lead to a misstatement of the uncertainty
that actually exists about an issue. Second, individual experts often understate the real
uncertainty by providing probability distributions that are too tight. Using multiple experts
helps spread the probability across a wider range of values by introducing inter-expert



variation, resulting in a more accurate representation of the true uncertainty. While there is
no definitive rule for determining the number of experts to be used, experience and statistical
modelling of expert judgements suggest that between three and twelve experts should be used
(Clemen and Winkler, 1985). Factors influencing the number of experts include the
resources available, the diversity or agreement of view held by experts, and the breadth of
knowledge required.

3.2 Organising experts

There are various ways in which multiple experts can be organised. The experts may be
interviewed separately, perhaps in person or by telephone, computer, or mail. Experts who
are interviewed in their home environments often have easy access to their files and other
pertinent information sources, and working with experts individually greatly reduces the
difficulties associated with meetings involving a number of experts. A drawback, however, is
that each expert must individually be introduced to the issues and background information
and perhaps provided with training in probability assessment.

Another strategy is to bring together several experts to discuss and analyse the questions at
hand. The intention is that experts who exchange information will themselves become better
experts and have a better understanding of the issues being addressed. Experts organised in
this manner often respond by being well prepared and eager to discuss the issues. Working
with one's peers may motivate the experts to do a better job. Presentation of background
material, questions to be addressed, and perhaps training exercises can be accomplished with
all the experts at one time resulting in gains in efficiency. In addition, experts working
together tend to become more expert. They share ideas, models, data, and ways of thinking
about the problem. A drawback is that they become less independent. Of course, experts are
never entirely independent: they may share the same backgrounds, data sources and models.

Experts working together can respond to the same issues or questions, or they may be
differentiated with respect to areas of responsibility. It is best, however, to ensure that
several experts respond to each question for the reasons discussed earlier. When the issues
are very broad and require knowledge that may span different scientific disciplines, the
experts may be organised as teams, with each team responding as though it were a single
expert. This form of organisation was used in a study of seismiscity in the eastern US and in
two studies related to radioactive waste disposal (EPRI, 1986; Hora et al., 1991; Lomberg
and Hora, 1997).

3.3 How to ask questions

Although it may seem that the asking of questions is a simple task compared, for example, to
the selection of experts, it is often a major stumbling block in expert judgement elicitation.
The difficulty most often lies in making the question sufficiently precise so that there is no
room for interpretation and there is agreement between the analyst asking the question and
the expert as to the exact meaning of the question. This, however, is surprisingly difficult to
achieve. One difficulty is the extent to which specific values are given for conditions
relevant to the issue. If, for instance, an expert is asked about the uptake of a toxic material
from soil into grazing cattle, the length and moisture of the grass may be very important to
the expert when forming a judgement. If these factors are not specified in the question,
should the expert make some unarticulated assumptions or attempt to integrate the
uncertainty attributable to the grass conditions into the probability distribution?



Another difficulty arises when experts are asked about quantities that are not measurable.
For example, an analyst may be uncertain about a parameter that is used to fit a curve in a
model. This parameter has no physical manifestation and is not directly measurable. Asking
questions about such fictitious quantities invites trouble. The interpretation of what the
quantity is may vary greatly between expert and analyst and there is no way to resolve the
controversy because the parameter does not have a physical representation that can be
measured. Worse yet, an expert who does not believe the model postulated is correct cannot
be expected to form a judgement about such a parameter simply because the expert does not
believe that it exists. Therefore, questions should be restricted to those quantities that are
measurable, or at least conceptually measurable.

A useful evaluation of the quality of a question is called the clairvoyance test (Spetzier and
von Holstein, 1975). Imagine that a clairvoyant is available to answer the question. When
asked the question, the clairvoyant should not have to ask for any further explanation. There
should be no unstated conditions that the clairvoyant would have to resolve in order to
answer the question. Perhaps the most useful test of a question, however, is to perform a trial
elicitation ~ a dry run — using one or more stand-in experts. This should be done for every
question to test its clarity before presentation to the experts.

Sometimes, the number of questions asked of an individual expert is allowed to become too
large to be handled effectively in the time allotted. This problem may occur when there is a
case structure with several factors that are crossed in combination with one another. For
example, in the study of atmospheric dispersion of toxins, one might want to consider five
wind conditions from calm to gusty, three stability conditions with respect to the temperature
gradient, and three precipitation conditions. If there are three questions to be asked for each
of the conditions, the total number of distributions to be assessed has risen to 125. It is easy
for this type of crossing to grow out of hand so that 500 or more distributions are required
from a single expert. The result is that, instead of giving careful consideration to each
situation, the expert will consciously or unconsciously employ some simplifying algorithm to
provide a pattern for generating the large number of distributions.

3.4 Training for expert judgement elicitation

There is a substantial body of research that shows that individuals, both experts and
nonexperts, have difficulties forming probability judgements (e.g., Kahneman et ai, 1982).
These errors in judgement formulation manifest themselves as miscalibration of probabilities.
This term, miscalibration, needs some explanation. When an expert assigns a probability of p
to each member of a set of n events, one should expect n x p of the events to occur and
n x (1 - p) events to not occur. Marked deviation from these expected numbers indicates
miscalibration (Lichtenstein et al, 1982). As an example, consider a weather forecaster. On
those days the forecaster gives a forecast of a 75% chance of rain, one should find that
(approximately) 75% of the time it actually does rain. Likewise, on those days where the
forecast is 20% chance of rain, it should actually rain only 2 times out of ten.

The most common manifestation of miscalibration in probability elicitation is called
"overconfidence." It is the tendency to give probability density functions that are too narrow
so that the probability distributions appear to define the quantities more precisely than is
warranted, hence the term overconfidence. Overconfidence seems to be pervasive. It has
been found in nearly every group of subjects studied, but not in each individual in the group



(Bonano et at, 1990). The unfortunate consequence of overconfidence is that elicited
probability distributions may appear to contain more information than is warranted.

There are several ways to deal with overconfidence. First, the experts should be made aware
of the pervasiveness of this bias. Second, the experts should be given some practice and
feedback in probability judgement formulation. Studies using a test and feedback design
almost always show significant reduction in the amount of overconfidence bias (Alpert and
Raiffa, 1982).

Overconfidence is not the only bias that must be dealt with however. Other important biases
include:

• Availability or recency - the tendency to give more credit to easily recalled results.

• Optimism - the tendency to give greater credit to one's own theories and models than to
those of others.

• Anchoring - the tendency to not move from an initial position when new evidence is
presented.

It is usually best to provide training to the experts to make them aware of biases so that they
can help control them (Lichtenstein and Fischhoff, 1980; Fischhoff, 1982). During the
training activity, the experts should be introduced to the tasks they must perform and they
should be given some practice and feedback. A common tool is to give an "almanac" quiz
using general knowledge questions about geographical features and statistics (Hora et al,
1992). Experts are asked to provide uncertainty distributions for these unknown quantities.
After answering a number of such questions, the tests are "graded" and the experts given
feedback on any miscalibration. When subjects in experimental settings are retested after
having been given feedback, there is usually marked improvement in the calibration.

