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THE HMIP RESEARCH AND DEVELOPMENT PROGRAMME FOR POST-
CLOSURE RISK ASSESSMENT

B G J Thompson

Her Majesty's Inspectorate of Pollution (HMIP)
London
United Kingdom.

ABSTRACT

The programme of work, undertaken by HMIP since about 1982, to develop, test and
apply probabilistic system assessment (PSA) methods for the assessment of risks from
underground disposal of radioactive waste in the United Kingdom is outlined. Attention is
drawn to some key results from trial assessments and to the supporting research. Issues
confronting client managers of such multidisciplinary contractor based projects are also
highlighted. Current interests of regulators are raised and will be followed up in detail by
subsequent papers in this conference.

INTRODUCTION

Her Majesty's Inspectorate of Pollution (HMIP) of the United Kingdom Government
Department of the Environment (UK DoE) together with the Ministry of Agriculture, Fisheries
and Food (MAFF) are the primary bodies responsible for authorising disposals of solid
radioactive waste on land in the United Kingdom. In order to support this role, HMIP/UK
DoE has developed since the early 1980's, through a team of contractors, the capability to
perform independent assessments of the radiological performance of such disposal systems
during the post-closure period. Large scale uncertainties are an inherent feature of such long-
term forecasting and so a probabilistic systems assessment (PSA) procedure centred around
Monte Carlo simulation has been developed and tested extensively by means of a series of trial
assessments, Dry Runs 1, 2 and 3, as summarised in Thompson and Sagarl, for instance.

The proposals and the safety documentation from a developer will be examined against a
primary regulatory target, applicable to a single repository at any time, expressed as: "a risk to
an individual in a year equivalent to that associated with a dose of 0.1 mSv: about 1 chance in a
million"2. (HMIP are currently reviewing this reference to provide revised guidance bearing in
mind recent publications by the International Commission for Radiological Protection (ICRP)
and others).

Currently, the principal concern of HMIP is with the deep repository, for low and
intermediate level waste, proposed by UK Nirex for Sellafield. A planning application is likely
to lead to a Public Inquiry in about 1997/98 at which HMIP may be expected to express a
provisional view as to the likelihood of granting an eventual authorisation to dispose of active
materials in the light of more extensive information about the site following a further period of



site exploration including the operation of a rock characterisation facility (RCF) acting as an
underground research laboratory3 .

THE HMIP RESEARCH PROGRAMME

The overall research programme reported, for instance, in HMIP annual reports
1989/1990 through to 1992/93, see references4 , 5. 6 nd 7, consists of four main areas:

(i) site investigation and evaluation,
(ii) geotechnical and repository engineering,
(iii) radionuclide release and migration processes in both the subsurface geology and in the

surface environment, and
(iv) overall-site specific systems analysis and risk assessment

The experience gained by HMIP of managing such multidisciplinary projects is
summarised in references and results in the organisation shown here in Figure 1, where it is
seen that a small in-house assessment management group is supported by two main lead
contractors to enable the examination of Nirex safety documentation from two principal
standpoints:

(a) against the overall scientific and technical knowledge that exi-ts usine a nanel of
acknowledged experts and covering both 'hard' and 'soft' scientific disciplines ranging
from mathematics, physics and chemistry, operational research and statistics, through
environmental and the earth sciences eventually to sociological issues and risk
perception, and

(b) using site-specific understanding of the application of information from Nirex site
studies and their evolving repository design to examine critically their approach to
assessing fisks and accounting for uncertainties.

RISK ASSESSMENT

The growth and capability of the HMIP programme during the past decade is illustrated
here by:

* the extent of the repository/environmental setting formally modelled, and
* the coverage of an integrated, iterative performance assessment procedure including the

treatment of all types of uncertainty and bias that are inherent in long-term forecasting.

The differences between in-house trials and a real assessment of a proponent's programme
and safety documentation are outlined and the issues of interest to regulators raised for more
detailed discussion in companion papers at this conference.

System Representation

The overall system affecting repository performance is outlined in Figure 2 taken from
Thompson and Sagarn. During the early years 1982-1986 of the UK DoE/HMIP programme,
effort was concentrated upon the central model of repository release and subsequent
radionuclide migration through the groundwater system to the surface (biosphere) environment
and thence to man (see Box 5).

Following results reported for Dry Run 1 and 2, it was decided to develop a new
generation of Monte Carlo simulation codes called VANDAL, see reference9 , in which the
groundwater flow in three-dimensions could be integrated (Box 4) and which could evaluate
the influence of time-varying boundary conditions (of recharge, topographic changes, sea level
etc) due to largely climate-driven environmental changes. These boundary conditions were
supplied by a second family of Monte Carlo programmes TIME2, TIME410, encompassing



Boxes 1 and 2. However, models accounting for subsurface geological processes (fault
development (say)) as in Box 3, have r.ot yet been formulated and integrated.

Those processes that cannot be represented by mechanistic models may be included on an
empirical stochastic basis, as for instance in Box 8. Local human actions, traditionally
described under uncertainty by Poisson probability models, can also be integrated as suggested
here by Box 6, and indeed the importance of incorporating an account of pathway interactions
is also shown by Thompson and Sagarn. Wooll proposes Markov processes as a superior
representation, however, and this is currently under consideration within the HMIP pro-
gramme.

"Scenarios" of the kind discussed in the business literaturel2 provide further external
constraints, such as the influence of national energy policy on the inventory to be disposed (see
Box 7).

Between 1989 and 1991, the third trail called Dry Run 3, Sumerling13 , demonstrated the
much wider HMIP capability and showed for the first time, that climate change effects may
have a significant influence on risk, as Figure 3 indicates. This result is of course specific to
the particular site location and the simplified initial treatment of environmental changes on the
groundwater system. However, it remains true that for any site climate change must be
considered.

Assessment Procedure

An outline of an integrated, iterative risk assessment procedure was established by 1985,
and matured by means of experience gained during the three trials. Figure 4 also taken from
Thompson and Sagarl, summarises current thinking and indicates the coverage achieved
during the trials.

Dry Run 3 and to the lesser extent the previous trials considered Boxes 4, 5, 6 and 8 in
some detail, with rather less emphasis upon Boxes 1, 2 and 9. The formal treatment of some
parameter probability density functions (see Box 3), appropriate to the simplified models
within the central PSA was also attempted. With the growing availability of site data from the
extensive geological exploration at Sellafield, it has become possible to carry out the earlier
stages of assessment in much greater detail with the intention of establishing a
three-dimensional representation of site geology and from which one or more hydrogeological
and geochemical transport models can be constructed to explore the implications of prevailing
uncertainty. The formal exercise in Dry Run 3 to elicit a conceptual model structure may now
be repeated in greater detail and the implications of different approximations explored more
quantitatively. Indeed as a companion paper by Grindrod and Watson 14 in this conference
describes, a procedure is being developed to complete the audit of perceived bias and residual
uncertainty throughout the assessment process (Box 7).

SOME ISSUES OF CURRENT INTEREST FOR REGULATORS

Sumerling and ReadI5, elsewhere in this conference, discuss the possible practical
difficulties of carrying out assessments on behalf of regulators.

Such assessments are considerably different from the trials as undertaken previously:

(a) because of the much greater emphasis on exploring the implications of the detailed
information about the site, and

(b) because of the lesser degree of control over the programme, of work that can be
undertaken by the regulator when 'tracking' the proponents activities.

A key question arises concerning the extent to which a site can or should be investigated
(for example, by surface boreholes or underground laboratories) to provide adequate confi-
dence in any radiological risk assessment over the long term. Gallegos and Bonanol 6 and
others have argued that this requires iteration between site studies and performance assess-
ments and Mackayl 7 has conducted on HMIP's behalf a theoretical study for the Dry Run 3



site of the possible influence of gathering more data upon the estimation of risk. Figure 5
shows that after three attempts the results showed no trend towards. the pseudo-exact answer
from a geostatistical representation of the geology and the hydrogeology for this particular site.

The entire question of what a regulator should expect from a proponent in order to achieve
a satisfactory level of confidence in safety has recently been examined in a seminar on
Validation issues and this will be described by Wilmot and Galson in a companion papert 8.

Finally, credibility in the eople, process and products of any decision making activity of
this nature requires an understanding of the different viewpoints of the various stakeholders
involved. Steam 19 also at this conference, discusses this fundamental problem in terms of the
United Kingdom regulatory background and the likely public inquiry process to be used for the
examination of Nirex proposals.
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RISK ANALYSIS IN REGULATION AND RISK COMMUNICATION

Dr S M Stearn

Her Majesty's Inspectorate of Pollution (HMIP)
London
United Kingdom

REGULATORY OBJECTIVES FOR THE COMMUNICATION OF RISK

Regulatory Requirements in the UK

Anyone who disposes of radioactive waste in the United Kingdom must hold an
authorisation from the appropriate Authorising Department or Departments under the terms of
the Radioactive Substances Act 1993 unless the disposal is trivial when it may be covered by
an Exemption Order issued under the Act.

The Act itself sets out procedures but not prescriptive limits. These are matters to be
determined by Government policy.

In brief the Act provides that an application is made, that it is publicly registered and
that before issuing an authorisation the Authorising Departments, in the case of nuclear sites
the Ministry of Agriculture, Fisheries and Food and Her Majesty's Inspectorate of Pollution
(HMIP), will consult local and other public authorities in accordance with the requirement of
the Act.