This training technique was used at the seminar, with a number of general knowledge
questions such as: "What is the length of the Kastrup bridge currently under construction
between Sweden and Denmark?", "What is the area of Iceland?" and "What is the per capita
alcohol consumption in Sweden?" There was, however, no opportunity at the seminar to
retest participants to determine whether there was an improvement in their elicited
uncertainty distributions.

An added benefit of the training process is familiarising the experts with the goals and
purpose of expert elicitation. Often, the experts have the misconception that expert
judgement elicitation is a "cheap" way to avoid doing experiments or collecting data. Expert
"buy-in" is essential for the success of the elicitation exercise and the best way to obtain this
support is through training.

3.5 Eliciting probabilities

Probability elicitation commonly takes place with two participants, the expert and the elicitor.
Sometimes these two are called the substantive expert and the normative expert, respectively
(Meyer and Booker, 1991). The role of the elicitor is assist the expert in forming judgements
by helping explain the overall task and the meaning of the questions, searching for
inconsistencies in the given judgements, asking for information in different ways to provide
cross checks, and ensuring the expert gives a rationale to support the judgements.



Sometimes the group engaged in the elicitation is extended to three or even four persons.
The third person would be an analyst who is familiar with risk analysis and can help answer
queries regarding how the judgements will be used. Questions often arise about how a
particular distribution is to be used and what it represents. The third person will help ensure
that the expert understands the questions as intended by the project staff. The fourth person
would have the responsibility of ensuring that both the numeric and qualitative judgements of
the expert are properly recorded. The rationales underpinning the quantitative distributions
are particularly important to the understanding of the process by external reviewers. In
addition to transcribing the findings by hand, an audio tape recording or video recording may
be made.

An essential ingredient for a successful elicitation is a well prepared expert. While it is not
possible to guarantee that every expert will be well prepared, a plan that works well is to have
a two-meeting format with an interim study period for preparation. In the first meeting, the
issues are explained to the experts in the context of the overall study, relevant site-specific
data and models are presented, and a training session may be conducted. The experts are then
given a month or more to research the issues and to form preliminary judgements. In the
second meeting, the experts can exchange information and then participate, individually, in
probability elicitation sessions. Group elicitation sessions are less desirable because
individual diversity can be repressed. It is important for the experts to have sufficient time
during the study period to accomplish the work. This means that a reasonable fee must be
paid to private consultants, and formal inter-agency agreements must exist for government
employees. Asking an expert to take on the task of preparing for an elicitation in addition to
an already full work schedule will often result in a expert who is not fully prepared.

3.6 Recording and processing judgements

The objective in probability elicitation is to obtain probability functions for a set of uncertain
quantities. It is not usually possible, or even desirable, however, to obtain a complete
specification of a probability function. Doing so entails more work than is necessary and
places an undue burden on the expert. What is needed is a sufficient number of points on the
distribution function that a good, but not necessarily exact, representation of the expert's
uncertainty distribution can be obtained.

An effective way of obtaining this representation involves assessing the largest and smallest
values of the random variable (these have cumulative probabilities of 0 and 100%
respectively), and the values of the random variable that have given cumulative probabilities
- for example the 5%, 25%, 50% 75% and 95% quantiles (Seaver et aL, 1978). These seven
quantiles give a sufficiently accurate representation of the distribution so that simple linear
interpolation can be used to complete the distribution function. This process is equivalent to
assuming a maximum entropy density, subject to the constraints imposed by the quantiles.

Special attention to the tails of the distribution function is sometimes warranted, because in
risk and uncertainty studies the extreme values can be the most important. This is
particularly true when one is concerned with low-probability, high-consequence events. If
the endpoints are not obtained from the expert, then one is left the task of extrapolating from
the interior quantiles to the extreme values. Extrapolation is more difficult, and more
uncertain, than interpolation and should be avoided if possible.



Quantile assessment is not the only means of obtaining points on the distribution function.
Another strategy involves fixing the values of the random variable and asking the expert to
supply cumulative probabilities. While this technique is technically equivalent to quantile
assessment, there is the danger that the predetermined values of the variable will anchor the
expert's judgements, thereby introducing a psychological bias.

Distributions can also be assessed by assuming a particular family of distributions and asking
the expert for parameters that will define the member of the family. A normal distribution,
for example, may be assumed and the expert asked to provide the mean and the standard
deviation. This information is sufficient to define the distribution. There are drawbacks to
such an approach. First, the assumed distribution may not match the shape of the expert's
uncertainty distribution, particularly in the tails of the assumed distribution. Second, the
expert is asked for a mean and standard deviation. The mean and the standard deviation are
moment measures and are difficult for experts to estimate. The situation is worse with
distributions having long tails, such as the lognormal distribution. The implications of a
particular mean and standard deviation may produce surprising results in the tails.

After the results of an elicitation have been processed, they should be returned to the expert
for review and potential revision. Sometimes there are misunderstandings between the
elicitor and the expert. At other times, the expert may have second thoughts. Because the
results are, in a sense, the intellectual property of the expert, the right to make modifications
should not be denied. However, the rationale or justification for changes should be provided
by the experts.

Often it is desirable to combine distributions across experts. There are two legitimate reasons
for doing so. First, the combined distribution may provide a better representation of
uncertainty than the distribution provided by an individual expert. The inclusion of inter-
expert differences results in a distribution that, generally, will be broader, hence less
overconfident, than an individual's distribution. Second, the study may require a single
distribution to be used in the analysis. In any event, if the distributions are combined, the
individual distributions provided by the experts should be preserved and presented in the
documentation of the study. Differences among experts often provide interesting insights
into the true uncertainty.

Many rules for combining probabilities and probability distributions have been proposed
(Genest and Zidek, 1986). The most straightforward and perhaps the best is to simply
average the distribution functions by averaging the cumulative probabilities pointwise at each
value of the random variable. Averaging values of the random variable at fixed cumulative
probabilities, on the other hand, can lead to results that are meaningless.

A variation of the simple average is a weighted average where the weight somehow reflects
the quality of the particular expert. There are various ways of obtaining weights such as self-
weighting, weighting by the project staff, weighting by peers or weighting by performance on
test questions. Experience with self-weighting indicates that it has more to do with
personality and confidence than real ability (Winkler, 1968). Indeed, one of the problems in
probability assessment is that some experts, even the most knowledgeable, are greatly
overconfident in their judgements. Peer weighting seems to work better, but only modest
gains in improving calibration have been reported. Although self-weighting does not work
well when the weights are applied globally to all questions, there is a good argument for
allowing experts to disqualify themselves on questions where they do not believe they can
respond adequately. This is tantamount to a form of self-weighting.
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Weights based on performance on test questions appear to be a good idea but are not easy to
implement. The biggest problem is deriving a set of test questions with known answers that
emulate the real questions the experts will address. One source of data for creating such
questions is from experiments and scientific observation. If the experts are truly world class,
they probably are aware of any data that have been published. Unpublished data, on the other
hand, is suspect because it has not undergone peer review. Almanac questions are not
acceptable because they are not like the real questions to be addressed.