The stage of formal authorisation will not be reached until a facility has been
constructed and is ready for operation. Such construction is regulated under the terms of the
Nuclear Installations Act 1965 (as amended) and administrative arrangements between the
Authorising Departments and the Her Majesty's Nuclear Installations Inspectorate (HMNII)
ensure that waste management considerations are taken fully into account at all stages in the
design and construction of the facility.

The developer will also have to obtain permission under the Town and Country
Planning Act 1971 and may, to obtain that permission, have to satisfy a Public Inquiry. Before
a Public Inquiry is held into whether planning permission should be granted to construct such
a facility the Authorising Departments will give their provisional view of whether the proposed
facility would be suitable for authorisation. Consultation with local planning authorities will
take place before that provisional view is given.

Once a disposal facility has been constructed, waste producers consigning waste to that
facility will have to apply to the Authorising Departments for separate authorisations for the
disposal of waste from the site from which it originated. The conditions attached to these later
authorisations will include the type of waste, the radionuclides contained in the waste, their
radioactivity and their volumes and packaging. These conditions ensure that the transport of
radioactive waste is fully regulated at all stages.



BASIC RADIOLOGICAL REQUIREMENTS

In deciding whether to give authorisations, and if so what conditions should apply, the
Authorising Departments will have regard to the basic radiological requirements set out below.
The National Radiological Protection Board is the statutory adviser to the Government on
radiological protection, in particular by interpreting the recommendations of the International
Commission on Radiological Protection (ICRP).

The Authorising Departments will require that proposals for a facility include
quantitative estimates of the activity likely to be released from the radioactive waste and
describe how the various components of the facility act to limit its radiological impact. They
will also require that the information should be submitted in a form which permits them to
undertake their own assessment of these factors should they wish. The safe disposal of solid
wastes requires a system consisting of a number of barriers whereby site, waste-form and
methods of emplacement all contribute to the effectiveness of containment. The Authorising
Departments will need to be satisfied that adequate containment can be provided, either by the
nature of the geological host rocks or by engineered safeguards or by a combination of the
two.

In considering the radiological protection objectives, a distinction must be drawn
between the successive stages in disposal. First there is the institutional management period
which can be divided into the pre-closure period, likely to last several decades, in which
disposal of waste is made into the facility and the post-closure period of institutional
management, which is envisaged as lasting at most a few hundred years. In its later phase the
facility has been closed but there is adequate assurance that specified forms of supervision will
remain available. Finally there is the post-institutional management phase for which it must be
established that on-site supervision is no longer required.

Broadly speaking existing standards for radiological protection of the public will be
applied to land disposal facilities but two features require special consideration.

The first arises because radioactivity may be released from such a facility into the
environment as a result of a range of situations with varying probabilities and leading to
various radiation doses. The existing standards apply to situations in which it is reasonable to
assume that doses will actually be received, but the application of these standards should be
modified if the probability of a particular dose being received is low.

The other special feature in the application of existing standards arises from the long
time period which may have to be considered to assess the potential risk from disposal. There
are, for example, uncertainties in predicting the exposures which could occur in the far future
because population distributions and human habits may change in ways which cannot readily
be foreseen. Recommendations to deal with this situation have been received from the LAEA
and the Nuclear Energy Agency (NEA) of the OECD.

In the institutional management period steps must be taken to protect site workers and
members of the public. During this period the responsibility for regulating the health and
safety of workers will rest withi the HMNII. The responsibility for assuring that the public is
protected rests jointly with the HMNII and the Authorising Departments and in this connection
they will wish to satisfy themselves that the objectives set out in the Annex to the 1982 White
Paper (1) have been, and will be, achieved. These objectives are:

(a) All practices giving rise to radioactive waste must be justified.

(b) Radiation exposure of individuals and the collective dose to the population arising from
radioactive waste shall be reduced to levels which are as low as reasonably achievable,
economic and social factors being taken into account.

(c) . The average effective dose equivalent from all sources excluding the actual background
radiation and medical procedures to representative members of a critical group shall not
exceed 5 millisieverts in any one year.

This latter limit is under review at the moment. As a result of the publication of ICRP
60 a dose constraint has been advised of 0.3 millisievert for any member of the public from
all exposure from any one source with an overall limit of I millisievert in any one year from all



sources. Authorising Departments are working to these limits now.
During post-institutional management the proper objective to apply is one based not on

dose but on risk to the individual. That risk may be defined as the probability that a given dose
will be received multiplied by the probability that such a dose will result in a fatal cancer.

Taking all the above considerations into account the Authorising Departments will be
guided by the following objectives:

"A risk to any member of the public in any one year from exposure to radiation from all
sources other than background and medical exposure, should not be greater than that
associated with a dose of 1 millisievert."

In order to take account of the exposure pathways and health effects not at present
recognised and to avoid prejudicing any future decision that might lead to other activities
which cause radiation exposure to the same members of the public, an additional safety margin
is required. The appropriate target applicable to a single repository at any time is, therefore, a
risk to an individual in a year equivalent to that associated with a dose of 0.1 millisievert,
about one chance in a million. The risk to this dose will be substantially less than those arising
from variations in natural background radiation within the United Kingdom.

During the operation of a facility, and thereafter, the developer will be required to
demonstrate that he has done all he can to ensure that exposures from radiation are as low as
reasonably achievable, taking into account economic and social factors. This should result in
bringing doses down oelow target levels. During the post-institutional management periods,
the Authorising Departments will require the operators to use the best practicable means to
ensure that any radioactivity coming from a facility is at as low a level as reasonably
practicable. The effect of this will be to ensure that exposures are as low as reasonably
achievable. The Authorising Departments will also in conjunction with the waste producers
apply the ALARA principles to decisions between overall management procedures relating to
specific wastes and covering treatment of the wastes, method of immobilisation, and method
of disposal. A fuller exposition of this issue is contained in (2).

USE OF PROBABILISTIC MEASURES

It is very tempting to produce a single number which hopefully demonstrates that dose
limits will not be exceeded, thus ensuring that the proposal is acceptable to the public. But it is
not realistic to proceed in such a way without exploring explicitly the uncertainties that are
inherently present in any such analysis.

There are essentially four stages involved. In the first stage, hazard assessment, the
nature of the hazards are explored and as much as possible must be found out about the
disposal site in question.

The second stage is the estimation of risk which involves assessing exposures as
carefully as possible, establishing probable inventories and the toxicity of the material
involved. The next stage is the evaluation of risk in terms of the confidence that we have in our
answers. The last stage is to manage and control the risk by the application of measures to
reduce it to as low a level as is reasonable.

It is not possible to know everything about a disposal site but the operator needs to
establish enough to be able to satisfy regulatory bodies that the proposal meets the conditions
that are set out. In particular there needs to be a clear view about how individual uncertainties
might affect the overall uncertainty.

PUBLIC PERCEPTION

Any proposal for a nuclear waste repository is likely to cause considerable public
interest. The public are aware that it is a complex issue that requires a good deal of care in its
assessment.

Many members of the public are extremely well informed about these issues, and for
this reason will want to examine the data upon which the conclusions of regulators are based.



Some will perhaps carry out their own analyses and may seek, certainly, both at any Public
Inquiry stage and at other times to question the conclusions of regulating authorities.

In that context it is important that the regulatory system calls upon operators and
developers to:

- set targets;

- set out a plan to assess Wh -xrfhrrnance of their proposals against these targets;

- explore critically areas of uncertainty;

- provide clear quality assurance both of their data and any analysis they perform
on this.

Members of the public may be concerned about the concept of risk. They may well be
uneasy about being exposed to risk for, apparently, someone else's benefit. Arguments about
cost benefit analysis are not always helpful in this area. The public expect the regulators to
require a demonstration that everything possible is being done to ensure that the risk to which
they are exposed has been correctly assessed, does not exceed published targets, and is as low
as reasonably achievable.

It is important in this context that the operator, the regulator and above all the public are
satisfied that a genuine and vigorous attempt has been made to look for all areas of uncertainty
to ensure that all the relevant data has been acquired and that it has all been properly
considered.

Under the Radioactive Substances Act 1960, as originally enacted, much of this
information could have remained essentially confidential. Under the terms of the
Environmental Protection Act 1989 important provisions were incorporated in the Act to make
information about applications under the Act public. This was carried over into the new
Radioactive Substances Act 1993. This provides the framework for ensuring that the public
are kept properly informed about the progress towards authorisation and have full and proper
access to the information that enables them to judge that the Regulators are indeed doing the
job that they expect of them.
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VALIDATION: WHAT SHOULD A REGULATOR
LOOK FOR IN A SAFETY CASE?

Roger D Wilmot & Daniel A Galson

Galson Sciences Ltd
35 Market Place
Oakham, Leicestershire, LE15 6DT
England

INTRODUCTION

Any proposal for the disposal or long-term storage of radioactive waste must include
an assessment of the behaviour of the waste and any barrier systems, and hence any potential
for transfer of radionuclides to the accessible environment. Such a long-term safety case will
be prepared by a proponent with responsibilities for waste disposal and assessed in some way
by a regulator with responsibilities for environmental and public safety.