One of the earliest reported studies with weights based on performance is provided by
Winkler (1971). In this study students forecast football scores during the semester. The
results from the earlier games in the season provided data for weights in the later part of the
season. The results showed modest but encouraging improvement. A more ambitious
approach has been proposed by Cooke (1991). He proposed the development of sets of test
questions with known answers and use of a scoring rule to derive weights for the experts.

Another combining rule that has been proposed is geometric averaging. However, with the
geometric average, if any expert assigns a zero probability to an interval of values, the
resulting combined distribution will also have a probability of zero for the interval regardless
of the judgements of the other experts. Thus, an individual expert can be a "dictator."

3.7 Documenting the elicitation

Elicited judgements are often subject to controversy. The ability of an elicitation to pass
review and survive criticism depends heavily of the quality of the documentation. The
following items should be documented:

• The screening and selection of potential issues.

• The criteria for expert selection and the selection process.

• The structure of the elicitation programme including venues, dates, etc.

• The materials presented to the participants.

• The elicitation results, including the rationales underlying the probability distributions.

• The processing and combining of results.

Most important among this list of items are the rationales underlying the judgements. The
numerical results are ephemeral and will change with time as new experimental results,
observations, and models become known. But the rationales of the experts will provide
insights to those who follow as to how the issues may be viewed. The rationales are also
extremely important for the review process because, without them, the numbers are easily
attacked.

3.8 Recommendations

The design of an expert judgement elicitation process needs to fit the situation at hand. The
complexity of the issues, the resources available, and the scrutiny that the study will undergo
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all have an effect on the design. There are, however, basic principles that should be followed.
These principles are outlined below:

• Multiple experts should be used whenever possible so that a better measure of the true
uncertainty in an issue will be obtained.

• Experts are not necessarily good in probabilistic judgement formulation. They need
training and assistance with this difficult cognitive task.

• Experts benefit through interaction with other experts. It is beneficial to design the
process in a manner such that the experts have access to one another.

• Getting the questions right is always difficult and a dry run should be made on each
question.

• Processing and combining judgements is often required, and the techniques chosen for
doing this should contribute as little additional "information" to the process as possible.

• Experts should be selected to avoid the potential of motivational biases.

• Care must be take to produce good documentation, especially with respect to the experts'
rationales.

• The experts must be provided with the time, resources, and information to do the job
properly.

Following these principles greatly increases the chance of success in expert judgement
elicitation.
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4 Results of Elicitation Sessions
The objectives of the seminar included both training in elicitation and exercises in elicitation
to reinforce this training. During the organisation of the seminar there was extensive
discussion between SKI, SSI and GSL on topics that would be suitable for the elicitation
exercises. The aim of these discussions was to identify topics of interest to seminar
participants that would also provide parameters suitable for elicitation. Canister performance
and the calculation of disposal costs were selected as topics, and background material that
included broad descriptions of the issues and a provisional set of parameters for elicitation
was distributed to participants ahead of the seminar. This background material is included in
this report as Attachments 3 (Canister Performance) and 4 (Cost Calculations). Introductions
to these topics were also presented at the seminar.

Seminar participants divided into two Working Groups to discuss these issues further, and to
identify suitable parameters for elicitation. The aim was for individuals within each Working
Group to act as experts for trial elicitations of one or more of these parameters. In the
following sections of this report, the discussions held by each Working Group are
summarised. The results of the elicitations are not presented in detail as they were not
performed under formal conditions and the provisional results should not pre-judge any
future judgements or elicitations on these topics conducted by either the regulators or the
developer.

4.1 Working Group on Canister Performance

4.1.1 Introduction

The issue statement addressed by the Working Group on Canister Performance is included as
Attachment 3. The current design proposals for disposal of spent fuel in Sweden are based
on the use of copper canisters with cast-iron inserts (KBS-3 concept). These canisters will be
emplaced in vertical emplacement holes and surrounded by bentonite. The copper canister
and iron insert form part of a multi-barrier system, and degradation of this barrier will not
lead directly to radionuclides reaching the biosphere. Other processes, including dissolution
of the waste form and transport through the bentonite backfill and geosphere, must occur
before radionuclide concentrations are high enough to give significant doses. Nevertheless,
canister performance is an important element of the overall design concept and, if canister
integrity can be demonstrated for periods comparable to the half-lives of dominant
radionuclides, then less reliance is required on the performance of other barriers. Thus, long-
term canister performance is a key uncertainty in PA calculations for the KBS-3 disposal
concept.

Overall canister performance is dependent on factors associated with canister design,
manufacture, emplacement and the post-closure in situ repository environment. Canisters can
fail owing to a combination of undetected manufacturing defects, undetected transport and
emplacement damage, and long-term corrosion in the repository environment, possibly
localised at defect points.

The final safety case presented by the developer will be based on the "as-built" design.
However, preliminary PAs, particularly those conducted at the site selection and repository
design stages, will be based on proposed designs. The regulator needs to be assured that
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these PAs adequately address the uncertainties regarding design, manufacture and
emplacement of canisters, as well as those concerning the processes affecting the disposal
system after closure. The discussion of canister performance was therefore expected to be
wide ranging, and to lead to a set of assumptions and scenarios to be used as a basis for
eliciting a numerical value or values.

Some possibilities for parameters to be elicited are discussed below:

• Canister lifetime. Not all canisters will fail at the same time and this parameter will need
to be elicited in the form of parameter values that characterise a distribution.

• Number of canister failures. A parameter that may be easier to elicit, particularly if a
wide range of canister properties is assumed, is the number of failed canisters at particular
times (e.g., at 1,000, 10,000,100,000 years, etc.).

• Weld failure rate, galvanic corrosion rate, handling damage rate, etc. It may be difficult
to assimilate all failure modes and processes into an overall assessment of canister
performance as required by the two parameters above. In this case, it would be more
appropriate to elicit parameter values that characterise the failure modes separately and
then combine this information using models or further elicitation.

The Working Group session consisted of two parts. The main part was a discussion centred
on how the issue of canister corrosion could best be decomposed to make it amenable to
expert elicitation. The second part consisted of a trial elicitation of numerical values.

4.1.2 Discussion of issue decomposition

Issue decomposition consisted of a facilitated discussion to identify a structured hierarchy of
canister performance issues of potential importance to PA. A set of high-level issues was
elicited, and this was supported by elicitation of a set of more detailed issues that could affect
consideration of the upper-level issues. Not all of the upper-level issues was addressed in the
same level of detail. The upper-level structure is presented below:

1. Canister failure distribution in time.

2. Canister failure distribution in space.

3. Optimisation of canister design.

4. The timescale over which an initial small failure will increase such that a significant
quantity of radionuclides may be released from the canister.

5. Nuclear criticality performance, particularly in the presence of already failed canisters.

Each of these issues could be broken down into more detailed causative processes. For
example, the canister failure distribution in both time and space is affected by the following
processes:

• Mechanical coupling between the canister and the surrounding bentonite.

• Mechanical coupling between the canister and the host rock.
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• Scenarios for evolution of the natural system.

• Modes and rates of post-closure corrosion.

• Kind and degree of initial canister defect.

Yet a further subdivision is possible. For example, the kind and degree of canister defect is
affected by canister thickness, manufacturing reliability, and quality control measures.

Optimisation of canister design needs to account for a wide range of variables, including cost,
size, deposition hole size, desired thickness, and long-term performance requirements. Any
one PA will, however, be based on a fixed design. The issue of optimisation was therefore
not considered further by the Working Group.

The Working Group decided that the issue of weld defects was appropriate as a topic for the
conduct of a numerical elicitation. Weld defects were considered to be the most likely type
of defect, and the presence of such defects could have a significant influence on estimates of
canister lifetime owing to the occurrence of more aggressive localised corrosion processes
and more rapid cracking in particular post-closure repository chemical environments. The
group also considered that it might be possible to elicit a distribution directly for one of the
higher-level topics, which could be fed directly into a PA or be used to check distributions
used in SKB's PAs. The temporal distribution of canister failures was considered
appropriate, as this is a principal input to SKB's PAs.

4.1.3 Weld defects

With regard to weld defects, the group posed the following question:

• What is the number of canisters being disposed with a significant weld defect?

This question was seen to be the product of two further questions:

• What is the number of canisters having at least one weld defect?

• What is the probability of SKB not discovering a weld defect?

In order to proceed with the elicitation, the group realised that there was a need for a careful
definition of the term "defect". In particular, there was a need to define the scale of the
defect that was being considered; defects below a certain size may not be significant to
repository performance. In SKB's PA, SR 97 (SKB, 1999), a "defect" was defined as a
pinhole of 1 mm in diameter. In reality, however, defects could be as small as microscopic
intercrystalline cracks of several grain widths in depth. Defects could arise from a variety of
processes, such as shrinkage and loading imbalances during the manufacturing or welding
processes. Given the uncertainties, the Working Group considered that any defect greater
than about five grain widths in depth could be significant to performance. A "potentially
significant defect" was therefore defined to be a cylinder of length, 1, and radius, r, such that:

5 grain widths < 1 < canister thickness

a few microns < r < 1 mm
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- a size that the Working Group considered could have a significant impact on corrosion
modes and rates in particular repository environments.

The Working Group recognised that the detection limit for defects was a critical factor in
determining the number of undetected weld defects, and that this was likely to be greater than
the size of the minimum weld defect, i.e., not all potentially significant defects would
necessarily be detectable. Without further information to hand on detection limits - for the
purpose of the trial elicitation - the Working Group made the assumption that the detection
limit was above the minimum defect size, although this may not be the case in practice.
(Note that in SR 97, SKB assumes that 1% of defects will be "undetected".)

The Working Group also considered that it would be appropriate for the purpose of PA to
conservatively simulate all such defects as pinholes through the canister of diameter 1 mm, as
in SR 97. But it was also considered that SKB's estimate of four canisters having a
significant defect (1% of emplaced canisters initially defective) did not necessarily take
account of the possibility that even very small defects could have an impact on repository
performance.

A numerical elicitation of number of canisters with an initial weld defect was then conducted.
The elicitation was based on a group discussion and consensus. The endpoints of the
distribution were considered to be 0 canisters and 4,000 canisters (the entire inventory).
Without further study, the Working Group considered that there was an equal probability that
any number of canisters could have an initial weld defect.

4.1.4 Canister failure distribution in time

The group examined the following upper-level question:

• What is the distribution of canister failures in time?

This was seen as too difficult to elicit without further study, and so a simpler question was
posed:

• What is the number of canisters with at least one 1-mm wide pinhole defect at a time
1,000 years after repository closure?

In order to clarify the question being posed, there was a need to make a large number of
assumptions about the disposal system, particularly concerning the chemistry of the system.
Post-closure repository chemistry was considered to be a source of significant uncertainty in
determining the failure rate, because changes in the hydrochemical environment within the
repository (associated with alternative sites and alternative evolutions) could have a
significant affect on the modes and rates of canister corrosion. In order to proceed with the
elicitation, the Working Group considered that the elicited failure rate distribution should be
based initially on a set of assumptions that attempted to reduce the uncertainty associated
with the elicitation, as follows:

• Mechanical effects from swelling of bentonite and post-closure rock movements do not
affect the canister.

• A chemical environment consistent with a pH of about 8; an oxidising environment
initially, eventually turning reducing as oxygen in the repository was consumed, with no

16



later oxidising events; saline groundwater; low concentration of sulphide; and an
ammonia system.

• Four canisters with an initial significant defect (1-mm pinholes), as per SKB's
assumptions.

Even with this refinement, the Working Group was uncomfortable about providing elicited
values. The Working Group considered that the best approach would be to conduct the
elicitation in a staged manner. The first stage would be problem discussion, decomposition
and definition. This would be followed by a study period (e.g., of several weeks). A second
meeting would then be held for the purpose of elicitation of numerical values.

4.1.5 Lessons

The main points of the working session were as follows:

• The facilitated development of a structured logic about a difficult problem was seen as
extremely useful. The careful discussion of the issue and the effort spent on problem
definition brought out assumptions that might otherwise be hidden.

• Decomposition was performed to move from upper-level questions to questions that were
considered to be more easily answerable by the experts. However, even after a detailed
decomposition, the complexity of this particular problem was seen as making elicitation
difficult. A study period would be required between problem definition and parameter
elicitation for complicated technical problems.

• The Working Group considered that there was a very high degree of uncertainty about the
likelihood of significant weld defects (with "defect" defined as above), and of canister
failure rate, and that SKB had probably underestimated the uncertainties.

4.2 Working Group on Cost Calculations

4.2.1 Introduction

Attachment 4 summarises the way in which SKB calculates the overall costs of disposal and
the way in which these are reviewed and used to set a levy on power generated at nuclear
power stations. This levy provides for an independently administered Nuclear Waste Fund
that is intended to ensure that adequate funds are available throughout the disposal process.

The Working Group identified two interrelated topics concerning the establishment and use
of the Nuclear Waste Fund that may require elicitation because of the absence of direct
sources of information:

• Costs of operating a deep repository, including the costs of variants such as extensions to
the excavated region because of the ground conditions encountered.