The form of a safety case will depend upon the safety criteria and the degree of
prescription imposed by legislation. A common element in all proposals and assessments,
however, will be the use of models to demonstrate an understanding of the system and its
possible future behaviour. It is upon such models that conclusions as to long-term safety
will be drawn and it is therefore important that they are scrutinised by the regulator in
determining whether the conclusions are justified. The large temporal and spatial scales
inherent in these models pose problems for their validation, and this paper touches upon
some of the measures which might be adopted to establish confidence in their use.

GENERAL CONCEPTS OF VALIDATION

Validity and the process of achieving or demonstrating it, validation, have a wide range of
meanings, depending upon the context or subject area in which they are used. In
mathematics and logic, for example, a theorem or argument is valid if the conclusion must
be true given the particular set of premises. This type of validity, based on deduction, is not
applicable in the natural sciences in which theories, hypotheses and models are developed
to explain the world as it is observed to behave rather than as it has to behave through a set
of formal rules. A theory developed to explain a particular set of observations is valid for
that set and, if it is to be at all useful, will also explain other observations made under
similar conditions. Since not all of the possible sets of observations can be made, however,
such a theory cannot be regarded as universally valid; it can only be regarded as not invalid



until a set or observations shows it to be talse. SuccessIul tesLS 01 a Lneory Go not, therefore.
impart or enhance its validity, which can never be proven, but, provided the tests are not
trivial, they will corroborate the theory'.

In a simple system, a single set of observations at variance with a theory may be
sufficient to invalidate the theory. In a more complex system, in which a number of
processes are active, there are additional factors to be considered before a theory or model
is rejected 2. These factors can be categorised under three headings: data errors; initial and
boundary condition errors; and appropriateness of data.

A complex set of observations may contain measurement errors in the original data or,
sirce the parameters used in the theory are frequently derived parameters, there may be
errors in the interpretation or analysis of such data.

Only in simple experimental set-ups can the initial and boundary conditions be
controlled or even measured with any degree of precision; in a large-scale or complex system
incorrect assumptions regarding these conditions may easily lead to erroneous conclusions.
It is important that the uncertainties in boundary conditions are properly considered before
the validity of the underlying theory is determined.

The way in which data are collected and interpreted may in itself be dependent upon
the theory under test. This so-called theory-dependence of data may lead to problems. Data
collected under one experimental or observational programme designed to test a particular
theory may not be appropriate for tests of a different theory. It would, for example, be
inappropriate to use permeabilities derived on the basis of flow through a porous medium
to test a model or theory of flow through fractures. Such data are not incorrect, they are
simply appropriate to a different conceptual framework. This distinction between conceptual
frameworks can lead to alternative theories which are supported by appropriate observations
but cannot be directly compared due to the lack of a set of observations valid for both3 .

If observational errors and boundary condition uncertainties are acknowledged, it is
feasible for two or more theories to explain observational data (Figure 1), whether or not
they are derived under different conceptual frameworks. The quest of science is generally
to resolve this apparent ambiguity and retain only a single theory.

Although much of the philosophy of science stresses the fact that theories can never be
proven, there is a need in practice to have theories and models which can be used to make
predictions and on which decisions can be based. Some philosophers would contend that
science progresses through the development of tests or experiments which seek to disprove

Y

Model A

x
Figure 1. Model output, with a representation of uncertainties, compared with observations with
representative error bars. Models A and B show equal levels of fit between predictions and
observations.



or invalidate theories and hence lead to revised, more generally applicable, theories. A more
pragmatic approach would be to seek tests that provide support for a theory and thus increase
the level of confidence in predictions made using that theory3i4. In this sense, the IAEA
definition of validation could be regarded as appropriate:

Validation is a process carried out by comparison of model predictions with
independent field observations and experimental measurements. A model cannot be
considered validated until sufficient testing has been performed to ensure an acceptable
level of predictive accuracy.

Because of the potential for confusion between such a definition and the stricter use of
validation in the theory and philosophy of science, it has been suggested that this process of
comparing predictions with observations be termed model evaluation.

VALIDATION IN PERFORMANCE ASSESSMENTS

The difference between performance assessments of radioactive waste repositories and
other uses of models lies essentially in the large spatial and temporal scales which must be
considered in the former, and particularly the differences in scale between the system of
concern and that of the observations which can be made. Large differences do arise in other
subject areas between the scale at which observations are readily made (eg wind tunnel tests)
and that of the systems of concern (eg atmospheric dispersion of gas and smoke). In such
cases, however, observations of the real systems can be made in a few instances to provide
confirmation of the upscaling techniques used6 . Without such a basis, models which are
equally acceptable over the scale accessible to observation (Figure 1) may lead to radically
different solutions when extrapolated (Figure 2).

Depending on the requirements of the appropriate legislation, the period for which the
behaviour of a radioactive waste disposal system must be considered ranges from ten
thousand to a million years or more. In contrast, even a ten year period of observations on
an experimental system is currently exceptional7 and periods of a few days or weeks are
commonly used as a basis for modelling studies. Depending on the repository design and
the geological host rock, the volume of rock which may potentially be affected by migrating
radionuclides will be in the order of several cubic kilometres. Detailed exploration of such
a volume is impractical, notwithstanding the fact that too great a level of intrusive
exploration may adversely affect the integrity of the site.

Validation in the sense of model evaluation discussed above cannot, therefore, be
achieved for a total system performance assessment model intended to consider the long-term
behaviour of a disposal system although it can be achieved for component models. Other
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Figure 2. Possible divergence of model predictions when extrapolated beyond the range of
observations used in model evaluation.



methods of establishing or building confidence in the use of total system models must be
sought8 . It should also be stressed that, since the aim of a performance assessment is a
demonstration of safety, a bounding analysis rather than a representation of reality may be
sufficient. The extent of validation or evaluation which is sought for different elements of
the overall system should therefore be constrained by the intended purpose of such elements
within the overall assessment.

CONFIDENCE BUILDING

The performance assessment of a disposal system will entail the use of a wide range
of theories and models relating to particular processes and aspects of the overall system -
waste form, repository design, near-field processes, geosphere processes, the biosphere and
surface environment etc. The way in which such models are combined varies from
programme to programme but much of the underlying conceptual model development work
will be similar in all assessments.

Conceptual models consist of three principal elements: processes, geometry, and initial
and boundary conditions. Extensive use of judgement is involved in each of these elements,
and a full description of the role of such judgements and of the associated uncertainties is
a critical aspect of a safety case9. A regulator would expect not only the judgements and
assumptions to be documented but also the means of derivation, in order to ensure that all
judgements and assumptions were Traceable.

During development of a conceptual model, it is important that possible alternatives are
properly considered. The discussion in previous sections has highlighted that there is no a
priori method of determining which alternative is more applicable when extrapolated beyond
the range of observations. The impact of alternative models and assumptions on safety
should therefore be evaluated, and a structured and documented elicitation of such
alternatives would build confidence that critical issues had been identified.

Processes

The processes to be assessed in a particular performance assessment must be
determined. A direct development of such a list in an ad hoc manner could lead to the
introduction of bias. A bottom-up approach, in which a full list of possible processes is first
developed regardless of significance or modelling feasibility, is less likely to introduce bias.
The reduction of such a comprehensive list can be structured in a variety of ways. Certain
processes might be excluded based on policy decisions (eg human intrusion), probability (eg
meteorite impact) or consequence (eg densityq-driven groundwater flow). The important
aspect of any approach is that the reasons for exclusion are well-documented. This will not
only satisfy a regulator's requirement for traceability of argument, but will also facilitate later
iterations of the performance assessment.

Modelling at the level of individual processes is one aspect of the performance
assessment process where the wider scientific community can play an important role through
peer review. This review can help reduce biases within the assessment community.

Iteration

The development of a safety case will require several stages from the initial disposal
concept, through site selection, site characterisation and repository design, repository
construction, operation and monitoring, to final closure. This development will be paralleled
by an increase in the information about the site and an increase in the level of confidence
required from the performance assessment There is, however, no guarantee that an increase
in the amount of information derived from a site will necessarily lead to an increase in the



level of confidence in the modelsl0 . Particularly doing the site characterisation programme,
when there is a possibility for design changes to be made, it is important that there is
adequate feedback from the performance assessments to subsequent phases of site
characterisation. Such an iterative approach will ensure that processes or parameters shown
to have a major impact on safety by preliminary assessments will be studied in more detail
than those with little impact on safetyll.

A phased approach to site characterisation and repository construction will also give an
opportunity for model evaluation. It is important that predictions which are to be compared
with observations are made independently of the observations or experimental programme.
A lack of such independence can easily result in a model calibration exercise rather than
meaningful comparisons. An increase in understanding of the site will lead to a greater level
of confidence, and this understanding can best be demonstrated by making predictions on the
basis of initial site data and comparing these with subsequently determined data,

An iterative approach and clear documentation of all stages of development will help
a regulator assess a safety case. A demonstration that the conceptual model of the site can
be used to predict results from the later stages of site characterisation or construction may
increase confidence in long-term safety assessments based on use of the conceptual modeL

Initial and boundary conditions

Although there are limitations in the number of boreholes and other exploration aeLhWuds
which can be administered at a site, the site characterisation programme provides the best
opportunity to establish boundary conditions. Even if relevant parameters must be inferred
from other data, the ability to perform experiments and have direct access to groundwater
and the rock matrix will reduce the number of assumptions otherwise required and hence
reduce the overall level of uncertainty in the assessment. The predictions made by models
using such boundary conditions cannot, however, be evaluated against any long-term
behaviour of the system. In contrast, predictions made using models of past behaviour can
be evaluated against present-day conditions. The initial and boundary conditions applicable
to such historical models are no longer accessible to measurement, however, and will thus
need to be inferred from present-day analogues.

Uncertainties over the initial and boundary conditions can limit the use of natural
analogues or palaeohydrogeological models in performance assessment studies. Nevertheless,
achieving an understanding of past behaviour and how present-day conditions have evolved
is a major step towards understanding fixture behaviour. A well-documented argument
demonstrating how this understanding has been developed and used as a basis for the safety
case would increase confidence in an assessment

Geometry

The geometry of the repository structure at closure will be known and can be
anticipated in performance assessments. The geometry of the geosphere, including the
orientation and properties of faults as well as the structure and spatial heterogeneities of
different rock units, cannot be known in the same level of detail. Unless a mechanistic
model of geological evolution is developed, which could be evaluated against the data
available from site characterisation, recourse must be made to extrapolation or to a
geostatistical model. Calibration or conditioning of such models with data from early phases
of site characterisation and evaluation against data from later phases may be possible. The
extent of heterogeneities in the geological environment, particularly in fractured media, may
mean however that the available site characterisation data only poorly constrain a model.
Predictions and evaluations should nevertheless be made and documented to ensure that the
uncertainties in this element of the conceptual model are assessed.



CONCLUSIONS

Strict validation of any model or theory is an impossible task, although evaluation of
component models does ha-e a role to play in developing confidence in the total system
models used in the performance assessment of radioactive waste repositories. In the absence
of observations at appropriate temporal and spatial scales against which total system model
predictions can be compared, confidence is best established through a full description of the
judgements and assumptions made in model development and model application. A regulator
will assess whether conclusions drawn by the proponent are justified by the analysis. This
will require submission of a well-documented, traceable and defensible safety case.

The measures which might be adopted to establish confidence in the use of models
within the safety case include:

* Systematic approaches to model building and consideration of alternative
conceptual models;

* Iteration between model building, performance assessments and site
characterisation;

* Use of natural analogues and palaeohydrogeological models to treat uncertainties
arising from the temporal scales of concern;

* Use of geostatistics and conditional simulations to help treat uncertainties arising
from the spatial scales of concern;

* Ongoing critical peer review and regular interaction between regulator and
proponents prior to actual licensing.
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INTRODUCTION

In the United Kingdom, disposal of radioactive wastes requires an authorization from
the appropriate authorising Departments, or Departments, under the Radioactive Substances
Act 1993, and, for an on-land repository in England, the Chief Inspector of Her Majesty's
Inspectorate of Pollution (HMIP) together with the Minister for Agriculture Fisheries and Food
will be responsible for granting any such authorization. At an earlier stage, both may be
required to give a preliminary view as to the potential long-term safety and suitability of a
proposed site at any Public Inquiry related to development of the site brought under the Town
and Country Planning Act. Further discussion of the regulatory background and role of the
regulator has been given by Steam (ibidem).

UK Nirex Limited (Nirex) is the company with the responsibility to provide and
manage a national disposal facility for solid intermediate-level and low-level radioactive wastes.
Nirex is currently carrying out a programme of investigation into the suitability of a deep
underground site, close to the British Nuclear Fuels plc. complex at Sellafield in Cumbria,
which is the site currently preferred by Nirex on grounds of transport cost and local
acceptability (Nirex 1994).

Table 1 summarises the roles of the regulator and implementor during the planning
phase leading to the granting of a construction license for a repository, based on discussion in
McCombie (1992). It is generally accepted that performance assessment (PA) methods based
on calculations of possible performance and radionuclide releases, coupled with sufficient
information from proposed disposal sites, can provide the technical basis to decide whether
specific disposal systems would offer a satisfactory level of safety to society (NEA 1991).

Since 1982, the UK Department of the Environrnent (UK DoE), the parent ministry for
HMIP, has funded the development of a procedure for the post-closure assessment of the
safety of underground disposal of radioactive wastes which is independent of that used within
the nuclear industry. The methodology is based on the probabilistic system assessment (PSA),
see Thompson (1987, 1993 and ibid.). The methodology has been applied to actual and
proposed disposal facilities in the UK, eg. see Nicholls (1990), and in a series of "Dry Run"
assessments of a hypothetical deep underground facility, the latest of which, Dry Run 3, is
summarised in Sumerling (1992). HMIP consider that the possession of a risk assessment
capability and an ability to carry out independent assessment are important in fulfilling their role
as a regulatory agency; this view has been endorsed by Sandia National Laboratories during
their review of the Dry Run 3 application (Zimmerman et al. 1992).



Table 1. Roles of the implementor and the regulator in the planning phase

1. Regulator To define what is "safe", ie. to develop reasonable global safety
standards (based on knowledge of radiation risks and comparison of other
risks that must be regulated) and to consider how compliance with these
requirements should be demonstrated.

2. Implementor To develop safe solutions for disposal, ie. to propose a sound technical
concept and suitable site, and to design with flexibility a disposal system
that can meet the 3 1-dqrris defined.

3. Implementor To carry out and present a sufficiently comprehensive characterization
and analysis of the system in order to demonstrate that the safety
standards will be met.

4. Regulator To judge whether the overall safety standards have been met, or shown to
be met, based on examination of the assessments and safety case of the
implementor and possibly on their own independent assessments.

Performance assessment is available to the implementor and to the regulator to tackle
their appointed tasks, as summarized in Table 1, and to communicate with each other during
this process. However, possible aims of the implementor and the regulator in their use of PA
will differ, and hence the methodologies adopted may also differ quite widely, this is discussed
in Sumerling and Read (1992).

In the UK, it is solely the responsibility of the proponent of a repository for radioactive
wastes to produce a satisfactory safety case. The regulator will determine the adequacy of the
case from the regulatory standpoint by examination of the quality of, and traceability to, the
scientific basis, and by examination of the assessment procedure, in particular, the method for
accounting for uncertainty and the traceability of data used. It is not within the remit of the
regulator to offer advice on repository siting or design, or to lay down recommended
procedures for a PA or safety case. It is within their remit to criticize and point to aspects of the
implementor's PA and safety case that considered to be are poorly supported or unacceptable.

HMIP APPROACH TO EXAMINATION OF A PROPONENT'S CASE

It is assumed that, in general, a UK proponent of a major disposal facility will argue the
long-term safety of their proposals upon:

(i) the overall scope and quality of their own, and related, research programmes;
(ii) the overall scope and quality of their site investigation programme;
(iii) their repository design and its compatibility with the natural geological

environment;
(iv) their approach to quantitative assessment of impacts in the post-closure period.

HMIP will need to be convinced from their submissions that
(a) the estimated risk and other end points to be considered in any authorization are

soundly based, and adequately account for the uncertainties and biases due
limited site information, waste characterization and scientific understanding of
the relevant processes;

(b) the estimated risk and other endpoints are satisfactory in relation to the
regulatory criteria;

(c) the information gathered as a result of (i), (ii) and (iii) above reduce the overall
level of bias and uncertainty in the risk estimates sufficiently to give overall
confidence in such estimates.

HMIP reserves the right, in the case of any particular proposal for radioactive waste
disposal, to examine the proposal, and review the proponent's safety case by whatever method
it deems most appropriate to the particular nature of the disposal and circumstances of the
application. In the case, of the expected proposal for the construction of a national deep
underground disposal facility for low- and intermediate-level radioactive wastes currently in
preparation by Nirex, HMIP have opted for a review procedure based on two
complementary elements.



HMIP will firstly review Nirex's case :gainst the overall scientific and technical
knowledge that exists using a panel of acknowledged experts. This will allow the scope and
quality of points (i) and (ii) above to be assessed, but will not necessarily provide the detailed
insights into the significance of various phenomena and processes to the long-term safety and
risk estimates, for the particular site- and design-specific conditions. Hence, HMIP will
secondly carry out independent analyses. These may include: examination of the growing
body of site information in order to develop an independent model of the proposed site and
prognoses for its future evolution; and risk analyses based on the PSA-centred approach
developed by HMIP, see Thompson and Sagar (1993). These activities will provide the site-
specific understanding of the use of the information from points (i), (ii) and (iii) above, and a
critical basis for judging (iv).

It is not envisaged that the independent analyses will require the exhaustive effort that a
full safety case involves, nor is it the intention of HMIP to prepare such a case; that is entirely
the responsibility of the proponent. However, it is believed that a the parallel use of the same
factual information to carry out significant parts of a full analysis will lead to a critical
awareness of the strengths and weaknesses of the proponents case.

REVIEW OF THE SCIENTIFIC BASIS OF A PROPONENT'S CASE

To support HMIP in examining and preparing a response to Nirex's initial post-closure
safety submissions, HMIP have appointed a panel of acknowledged experts in various
technical and scientific areas of relevance. These experts will review the Nirex submissions in
the context of the overall scientific and technical knowledge that exists, with special i -P-asis.
on their own particular areas of expertise, according to a coordinated plan. Their independent
reviews will be discussed and the need for more detailed reviews of selected topics identified.
The output will be individual review documents and a coordinated summary review document.
The latter will act as advice to HMIP and may also be provided to Nirex.