• Timing of the overall disposal programme and of the various elements within this
programme, and the impacts of changes in the schedule, e.g., delays in canister
fabrication.
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Judgements relating to the overall costs will be based on an aggregation of judgements
(elicited or derived) regarding the costs of individual elements of the programme (e.g.,
canister fabrication, transport, repository excavation). The Working Group concluded that,
even in the context of an elicitation exercise, this topic was unsuitable for elicitation at the
seminar. The absence of background information, the shortage of time, and the expertise of
the Working Group all meant that participants did not feel comfortable making judgements
on these issues.

4.2.2 Discussion of the disposal programme

Discussion in the Working Group focused on the second of the major topics above, and the
approach adopted for defining the parameters to be elicited was to decompose the timing of
the overall programme into a series of phases marked by key events. Some interdependence
of these phases is inevitable, but to aid elicitation each phase was determined to be contingent
upon completion of the preceding phase. Phases are therefore marked by milestones such as
the passing of legislation and granting of licenses, as well as physical events such as
completion of a phase of excavation.

The Working Group identified the following key phases:

• Consultation with communities.

• Surface site investigation

• Detailed site investigation, including sinking of first shaft.

• Initial phase of waste emplacement.

• Evaluation period.

• Second phase of waste emplacement.

• Post-closure period.

If the evaluation of the first phase (anticipated to be 10% of the waste or about 400 canisters)
is unsatisfactory, then the remaining waste may be stored for an extended period until another
repository site is found. Emplaced waste may also be removed and disposed elsewhere.
Similar branches may occur at other milestones on the above schedule:

• Communities may reject proposals for exploration.

• Selected sites may prove technically unsuitable at some point during exploration or
excavation.

In either of these cases, there would be a branching from the above schedule either back to an
earlier milestone or to the start of the programme. The Working Group therefore elected to
focus on the elicitation of periods or intervals for the various phases of the programme. If the
elicitation focused on the dates that milestones were achieved, the values would be useful
only for the straightforward sequence listed above. By establishing intervals, the values
could also be used to evaluate a variety of branched sequences.
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The baseline set of assumptions used by SKB in undertaking cost calculations identifies some
of the phases above, but aggregates others. The Working Group established a baseline
schedule through facilitated discussion:

Baseline Schedule for Repository Excavation and Waste Emplacement

Date

Present

2002

2008

2015

2019

2027

2041

Milestone

Start of surface site
investigation

First shaft sinking

First emplacement of waste

Start of evaluation phase

Start of second phase of waste
emplacement

Repository sealed

Interval
(years)

2

6

7

4

8

14

Possible causes for change in schedule

Political, local communities

Technical, regulatory, political

Technical (including problems with excavation,
canister design and engineered barriers), political

Technical (excavation, emplacement)

Technical, political

Technical, economic, political

In addition to establishing a baseline schedule, the Working Group identified the principal
causes for possible change to the baseline. A key cause for change is political decision-
making. This is generally considered to delay activities, but participants considered that
under certain circumstances, such as a large nuclear accident or other threat, there could be a
strong political incentive to accelerate the programme and remove waste from surface stores
as quickly as possible. Regulatory delays could arise if the developer's applications or
demonstrations of understanding were not approved and additional work was required.
Technical delays could arise both at the selected repository site (unsuitable geological
conditions) and in associated parts of the programme (e.g., canister design and fabrication,
design and evaluation of backfill and seals). Economic factors could affect the programme
through prolonging the lifetime of the nuclear power plants (leading to both more waste and
to a larger waste fund), or by significantly changing the value of the waste fund in real terms
(e.g., through economic collapse).
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4.2.3 Elicitation

Having established the baseline schedule and discussed the factors that could lead to change,
Working Groups members were elicited for distributions that encompassed the uncertainties
in different parts of the schedule. Distributions were elicited from individuals for the period
up to the start of the surface investigations, and for the duration of the surface investigations.
These elicitations were performed in the same way as a formal elicitation, so that there was
extensive feedback between the expert and the facilitator; the facilitator illustrated the
distribution as it was elicited and was able to ask pertinent questions, highlight
inconsistencies and ensure each expert was content with the final distribution.

All members of the Working Group were then elicited for the duration of the final phase of
the disposal programme, bearing in mind all the possible causes for changes in the amount of
waste and value of the fund. The aim of this exercise was to compare independent
distributions and to illustrate the way in which they could be combined. The disadvantage
was that the facilitator could ask only general questions and not explore the assumptions
made by individual participants.

4.2.4 Lessons

The main points of the working session were as follows:

• There are many assumptions underlying the base case schedule adopted by SKB that have
not been made explicit. Decomposition of the schedule into a series of independent
stages is an important step in understanding these assumptions.

• There are a number of technical, political, regulatory and economic factors that must be
considered if the uncertainties in the schedule are to be fully explored.
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5 Lessons Learned and Way Forward

5.1 Lessons learned

Following the presentation on the use of expert judgements and the training and practical
exercise in elicitation, the seminar participants were asked for their reactions to the issues
raised, and also whether they considered that any of the tools or techniques might play a role
in their areas of interest. The following list presents the key observations made:

• The seminar provided a useful introduction to the meaning and use of probabilities and
subjective probability distributions that will be of value in reviews of SKB's assessments.
Nevertheless, the use of probabilities to characterise uncertainties seems to be foreign to
Swedish culture and there remains some confusion about the potential use of elicitation
techniques.

• One area where judgements are required at an early stage of a PA, and also where
dialogue could be an important technique for reviewing the judgements, is in establishing
the assessment context. Participants felt that a description of the authorities' strategy
towards review and assessment, and a better definition of the assessment context in
Sweden, would lead to a better review of SKB's documents.

• The seminar highlighted the importance of training for any experts who become involved
in elicitations. The identification and selection of experts will play a key role in the
success, or otherwise, of elicitations. Biases, such as overconfidence, will need to be
considered in establishing expert panels and in reviewing the judgements made. The
exercises demonstrated the important roles played by the facilitator and the effects of
group dynamics.

• The elicitation exercises conducted at the seminar, particularly that on cost calculations,
concentrated more on deriving parameter distributions and less on determining and
documenting the rationale behind the judgements. Documenting the rationale should be a
key element of any elicitations conducted to support assessments.

• The structured approach required by expert elicitation can help to provide useful insights
because it requires that the problem is decomposed into a number of manageable issues.
This was seen in particular in the discussion of the Working Group on canister
performance, which identified some issues for further study.

• The techniques used in elicitation could also be used to increase the effectiveness of
group meetings, model development, etc.

• The seminar reinforced the importance of clear problem definition and of defining the
endpoints required at the outset of an elicitation or discussion. The experts involved must
be focused on "solving the problem" and not solely on following their own agenda.

• The informal collaboration between staff from SKI and SSI at the seminar was of value in
building closer working relationships.
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5.2 Way forward

The following list presents the ideas that were discussed at the seminar and how the lessons
and experience could be carried forward.