Establishing the scientific merit of Nirex submissions unavoidably entails subjective
judgements and places great reliance on the independence and expertise of the individual
consultants. Therefore a set of guidelines needs to be followed in order to obtain a complete
and consistent set of high quality review documents. The general topics on which guidance
has been provided to reviewers in the current round of review are noted below.

Objective of the HMIP reviews. The objective of each review is to determine the
scope, status and relevance of the work cited by Nirex in support of their case. Once complete,
the reviewer should be in a position to assess: compliance to stated technical and quality
requirements, traceability of factual information used to support arguments and the extent to
which interpretations and conclusions presented are justified by the data.

Compliance of Nirex documents with their stated objectives. The
objectives of the work should be clearly stated. The reviewer should assess to what extent the
objectives have been met and highlight the areas where further work is necessary. The
reviewer should give careful consideration to the conclusions and any wider interpretations and
inferences drawn. The conclusions should be fully sustained by the information presented.

Scope of Nirex documents. Each Nirex document should be examined to ensure
that its scope is compatible with the issue investigated, and that all material relevant to the case
is accessible. The reviewer should identify important relevant areas of research or knowledge
that have been overlooked. Where these, and other aspects which the Nirex authors have
justified omitting, may influence the overall conclusions this should be commented on in the
review. If the document describes work that is ongoing, the status of the work must be readily
apparent to the reader.

Materials and methods. The reviewer should assess the suitability of analytical
methods and codes employed with respect to accuracy and sensitivity for the task. The
reviewer should comment on sampling protocols, data handling procedures and statistical
treatment of results. The methods chosen by Nirex should be appropriate to the type and size
of the data set under analysis. Results should include evaluation of the confidence limits
associated with them. It should be evident which method or code has been used to generate
each set of data and the extent of any subsequent data processing in the derivation of results.



Theoretical modelling. The use of modelling methods to represent changes which
occur on spatial and temporal scales beyond those that can be investigated in experiments, will
be fundamental to the Nirex safety case. These models will be of two principal types:
conceptual and mathematical. The conceptual models selected by Nirex must be satisfactory
representations of the system or sub-system under consideration, and decisions leading to their
adoption made clear. The capabilities/lirnitations of the mathematical implementations must be
also be made clear. The reviewer should comment on known deficiencies or omissions of the
conceptual model(s) and mathematical implementation(s). The review of models employed by
Nirex should consider acceptance tests reported and degree to which the models have been
shown to be verified or validated, see Wilmot and Galson (ibidem).

Traceability. The component parts of the document should be referenced in such a
way that the primary sources of information are ultimately traceable. Primary sources may
include work published in the open literature and unpublished material. However, if an author
cites unpublished material then it must be possible to access this information. The reviewer
should satisfy him/herself that all the references cited in the text are represented in the reference
list and are appropriate to the statements they support.

Use of expert judgement. The Nirex documents must make clear the methods by
which expert judgements have been incorporated into the analysis. Where formal elicitation
methods have been employed these should be documented, together with sufficient information
to demonstrate the quality of the enactment and, for example, whether dissenting or alternative
views have been properly recorded. The reviewer should assess whether expert judgement
was only applied where more objective approaches were not possible, for example, due to lack
of directly appropriate and statistically meaningful data sets. The reviewer should be satisfied
that: the form and type of data used as input to elicitation was appropriate and complete; the
reasoning of the experts leading to the stated conclusions or elicited data is described.

Recommendations. Each review document should conclude with a section advising
HMIP of the implications of the review and a set of suggested actions, prioritised according to
their likely impact on the ultimate acceptability of the Nirex safety case and documentation.
These actions will generally be of the forrn of suggestions for additional work or requests for
clarification, but may also call for independent analysis by the HMIP assessment team.

INDEPENDENT ASSESSMENT OF SITE AND DISPOSAL SYSTEM

Relation of HMIP Assessment to a Proponents Analyses

Before embarking on an independent assessment it is-important to have a clear view on
how the independent analyses will relate to the analyses performed by the proponent. Given
the large uncertainties in underground geological environments and possible long-term
evolution of a waste dispusal --ystem, and also given significant differences that may exist
between the methodologies employed by proponent and regulator, it is clear that the "results"
of the proponent's and regulator's analyses may not be immediately compatible; although, if
both analyses honestly acknowledge the full range of uncertainties, then the envelope of
results, incorporating uncertainty, should be consistent.

However, quantitative agreement is not being sought. The aim of the regulator's
analyses are to selectively explore the uncertainty with a view to identifying key uncertainties
and potential biases; the proponents case can then be examined to see how these have been
dealt with there. The uncertainties referred to are not the simple parametric uncertainties within
a defined model, but the uncertainties and biases related to interpretation of site data,
development of site models, decisions on the inclusion and exclusion of processes from the
models of site and radionuclide release/transport, and decisions on choice of mathematical
formulation and statistical techniques.

The simplest form of analysis will take a single path of decisions based on expert
judgements and conditioned by the availability of models and data. However, in principle, a
multitude of parallel or divergent assessment calculations can be envisaged employing
alternative basic data, conceptual models and mathematical formulations (Thorne and Laurens,
1989). These cannot be combined probabilistically since they are not independent entities.
Rather the difference between results, with uncertainty, for each analysis path, is a measure of
the bias or uncertainty associated with the decisions made.



Neither, the proponent nor the regulator can be expected to explore all possible analysis
paths. Rather, the regulator will expect the proponent to produce reasoned arguments for the
significant decisions taken in their assessment, and also, perhaps by limited examination of
alternatives, to quantify the bias associated with their results and adequately caveat their
conclusions. The regulator should be able to examine alternatives in a freer way and hence
seek to identify conditions that might lead to unsatisfactory disposal system performance. If
the regulator's analyses reveal such conditions, and these are not adequately covered by the
proponents analyses, then the proponent would be asked to examine this more fully or advance
arguments as to why such conditions could not occur.

In addition, within the HMIP programme, effort is being directed to developing
procedures for uncertainty and bias audit (Thorne, 1992; Grindrod and Watson, ibid.) and
uncertainty and bias evaluation. The latter is the subject of work in the current phase of HMIP
assessments of Nirex proposals. It is hoped, this will lead to a satisfactory method of
accounting quantitatively for uncertainties and biases due to the necessarily limited scope of
assessment at a given stage of site data and model development, and also provide a means by
which the assessments of the proponent and regulator may be compared.

Geological Understanding of the Proposed Site

Post-closure radiological assessments often begin by assuming a single geological and
hydrogeological model of the disposal site for which the degree of uncertainty or confidence is
not considered. Given the indirect nature of geophysizal investigation techniques, very sparse
direct sampling of the geological media by the means of boreholes, and the subjective and
inferential nature of geological and hydrogeological interpretation techniques, this is a wholly
unwarranted assumption. Experience shows that geological interpretations are notoriously
unreliable and subject to change both due to additional data acquisition and re-interpretation of
the same data (Muir-Wood et al., 1992). In addition, a trial study sponsored by HMIP based
on synthetic site data, has shown that radiological risk estimates based on progressively
increasing site data can vary significantly beyond the bounds of uncertainty accounted for
within the models derived by the analysts, see MacKay (1993) (also Thompson, ibid.).

HMIP will expect Nirex to provide realistic estimates of the degree of uncertainty
associated with their geological and hydrogeological interpretations and models. It is possible
that alternative geological and hydrogeological models, representative in some justified way of
the range of uncertainty, will have to be analyzed in a final assessment.

Understanding the site and data limitations and uncertainties will enable HMIP to judge
the adequacy of the ongoing Nirex site investigation, and is also an essential precursor to
erecting sensible indepeadent assessment models. Within HMIP's programme of work related
to assessment of Nirex proposals, two groups of geological studies have been put in hand.
The first allows for QA audit of the Nirex site investigation programme; this includes, for
example, site visits, examination of rock cores, geophysical and hydraulic measurement
records and selective tracing of data from measurements through the Nirex contractor records
and reports; selective audits of Nirex contractor interpretations, eg. interpretation of geological
structure from geophysical data, will also be undertaken. The second allows for access to
Nirex geological data catalogue, examination of selected data and independent detailed
evaluation/interpretation of key aspects. Aspects which may be considered include structural
interpretation, tectonic evolution, groundwater geochemistry, heterogeneity of the host rock,
hydrogeological interpretation and geotechnical aspects. The possibilities for developing an
independent HMIP geological database on which alternative interpretations can be tested and
visualised are being investigated.

The first group of studies above mainly relate to testing the quality of Nirex's
programme. The second group are essential to HMIP as a regulator: firstly, to provide an
understanding of the geological uncertainties and the degree to which Nirex's planned
investigations may be able to reduce these uncertainties; secondly, to allow a view on the
interpretations proposed by Nirex and the degree to which they represent the uncertainty;
tnirdly, to provide the basis for alternative interpretations as candidates for examination in
HMIP's radiological performance assessments

Post-closure Radiological Assessment

The objective of HMIP in commissioning an independent PSA of the Sellafield site is to
provide a quantitative understanding of the site and key uncertainties affecting the estimates of
risk; this in order to support the review of the Nirex safety case and post-closure analysis.