• Advice and encouragement from SKI and SSI could help to increase transparency in
SKB's judgements, which would help the review process. In particular, the development
of guidelines on acceptable practice in elicitation could be useful. Furthermore, the
periodic reviews conducted of SKB's programme and proposals can provide useful
information on the way in which SKB's judgements have been made and documented.

• Elicitation techniques could be useful for decision analysis in areas such as funding and
human intrusion. Uncertainties cannot be quantified for these topics because choices are
speculative. Nevertheless, the issues must be considered and a structured approach to
establishing views and alternatives could be beneficial.

• Additional work on the use of probabilities and the treatment of uncertainties in the
calculation of costs would be of benefit. There is a need for greater transparency;
guidance to SKB on appropriate methodologies could be of value.

• Further work on how the failure of canisters with time should be modelled would be of
benefit. The elicitation of parameters associated with canister failure could be the subject
of a more detailed SKI/SSI elicitation exercise.

• Li the area of radionuclide transport, there are a few key parameters (e.g., those related to
transport of neptunium) for which elicitation could be a useful method of determining
appropriate values for assessment calculations.

• An examination of the similarities and differences between regulatory criteria in different
countries, and how these affect the treatment of uncertainty and the use of expert
judgement, could provide useful background to determining appropriate uses for expert
judgements in Swedish PAs and Hearings.
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Attachment 2: Agenda

SKI / SSI Seminar on Expert Judgement

Norrtalje, 17 -19 January 2000

Agenda

Monday, 17 January

1300 Introduction and welcome

Bjorn Dverstorp - SKI

Mikael Jensen - SSI

Daniel Galson - Galson Sciences Ltd

1330 The use of expert judgements in PA

Roger Wilmot & Daniel Galson - Galson Sciences Ltd

1530 Coffee

1600 Expert elicitation - training

Steve Hora - University of Hawaii

1730 Dinner

1830 Expert elicitation - training (contd)

Steve Hora - University of Hawaii

Tuesday, 18 January

0830 Introduction, including discussion of overnight exercise

Steve Hora - University of Hawaii

0930 Background presentations

Hans-Peter Hermansson - Studsvik Material (Canister performance)

Per-Erik Malmnas - Stockholm University (Cost calculations)

Mikael Jensen - SSI (Longevity of Societal Resources)

1030 Coffee
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Tuesday, 18 January (contd)

Seminar participants divide into two groups for following sessions

Canister PerformanceCost Calculations /
Longevity of Resources

Steve Hora

1100 Facilitated discussion

Assumptions and scenarios

Parameters for quantification

1230 Lunch

1330 Elicitation of parameter values

1530 Coffee

1600 Elicitation of parameter values

Seminar participants recombinefor remaining sessions

1730 Coffee

1800 Combining elicited distributions

Steve Hora - University of Hawaii

1930 Close

Wednesday, 19 January

0830 Discussion on expert judgement and lessons learnt

Daniel Galson - Galson Sciences Ltd

1030 Coffee

1100 Concluding remarks

Mikael Jensen - SSI

Bjorn Dverstorp - SKI

Galson Sciences Ltd

Facilitated discussion

Assumptions and scenarios

Parameters for quantification

Elicitation of parameter values

Elicitation of parameter values
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Attachment 3: Issue Statement - Canister Performance
The current design proposals for disposal of spent fuel in Sweden are based on the use of
copper canisters with cast-iron inserts. These canisters will be emplaced in vertical
emplacement holes and surrounded by bentonite. The copper canister and iron insert form
part of a multi-barrier system, and degradation of this barrier will not lead directly to
radionuclides reaching the biosphere. Other processes, including dissolution of the waste
form and transport through the bentonite backfill and geosphere, must occur before
radionuclide concentrations are high enough to give significant doses. Nevertheless, canister
performance is an important element of the overall design concept and, if canister integrity
can be demonstrated for periods comparable to the half-lives of dominant radionuclides, then
less reliance is required on the performance of other barriers.

Overall canister performance is dependent upon four principal factors:

• Design

A final design for the canisters has not yet been determined. For the purposes of initial
PAs, the design is assumed to be a 50-mm thick copper cylinder some 4.8-m long and
1.05-m in diameter. Inside the copper cylinder, a cast-iron insert has channels for fuel
assemblies. This insert differs between canisters for BWR spent fuel and those for PWR
spent fuel. The BWR insert contains 12 fuel assemblies, and the overall weight of the
canister is 24.5 tonnes. The PWR insert contains four fuel assemblies, and the overall
weight of the canister is 27.6 tonnes.

• Manufacture

A final decision has yet to be reached on the manufacturing process for the canisters. The
alternatives are extrusion of a cylinder or longitudinal welding of two half cylinders. The
cylinder caps may be cast or machined, but in either event they will be electron beam
welded to the cylinder ends.

Fuel channels will be fabricated from arrays of square tubes, and the inserts cast from
spheroidal graphite iron around the channel array.

• Emplacement

Canisters will be transported from the encapsulation plant to the deposition hole within a
transport container. Each canister will be lowered into the deposition hole directly from
its container as this is tilted from a horizontal transport position towards the vertical.
Grips around the canister will ensure that this is done in a controlled fashion. Bentonite
rings will be used to line the deposition hole. The base of the deposition hole may be
lined with bentonite prior to emplacement; alternatively a bentonite plug may be attached
to the end of the canister and emplaced with it.

• Repository environment (post-closure)

Site selection in Sweden is focussed on fractured granitic rocks at depths where the
current groundwater regime is reducing. During repository construction and operation,
groundwater conditions in the region immediately adjacent to the emplacement tunnels
will become oxidizing. Following emplacement of bentonite around the canisters and
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backfill in the tunnels, oxidation of organic matter and sulphides will lead to the re-
establishment of reducing conditions. The region in which the repository will be sited
will be subject to several glaciations during the period that the wastes remain active. It is
possible that during these glacial periods oxygenated waters will reach repository depths,
so that the canisters are subject to occasional periods of oxidizing conditions.

Failure mechanisms

Three principal failure mechanisms have been identified that could lead to degradation of one
or more canisters. Under certain circumstances, a combination of the processes involved
could lead to sufficient degradation that radionuclides are exposed to goundwater and become
available for transport beyond the canister.

Corrosion

Corrosion of the copper canister under reducing conditions, and in the chemical environment
anticipated in the repository, will be mainly through the formation of copper sulphide.
Passivation of copper by a sulphide film is possible in some environments, but there is also a
possibility of growth of copper sulphide whiskers that could accelerate corrosion in localized
environments.

In dilute oxidizing waters, generalized copper corrosion is reduced by the formation of a
passive layer. In oxidizing brines, however, the effectiveness of this passivation is
significantly reduced. Generalized corrosion in such an environment is limited by the rate of
transport away from the canister. Localized corrosion in the region of heterogeneities
(chemical, mechanical, thermal or material) could, however, be much more extensive.
Exposure of the iron insert as a result of corrosion in an oxidizing environment would lead to
galvanic corrosion, with a larger copper cathode and a small iron anode.