The core of the HMIP analysis is based on the use of the system codes and supporting
codes mainly as available and already demonstrated in Dry Run 3 (Sumerling, 1992). Previous
assessments have indicated the difficulties of undertaking site assessments with versions of
code that have not undergone full testing. Where developments are necessary to represent site-
specific processes not currently modelled, these will be made in parallel with the assessment
activities and, only after testing, will the revised codes be released for assessment use. The
key decisions leading to the definition of models and data employed in the assessment are
recorded as part of the uncertainty and bias audit (Grindrod and Watson, ibid.). The bias due
to the omission of particular processes, or due to a particular conceptual model choice, is
investigated, preferably, through scoping -Olnulations or supplementary analyses.

The overall outputs from the assessments are expected to be:
- estimates of risk and probability density function of dose as a function of time;
- estimates of bias due to omitted processes and/or model choices;
- sensitivity of risk to parameters and model choices and, hence, identification of

key uncertainties;
- definition of requirements from Nirex site investigations, design studies or

research to reduce or improve the quantification of these uncertainties;
- recommendation for longer-term model development and/or research by

HMIP/UK DoE to improve the evaluation of risk from a repository at the
Sellafield site.

The HMIP PSA activities have been organised in distinct phases, to coincide with the
expected phases of Nirex provision of data and preliminary safety submissions. A first
phase, completed in April 1993, was aimed at producing a pilot demonstration model based,
as far as possible, on Nirex data and hydrogeological interpretation. This was implemented
directly with the VANDAL radiological release, flow and transport code (Kane, 1992) and
considered time-independent conditions of the site. A second phase, scheduled for
completion in December 1994, will be based initially on Nirex site interpretations but
incorporating a greater range of geological and hydrogeological uncertainty, and will be
supported by independent detailed hydrogeological modelling of the site. The VANDAL
implementation will be linked to a site-specific implementation of the TIME4 environmental
simulation code (Dames and Moore, 1991), which will provide time-dependent boundary
conditions to the VANDAL flow and biosphere models. The scope of a possible third or
subsequent phases will be decided by HMIP in the light of Nirex's developing programme
of submissions. The process of iterative assessments will build up an experience which
eventually will be used as part of the basis for considering a possible authorization for the
disposal of radioactive wastes.

SUMMARY

In the UK, it is solely the responsibility of the proponent of a repository for radioactive
wastes to produce a satisfactory safety case. The regulator will determine the adequacy of the
case from the regulatory standpoint by examination of the quality of and traceability to the
scientific basis, and by examination of the assessment procedure, in particular, the method for
accounting for uncertainty and the traceability of data used. In the case, of the expected
proposal for the construction of a national deep underground disposal facility for low- and
intermediate-level radioactive wastes currently in preparation by Nirex, HMIP have opted for a
review procedure based on two complementary elements.

HMIP will firstly review Nirex's case against the overall scientific and technical
knowledge that exists using a panel of acknowledged experts and, secondly, carry out
independent analyses. These may include: examination of the growing body of site
information in order to develop an independent model of the proposed site and risk analyses
based on the PSA approach developed by HMIP since 1982.

It is not envisaged that the independent analyses will require the exhaustive effort that a
full safety case involves. However, the parallel use of the same factual information to carry out
significant parts of a full analysis will lead to a critical awareness of the strengths and
weaknesses of the proponents case.
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HOW UNCERTAIN WE SHOULD BE ABOUT THE OUTPUTS OF A PSA: THE
HMIP PROCEDURE

Peter Grindrodl and Stephen Watson2

I Intera Information Technologies Ltd, UK.
2 Cambridge Decision Analysts Ltd, UK

INTRODUCTION

Since 1982 HMIP (Her Majesty's Inspectorate of Pollution, part of the United
Kingdom Government Department of the Environment) has funded the development of a
methodology for carrying out a probabilistic system assessment (PSA) of radiological
safety during the long term post closure period for any proposed deep geological disposal
of radioactive waste (Thompson 1987 and Thompson and Sagar, 1993). Rather than
employing a scenario methodology, within which key events are selected and are assumed
to dominate and determine the future behaviour of the key performance variables (thus
enabling a reduced system to be modelled), HMIP has adopted a system simulation
methodology, within which much of the full process system is represented, and forced by
simulating external events (climate, geophysical or human effects), see figure 2. This
reduces the reliance upon a priori expert elicitation of scenarios, yet makes the
specification of the model system critical. Thus the role of experts in defining those
internal and external processes and couplings to be incorporated, in selecting requisite
mathematical model terms and solution methods (based on site data, expertise, underlying
research or simply pragmatic constraints), and in defining input data and parameters, must
be examined and carefully documented.

The resulting system, initially developed and iteratively refined, is used to simulate
an ensemble of possible fut"ns. This set of futures, generated by the model, represents a
discrete sampling of the envelope of all possible futures of the repository system: at least
in so far as the system model permits this. Within the model, input data and parameters
can be distributed probabilistically using Monte Carlo simulation resulting in an inferred
distribution of probabilities over the output variables. The most important output variable
is annual individual risk of a serious deleterious health effect arising from radiation
exposure of an average member of a critical group.

The methodology of PSA, using a Monte Carlo technique, is not the issue addressed
here. Rather we focus on the more fundamental uncertainties which arise in specifying
the system model. There the omission or misrepresentation of key processes or couplings
can lead to misrepresentation of the spectrum of possible futures of the repository.
Alternative representations, based upon the same site specific data, may legitimately yield
different distributions of performance measures, see figure 1. Such divergencies are
termed as "biases".

The development of the methodology has incorporated detailed considerations of a
number of distinct fields in order to address the issue of expert elicitation, and the sources
and propagation of uncertainties, and biases, throughout the system model. Work on input
parameter value elicitation (see Dalrymple 1988), model structure elicitation (see Thorne
1993), and methods of combining various alternative models and their possible biases
(Thorne and Laurens 1990) has been carried out.



In a previous programme (Sumnerling 1992) HMIP's methodology was applied to a
trial assessment of a hypothetical repository. As noted in (Zimmerman et al. 1992), the
part of the approach designed to elicit, examine and assess the impact of modelling
decisions representing possible sources of bias to results of the PSA was not carried
through for the reference assessment. Rather, the main focus of such work there was on
the discussion of elicitation practices within expert groups, and possible techniques for
propagating biases through the structure of an assessment, independent of the information
arising within the trial assessment (see also Thorne and Laurens 1990).

During 1992-1993 HMIP's methodology has been applied within the first phase of
HMIP's assessment of the UK Nirex proposals for disposal at the Sellafield site. This
included the utilisation of an uncertainty and bias audit (UBA), designed to identify
sources of bias and uncertainty within the specification of the system assessment
modelling and calculations, which was fully integrated into the structure of the scientific
and technical work programme. This is described in the next section.

THE UNCERTAINTY AND BIAS AUDIT

The need for an audit of the PSA modelling process arises from the wide range of
decisions that must be made in specifying the system models and inputs. The uncertainties
which derive from not knowing how the outputs of the PSA might differ if parts of the
system were modelled differently, are not accounted for in the ensemble probabilistic
assessment calculations. Hence, given the large number of alternative calculations which
might be made for an assessment, it is essential to have some estimate as to where and how
conceptual decisions may have biased assessment results. This is particularly relevant
when alternative assessments are to be compared.

Assumptions and models may evoive or develop over the course of an assessment
Thus it is important to keep a record of all individual cross references and dependencies, so
that the effect of (sub)models and corresponding calculations may be assessed in the
future. More generally, within the documentation of an assessment, there are always a
large number of decisions concerning the inclusion or exclusion of processes, model
choices, simplifying assumptions and suitable input data. These are supported by detailed
sub-tasks within the HMIP's Performance Assessment programme, by relevant expertise,
or by more wide ranging research and development. Nevertheless, they remain embedded
within the relevant chapters or sections of the documentation and are often not labelled
explicitly, or made available for independent examination. Consequently there is a need to
make unequivocal statements of all such decisions. For these reasons the traceability,
consistency and completeness of the lists of decisions and assumptions adopted within the
assessment constitutes the heart of the UBA methodology, as used by HMIP.

The overall objective of the UBA is to identify those issues and decisions which
have the potential to change the results of the system calculations significantly. This will
be achieved by:

* making explicit all decisions arising in the definition of the system
models;

* documenting the reasons why particular decisions were made;

* documenting alternatives which were considered and set aside;

* documenting the sources of supporting evidence for each decision;

* investigating some key decision alternatives in order to qualify the
extent of possible variations in the output variables in these cases.

The primary objective for this assessment has been to obtain all decisions in a
structured form, together with relevant supporting information from the expert groups.

In addressing this task, it was the aim to record and account for all decisions which
were made by the Working Groups of experts gathered together for the purpose of defining
(and selecting) suitable conceptual models. In effect these conceptual models are simply
lists of assumptions and decisions that must be made in order to specify how various
processes will be represented (or not) within the system, and enabling their mathematical



rormulation air (sub) system solution.
The format for the specification of the decisions was designed to allow for both a

short formal statement of the decision, its support, and its possible alternatives, and a more
wide ranging discussion. References to existing literature were encouraged.

It should be pointed out that there were some significant bonuses in adopting this
formality within the Working Groups. Since it was clear what was required of the groups,
they could revisit issues (or not) depending on the completion of the relevant decisions;
and it was clear when their consideration of each topic was complete. It also provided a
focus on those decisions which are contentious, or where few experts had much confidence
in the models to be employed; this alloweu wuI the specification of more realistic models in
the future.