Manufacturing defects

One manufacturing option for the canisters is the welding together of two half tubes. Quality
control procedures will be established to check the integrity of these welds, but there remains
a finite probability that welds will be defective, with a hole, an incomplete weld that leads
effectively to a reduced canister thickness, inclusions with lower corrosion resistance than
pure copper, or combinations of these.

The copper canisters will be manufactured from copper with low levels of impurities such as
oxygen and sulphur, but with the addition of 40-60 ppm of phosphorus. The addition of
phosphorus compensates for the reduced creep ductility of oxygen-free copper. The presence
of phosphorus also helps to control the grain size of the copper, with a maximum grain size of
about 250 • m. The presence of inclusions in the copper, or areas with different levels of
impurities or additives introduced during manufacture, could act as regions of accelerated
corrosion. Such regions could also have different mechanical properties to the rest of the
canister, resulting in stress concentrations during handling and emplacement.
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Transport and emplacement damage

Quality control procedures during canister manufacture and waste encapsulation will be used
to check for defects in the canister walls and welds. Once waste has been encapsulated,
however, the canisters will require remote handling from behind radiation screens, and they
will be contained within transport containers until the time of emplacement. There is,
therefore, less opportunity for examining the canisters and ascertaining whether any damage
has been caused by handling. Emplacement involves tilting of the transport container and
lowering of the canister into the deposition hole. Handling damage at this stage is unlikely to
breach the canister, but could cause surface damage that becomes a focus for later corrosion.
Such damage may not be readily detected after emplacement and could, if it is a systematic
problem with the emplacement mechanism, affect a number of canisters.

Expert Elicitation

Although a pdf of the time to initial canister failure could be an appropriate parameter for use
in a PA, it is probably inappropriate for expert elicitation, as it is the result of many
interrelated influences. Decomposing the topic of canister performance into these separate
influences gives rise to a set of more specific topics that can be quantified using experimental
data, models or expert elicitation as appropriate, and then recombined if required for PA
calculations.

A key element of expert elicitation is the establishment of an unequivocal statement of the
value or assumption to be elicited. A facilitated discussion at the seminar will establish one
or two topics that will be used for a trial elicitation. Elicitation topics could be chosen from
the following:

• Manufacture

Proportion of canisters with significant heterogeneities in the composition of copper.

Proportion of canisters with defective welds.

• Transport and emplacement

Proportion of canisters suffering damage during transport and emplacement.

• Corrosion

Rate constant for copper corrosion in reducing environment for canisters with
heterogeneities.

Rate constant for copper corrosion in reducing environment for canisters with defective
welds.

Rate constant for copper corrosion in reducing environment for canisters damaged during
emplacement.

Rate constant for copper corrosion in oxidizing environment for canisters with
heterogeneities.
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Rate constant for copper corrosion in oxidizing environment for canisters with defective
welds.

Rate constant for copper corrosion in oxidizing environment for canisters damaged during
emplacement.
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Attachment 4: Issue Statement - Cost Calculations /
Longevity of Resources

Spent fuel from nuclear power plants in Sweden is currently intended for disposal in a deep
repository, but the earliest anticipated date for operation of such a repository is 2010. To
ensure that there are sufficient funds available for the construction and operation of a
repository even after nuclear power generation may have ceased in Sweden, a levy is
imposed on consumers of nuclear-generated electricity and deposited in the Nuclear Waste
Fund.

The Nuclear Waste Fund was established as a government-run financing system in 1981, and
funds that had already been established by the nuclear power utilities prior to this date were
transferred to it. In 1996, further changes were made to the financing system, with the
introduction of the Board of the Nuclear Waste Fund to manage the capital, and the addition
of a requirement for guarantees from the utilities to cover early closure of one or more
reactors and unforeseen contingencies.

The amount of the levy, which is charged on the basis of generated kilowatt hours of
electricity, is determined annually by the Swedish government on the basis of
recommendations by SKI. SKI, in turn, uses calculations made by SKB for the costs of waste
disposal.

Costs of Disposal

The Nuclear Waste Fund is intended only to cover the costs of disposal of spent fuel and
decommissioning; the costs of disposal of operational wastes from power generation to the
low and intermediate level waste repository (SFR) are paid directly by the utility companies
and are not covered by the Fund. However, some operational wastes will arise from activities
that are part of the disposal programme for spent fuel and the costs of disposing of these are
covered, even if they are sent to SFR.

The activities and facilities that are included in the calculations for the cost of disposal of
spent fuel and decommissioning wastes, and hence covered by the Nuclear Waste Fund, are
summarized below.

• SKB research and development

SKB has a research and development programme that includes the design of an
encapsulation plant and a deep repository, consideration of construction issues, the
development of techniques for safety assessments, the acquisition of background
information for safety cases, and the construction and operation of the Aspo Hard Rock
Laboratory.

• Intermediate storage facilities

The central interim storage facility for spent nuclear fuel (CLAB) has been constructed
near the Oskarshamn nuclear power station and started operation in 1985. It currently has
capacity for about 5,000 tonnes of spent fuel and SKB intends to expand it to hold all fuel
from the Swedish programme. Core components and reactor components can also be
stored at CLAB as required prior to disposal. All decommissioning wastes from CLAB
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(and the associated encapsulation plant) will be sent to the deep repository, since SFR is
assumed to be closed when this decommissioning is undertaken. Operational wastes from
CLAB are the only operational wastes included in the cost calculations, although these
CLAB wastes are sent to SFR, along with operational wastes from the NPPs.

• Canister manufacture

The canister design assumed for calculating costs is a 50-mm thick copper cylinder some
4.8-m long and 1.05 m in diameter. Inside the copper cylinder, a cast-iron insert has
channels for fuel assemblies. This insert differs between canisters for BWR spent fuel
and those for PWR spent fuel. A final decision has yet to be reached on the
manufacturing process for the canisters. The alternatives are extrusion of a cylinder or
longitudinal welding of two half cylinders. The cylinder caps may be cast or machined,
but in either event they will be electron-beam welded to the cylinder ends. Fuel channels
will be fabricated from arrays of square tubes, and the inserts cast from spheroidal
graphite iron around the channel array.

• Waste encapsulation

The costs of building and operating a waste encapsulation plant are included. This will be
used both for emplacement and sealing of spent fuel in copper canisters and the
preparation of concrete moulds for decommissioning wastes such as reactor components.

• Deep repository construction and operation

A site for repository construction has not yet been identified. For the purposes of the cost
calculations, the repository is assumed to be in northern Sweden at a coastal site, or
sufficiently close to the sea that transport of waste to the site will be primarily by ship.

Cost calculations are based on the construction of a single deep repository, with separate
areas for the disposal of:

- spent fuel,

- operational wastes that arise from CLAB and the encapsulation plant after closure of
SFR,

- decommissioning wastes from CLAB and encapsulation plant, and

- core components and reactor internals.

Cost calculations are also based on a staged approach to disposal, with emplacement of an
initial 400 canisters over four years being followed by a period of evaluation, and
disposal of the remaining canisters beginning about 10 years later.

• Transport

Transport costs include casks and containers for transporting spent fuel and
decommissioning wastes to CLAB and the encapsulation plant, and for transporting
encapsulated wastes to the repository site. Sea transport is assumed to be the dominant
mode of transport, with some short rail links to harbours where required. Some elements
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of the transport infrastructure are already operational, and a ship for transporting waste is
in commission. Because of the extended period for the disposal programme, the overall
cost calculations include an element for replacement vessels and other parts of the
infrastructure.

• NPP decommissioning

Dismantling and decommissioning of NPPs is assumed, for the purpose of cost
calculations, to start within a few years of shut-down. In practice, there may be some
technical benefits to delaying decommissioning, and also to phasing of decommissioning
if several NPPs are shut-down at the same time.

Calculating the levy

All of the activities and facilities included in the cost calculations have uncertainties
associated with them. Some, such as CLAB, have been started and hence there is a firmer
basis for making realistic estimates of future expenditure. Other aspects, such as waste
encapsulation and NPP decommissioning are more speculative, and rely more on judgements
and assumptions. SKB accounts for uncertainties by varying the timing and other attributes
of each element. A base scenario assumes that NPPs operate for 25 years (as required by the
Finance Act). Within this base scenario, other variations are included so that a distribution of
cost estimates is calculated. For example, the capacity of the encapsulation plant is varied
between 150 and 250 canisters per year, the depth of the repository is varied between 400 and
700 m, and canister costs are varied by ±10%. A statistical weighting is applied to these
variations so that the resulting distribution is a probability density function (pdf). The
median of this distribution is used as the basis for determining the costs to be incurred by
SKB that will be covered by the Nuclear Waste Fund.

In addition to SKB's costs for disposal of spent fuel, the Nuclear Waste Fund also has to
cover future regulatory expenses.

Costs to be covered by the Nuclear Waste Fund can be partially offset by interest earned by
the accrued monies. Prior to 1996, the capital from the Fund was on account at the Swedish
central bank. The change in Fund management in 1996 now allows the Board of the Nuclear
Waste Fund to make additional investments, within the framework set by the National Debt
Office. The actual rate of return on these investments, and assumptions about future rates,
are taken into account in determining the size of the levy to be imposed. The levy is
calculated annually so that account can be taken of differences from the assumed
performance of investments.

Determining the extent of guarantees

A key assumption in determining the size of the levy to be imposed on nuclear generated
electricity is the lifetime of the NPPs. The base case assumption required by the Finance Act
is that each NPP will have a lifetime of 25 years. If a reactor operates for longer than 25
years, there will be additional costs associated with the disposal of more spent fuel.
However, the contribution to the fixed costs of disposal (decommissioning, construction of
the encapsulation plant and repository) will have been met. The size of the levy will
therefore decrease for reactors operating beyond 25 years.
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If a reactor closes before 25 years operation, some costs associated with canister construction
and emplacement will be reduced because there will be less spent fuel for disposal. These
savings may be offset, however, by the shortfall in contributions to the fixed costs. It is to
cover this eventuality that the Finance Act requires operators to provide Guarantee I in the
form of securities that will cover all future disposal expenses in the event that all reactors at a
site are closed in the current year. The size of this guarantee reduces with time and becomes
zero for any NPP where all the reactors have been operating for 25 years.

The second guarantee required by the Finance Act is intended to cover unforeseen
contingencies that increase the cost of disposal. SKB has incorporated a range of variations
and assumptions beyond those used for the base case to generate a further pdf of cost
estimates. Because a greater level of confidence is required that the value selected will be
adequate to provide sufficient funds, the 80th percentile of this pdf is used to set the level of
Guarantee II.

The assumptions made in calculating Guarantee II include:

• Alternative design concept to KBS-3 (e.g., disposal in very deep boreholes).

• Encapsulation plant is built at the repository site rather than adjacent to CLAB.

• A separate repository is built for the long-lived wastes other than spent fuel.

• The canisters emplaced in the initial trial period are retrieved and emplaced with the rest
of the spent fuel in a new repository.

• Long-term supervision of the repository is required (up to 70 years) before final sealing.

• Large changes in currency exchange rates that affect costs and investment rates.

• Changes in regulatory requirements.

Longevity of the Fund

There are many examples in Sweden and elsewhere of funds that have been established to
fund particular activities for a prolonged period of time, and/or at some specified time in the
future, but where this funding has never been realised or has been curtailed. The reasons why
funds have changed some time after their establishment include demographic and economic
changes, changes in political power, and changes that reduce the relevance of the fund.

In the case of the Nuclear Waste Fund, the levy is set on the basis that NPPs will operate for
25 years, that decommissioning will start soon after closure, and that a deep repository will
be operational within 10-20 years. If disposal does not take place as planned, but is delayed
for technical or political reasons, then society will have to fund storage of the waste until a
decision can be reached. If this delay extends for periods of 100-200 years, then there is a
possibility that the Nuclear Waste Fund could fail for one or more of the above reasons and
hence not be available to fund disposal.

Expert judgements are required in considering what may happen to the Fund over long time
periods and whether there are alternatives that could be adopted or measures taken to mitigate
erosion of the Fund. Some of these alternatives and the associated judgements have parallels
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to the variations considered in establishing the level of Guarantee II. Other alternatives go
beyond the scope of these variations and include options such as the use of the Fund to
further research or provide other benefits to society

Expert elicitation

There is considerable scope for the use of expert judgements in determining the range of
variations that are included in the analysis of costs for the base case scenario and the
guarantees, and in considering long-term funding scenarios. Some of these judgements may
be supported by elicitation of pdfs or other values for use in cost calculations. Elicitation of
semi-quantitative or qualitative information may also assist in decision analysis related to the
issue of funding.

A key element of expert elicitation is the establishment of an unequivocal statement of the
value or assumption to be elicited. A facilitated discussion at the seminar will establish one
or two topics that will be used for a trial elicitation. Elicitation topics could be chosen from
the following:

• Cost calculations

Investment costs of a repository for low level waste resulting from the decommissioning
of the Swedish nuclear power plants.

Transport costs for nuclear waste, including pdfs for variations to the base case scenario..

Decommissioning costs for dismantling reactor internals and the reactor pressure vessel.

The cost of regulation associated with disposal of spent fuel.

• Impacts of delaying disposal

Loss of integrity of encapsulated waste during storage.

• Longevity of resources

The availability of sufficient funds at the time an eventual decision on disposal is reached.
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