The Working Groups themselves were composed of relevant experts, and their
expertise in specifying models was also relevant to the criticism of such models. Their
guiding experience, or best guesses, were clearly relevant to issues where no more formal
sources of information (literature, experiments, previous assessments, analogous) were
available. Hence, at worst, the information supplied at sessions of the Working Groups
was a subjective assessment by the individual experts involved, whilst at best it was based
on traceable sources.

Detailed advice was sent to all Working Groups in order to minimise the burden of
contributing to the UBA. It was stressed that Working Groups were to base their
discussions around the production of sufficient decisions to justify the models selected. In
most cases, there was a limited range of options available. Since the members of the
Working Groups were able to discuss these models, without necessarily asserting that they
were the "best", or most suitable, available, the process was valuable on three counts:

* Working Group members were able to discuss issues with reference
to the models selected, rather than in complete generality;

* Working Groups were able to identify alternative decisions, which
they would have preferred;

* Working Groups were able to criticize the way in which concepts
were represented, or managed, within the selected mathematical
models.

Thus the UBA offered a formal way in which dissention (and disagreement) within
groups could be incorporated, whilst still allowing the model specification to proceed.

There were five Working Groups: the Surface Environment Working Group, the
Geochemical Transport Working Group, the Near-Field Working Group, the
Hydrogeology Working Group and the Environmental Futures Working Group. Early in
the work a description of the UBA and guidance notes were circulated to Working Group
Leaders, to be passed onto Working Group Members. It was stressed that explicit
decisions were to be elicited in the format provided and that experts were to take a
subsystem perspective, and not prejudge the possible response in total-system performance
resulting from their decisions.

All Groups completed their decision lists: there were 65 decisions in alL
Note that there are a number of other possible sources of bias within the main line

assessment, which were not covered by the application of UBA to the work of the five
Working Groups. These include

* detailed mathematical model specification;

* the choice of solution techniques;

* the adequacy and precision of the computational systems
(verification issues);

* the elicitation of input data sets, including probability distributions
for PRA;

* statistical interpretation of PRA results.



At this stage in HMIP's analysis no information has been elicited regarding the
above issues, although decisions concerning them must have been made either on the basis
of standard practice, or in response to events. It is intended to address them in subsequent
work, however.

DEVELOPMENT OF THE UBA

As a result of experience with the work carried out during 1992 the methodology of
UBA will be further developed, as we now go on to describe.

By the nature of the PSA methodology, experts are obliged to specify a system
simulation model, albeit with caveats and reservations. The objective of the UBA is to
document, structure and audit this process, and to assess the possible ramifications that
decisions taken within the process may have for the calculated envelope of possible results
obtained by the PSA. There would seem to be four possible stages within this task:

Stage 1:

The documentation of all component decisions and assumptions which form the
basis for the system assessment model is the crucial first stage. The traceability of
decisions and the documentation of the justification available are essential. For this
reason in the work so far achieved, Working Groups specified their own decisions,
logically breaking their field down as they saw fit. The emphasis was on cciapIctn.C,
allowing experts an opportunity to discuss the implications of issues ruled out of the
system model and consequently unaddressed (and implicitly ignored) elsewhere within the
Assessment. The compilation of a complete list of modelling decisions from all
groups was a major achievement.

Stage 2:

Alternative decisions or submodels suggested by the Working Groups should be
examined. This involves identifying those issues of most importance. The objective here
is to gain some insight as to how biased the results of the PSA may be as a result of the
option adopted. This should not result in full alternatives to the system PSA, but should
lead to some quantitative estimates of how the outputs of the PSA might change.

As a first step a limited set of alternative submodels will be identified for a key
process, and full analyses will be run, employing each. The resulting divergence of the
output probability distributions will represent the possible range of representations of
uncertainty induced by the modelling options for that particular process, and provides a
qualitative way of comparing such uncertainty with that induced by the parametric and
input data uncertainties accounted for explicitly within the separate submodels.

In figure 1 we show schematically how the output distributions of the PSA may
depend upon a single modelling decision adopted and an available alternative decision (for
example, by using an alternative conceptual submodel for some part of the system).

BIAS
P.D.F / '

Performance measure
Figure 1.

The divergence between the results represents the impact of this conceptual
uncertainty as a bias upon the PSA results. Are these large or small compared to the range
of the distribution arrived at through parameter uncertainty ? A few key decisions will be
tested in this manner.



Stage 3:

A further possibility would be to carry out the full PSA using many different
combinations of different modelling options. In the light of the output we could assess
which were the key decisions which seemed to affect the PSA calculations. This would
lead to a focusing of research effort on investigating which modelling alternative was the
more plausible representation of the likely behaviour of that part of the physical system.
This stage amounts to a sensitivity analysis of the PSA with respect to modelling options.

Stage 4:

A further modification might be to make calculations with alternative model
systems, and fold everything together into one envelope of results by associating a
probability for each model alternative. The alternatives to the system PSA need not be full
PSAs but could result from bias correcting shifts applied to the system simulation results
as a consequence of changing one or more of the modelling decisions. This last alternative
is the most obvious at first sight, but also itself introduces conceptual uncertainty. It is
recognised though that if results are to be folded in together, the probabilistic nature of
PSA would demand that probabilities be attached to both the mainline and perturbed
results. This runs into severe technical issues since the results are not independent It also
leads to difficulties of meaning. Our intuition is that, faced with several modelling
choice, one of them must be true, so that we can ask what the chance is that a particular
modelling choice is the true one. Unfortunately, we know that none of them is, in any
detailed sense, a representation of the truth.

Given the difficulties outlined above it is evident that Stage 1 is achievable (the
traceability and completeness being demonstrable by the UBA database compiled during
our work so far). Stage 2 is desirable. Stage 3 might be possible, but would entail a great
deal of (possibly costly) simulations. Stage 4 is probably not defensible. In our future
work effort will be focused upon obtaining better information from the expert groups in
order to identify those decisions most likely to have biased the ensemble system
calculations. We plan to achieve at least stage 2 in the next part of our program.

Within stage 2 it is clear that the UBA can take advantage of the sequential structure
of the system model. This is represented in Figure 2. Each group considers a subset of the
processes, with well defined start and end points.
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Figure 2: Environmental System.

For this reason it is proposed to proceed as follows. Each Group should make an
explicit list of the inputs and outputs to be calculated by whatever subsystem model is



arrived at as a result of their deliberation. For example: the Geochemical Transport Group
has input variables: the hydrology model, fluxes. heads; the nuclide fluxes released from
the near field (as functions of time); the location of the geosphere biosphere interface. The
Group's task is to specify and support a model producing output variables, in the case of
the Geochemical Transport Group these are: radionuclide fluxes released from the
geosphere (as functions of time). For each decision arrived at (whether in pragmatic
support of existing models, or as a result of novel considerations), the group should
estimate the impact arising from the adoption of possible alternatives by giving an
estimated bound or percentage change on the increase or decrease to the output variables.
For example, the Transport Group might state that alternatives to a particular decision
could give rise to an order of magnitude increase on nuclide fluxes from the geosphere.

The strength of this is that individuals must focus upon the variables to be computed
by the models rather than some nebulous general sense of model accuracy. Thus the
decisions produced by each group will be associated with specific estimates of changes in
output variables, and these will be used to assess which (if any) should be perturbed in
order to investigate alternatively biased PSA results.

SUMMARY

Within HMIP's assessment methodology, an uncertainty and bias audit is employed
in order to account for those conceptual and modelling decisions which may have
misrepresented key processes, and hence, distorted the output of the subsequent PSA.

All working groups charged with specifying the system assessment model
conditioning, and input data are required to itemize their decisions. The emphasis is on the
traceability and defensibility of such information. In future work, the scope of the UBA
will be widened, and some parallel PSAs will be run in order to qualify the impact of key
decisions upon distributions for performance measures.
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ABSTRACT

Scenario development is part of the iterative
performance assessment (PA) process for the Waste
Isolation Pilot Plant (WIPP). Scenario development for
the WIPP has been the subject of intense external review,
and is certain to be the subject of continued scrutiny as
the project proceeds toward regulatory compliance. The
principal means of increasing confidence in this aspect of
the PA will be through the use of a systematic and
thorough procedure toward developing the scenarios and
conceptual models on which the assessment is to be
based. Early and ongoing interaction with project
reviewers can assist with confidence building. Quality of
argument and clarity of presentation in PA will be of key
concern. Appropriate tools are required for documenting
and tracking assumptions, through a single assessment
phase, and between iterative assessment phases. Risks
associated with future human actions are of particular
concern to the WIPP project, and international consensus
on the principles for incorporation of future human
actions in assessments would be valuable.

1. INTRODUCTION

Assessments of the long-term safety of radioactive
waste disposal sites rely on a combination of qualitative
judgements and quantitative modelling. The ultimate
aim of these assessments is an evaluation of the
performance of a particular site or disposal concept
against a regulatory measure, such as individual dose or
risk, -t cumulative releases of radionuclides. An
important aim of site characterisation is to provide the
data required for the development, evaluation and use of
the conceptual models and corresponding mathematical
models required for a quantitative assessment of long-
term performance.

Peter N. Swift
WIPP Performance Assessment Department 6342
Sandia National Laboratories, MS-1328
Albuquerque, NM 87185
U.S.A.
+1 (505) 848 0699

Various methods have been used to progress from the
site and system understanding achieved during site
characterisation to a well-structured performance
assessment (PA). All radioactive waste disposal
programmes face the problem of determining exactly what
phenomena and components of the disposal system can
and should be dealt with in the quantitative PA. In the
radioactive waste disposal literature, this problem is
normally referred to as 'scenario development', and the
phenomena and components of the system - or the
'things' to be modelled - have sometimes been referred to
as features, events and processes (FEPs). 'Scenarios'
themselves can be considered as broad descriptions of
alternative fiures of the waste disposal system Multiple
scenarios have been used where it is not possible or
convenient to describe the system using a single
integrated model.

An international review of scenario development
methodologies is being undertaken on behalf of Sandia
National Laboratories (SNL), within the context of tho
performance assessment programme for the Waste
Isolation Pilot Plant (WIPP). The purpose of the reviews
is to evaluate approaches to scenario development, and to
compare methods used recently with those used in the
WIPP PA, with the aim of improving the basis for the
screening of events and processes in WIPP PAs.

An important aspect of the review was the
organisation of an informal international seminar with
participants from many of the national programmes
active in scenario development 1. Previous discussions a,
an international level were held in the period 1987-1989
by a working group of the Nuclear Energy Agency of th-
Organisation for Economic Co-operation an:
Development (OECD/NEA)_2 However. ncw % ork has
been reported since then in many of the countries d it.:
disposal programmes for long-lived radioactive w~astes
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Additional input for the review came from study of recent
performance assessment documents from countries active
in the field.3-12

Scenario development for the WIPP is reviewed in
Section II of this paper. An analysis of several key
issues in scenario development and an explanation of the
relevance of these issues to the WIPP project is provided
in Section II. Based on this analysis, recommendations
relating to documentation and integration of the scenario
development process are provided in Section IV.

II. SCENARIO DEVELOPMENT FOR THE WIPP

A. Regulatory Background

The WIPP has been developed by the United States
Department of Energy (DOE) to demonstrate the safe
disposal of transuranic wastes (TRU) generated by DOE
defense programmes since 1970. The WIPP is located 42
km east of Carlsbad, in southeastern New Mexico. The
proposed repository is in bedded salt about 655 m below
the land surface (Figure 1). Prior to disposing of waste
at the WIPE, the DOE must evaluate compliance with
applicable long-term regulations and, in particular, those
promulgated by the United States Environmental
Protection Agency (EPA), including 40 CFR Part 191
(Subparts B and C) and 40 CFR Part 268.6.13-15

The Containment Requirements of 40 CFR 191,
Subpart B (§191.13) set limits on the probability that
cumulative releases of radionuclides to the accessible
environment for 10,000 years after disposal will exceed
certain limits. 13 The accessible environment is defined to
be (1) the atmosphere, (2) land surfaces, (3) surface
waters, (4) oceans, and (5) all of the lithosphere that is
beyond the controlled area (§ 191.12[ki).13 The
controlled area for the 1992 WIPP PA was the 41-km2

land-withdrawal area.

The Land Disposal Restrictions (40 CFR 268) of the
Resource Conservation and Recovery Act (RCRA)
regulate releases of specified nonradioactive hazardous
materials from the repository to the disposal-unit
boundary.' 5 For the WIPP, these hazardous materials
include heavy metals and semivolatile and volatile
organic compounds. The disposal unit for the WIPP has
been defined to be the entire volume of the Salado
Formation within the WIPP land-withdrawal area, and it
is assumed that the same lateral spatial scale applies as
for the accessible environment defined in 40 CFR 191,
Subpart B. 16 The length of the regulatory period will be
a waste-specific and site-specific determination, and is
assumed to be 10,000 years for the purpose of interim
analyses. 16
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Figure 1: Generalised WIPP stratigraphy. 16

B. Performance Assessment Overview

System performance assessments will form an
important basis for evaluating compliance with the
applicable regulations. The SNL/WIPP Performance
Department (PA) Department is responsible tor
performing iterative performance assessments of the
WIPP, to provide guidance to the project while preparing
for final compliance evaluation.

Long-term containment of wastes at the WIPP is
provided by a multibarrier system that comprises three
principal components:

(i) Engineered barriers such as the waste form,
repository backfill, and shaft and panel seal
systems. The waste containers themselves are
assumed to lose their integrity almost immediately
However, for the base case, long-term performar-e of
the shaft seal systems is important in limiting
releases.

(ii) The 600-m thick halite host rock (Salado
Formation). This unit has an extremely Iyon
permeability, and is not expected to provde a

Galson and Swift



pathway to the accessible environment in the
10,000-year time frame of concern, unless it is
breached by inadvertent future human actions, such
as exploration for natural resources that are known
to exist in the region.

(iii) The geologic units underlying and overlying the
Salado Formation. In particular, given a breach of
the Salado Formation by a future borehole, it is
expected that significant delay and retardation of
radionuclides will occur in the principal aquifer of
concern, the Culebra Dolomite Member of the
Rustler Formation.

Annual assessments have been conducted and
published by SNL in the period 1989-1992.16
Assessment structure is linked to the representation of risk
in response to three questions: 17

(i) What can happen? (scenarios)

(ii) How likely are things to happen? (likelihood of
occurrence of scenarios)

(iii) What are the consequences of these things
(scenarios) happening?

Systematic scenario development techniques have
been employed to answer the first question. A formal
elicitation procedure using expert panels has been used to
answer the second question. ' 8 Monte-Carlo simulation is
used to examine uncertainties in consequence assessments
and to perform sensitivity analyses that provide guidance
to the project.

C. Scenario Development Procedure

Although early scenario development for the WIPP
used an event-tree approach, in recent years the
systematic five-step procedure developed by Cranwell et
al. has been used, as outlined below:19

(i) Compilation or adoption of a comprehensive set of
features, events and processes that potentially could
affect the disposal system. The current WIPP list is
based on that in Cranwell et al. (ibid), which itself
reflects the discussions of an expert group that met
in the late 1970s. The list is restricted to potential
'disruptions' that arise externally to the disposal
system, or that are caused by human activity -
including emplacement of the radioactive wastes.
The term 'features' has not been used in scenario
development for WIPP PAs, and is omitted from the
discussion that follows.

(ii) Classification of the events and processes to aid in
completeness arguments.

(iii) Screening the events and processes to identify those
that can be eliminated from consideration in the
perfonnance assessment. Screening criteria include
low probability, negligible consequence, physical
reasonableness, and regulatory guidance on the
treatment of future human actions.

(iv) Developing scenarios by combining events and
processes that remain after screening. A logic
diagram is used to illustrate the possible
combinations (Figure 2). At each junction within
the diagram, a yes/no decision is made as to whether
the next event or process is added to the scenario.
Parameter values, time of occurrence, and location of
occurrence are not used to define the events and
processes, and parameter uncertainty is incorporated
directly into the assessment database. Thus, each
scenario consists of a combination of occurrence and
non-occurrence of all events and processes that
survive screening.

(v) Screening scenarios to identify those that have little
or no effect on the performance estimate. Screening
criteria are similar to those used in screening events
and processes.
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Figure 2: Potential scenarios for the WIPP disposal
systemr. 6 Each scenario is a set of similar
occurrences and a subset of all possible 10,000-X-ear
histories beginning at decommissioning of the
WlPP.
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This process is structured and provides a,. auditable
and documented means for identifying and screening
events and processes of concern. Potentially disruptive
events and processes are combined to form a mutually
exclusive and representative set of scenarios for
consequence analysis. The likelihood of occurrence of a
scenario may be estimated directly, or by combining the
likelihood of occurrence and non-occurrence of its
constituent events and processes.

D. Application to the WIPP

For the WIPP, the 'base-case' represents expected
behaviour of the natural and engineered systems,
including consideration of variability in these systems
and uncertainties in characterising them. The base-case
scenario does not take into account disruptions caused by
future human actions or the occurrence of 'unlikely'
natural events. Thus, all naturally occurring events and
processes retained for scenario development nave been
considered to form part of the base-case scenario.
Simulations conducted to date indicate that this scenario
is not expected to give rise to any releases to the
accessible environment in the time frame of concern. 16

Future human actions are currently judged to be the
only disruptive events requiring additional system
assessment outside the base-case scenario. These events
are combined with the base case to form additional
scenarios that could give rise to releases within the
10,000-year regulatory time frame. In the scenario
development work conducted to date, three events have
been retained for scenario development, leading to the
construction of eight scenarios (Figure 2). The three
events are:

El - The inadvertent drilling of one or more exploratory
boreholes that intersect a waste-filled urn nr drift
and a hypothetical pressurised brine reservoir in the
underlying Castile Formation; the borehole(s) forms
a flow path to the overlying Culebra Dolomite.

E2 - The inadvertent drilling of one or more exploratory
boreholes that intersect a waste-filled room or drift
but not a brine reservoir in the underlying Castile
Formation; the borehole(s) forms a flow path to the
overlying Culebra Dolomite.

TS - Mining for potash by either conventional or solution
methods in areas beyond the boundaries of the waste
panels; the mining leads to subsidence, with
potential for degraded performance of the geosphere
system.

The scenario leading to the largest consequences is
EIE2, in which two boreholes, one of each type, penetrate
a single waste panel, creating a flow path for Castile
brine through the waste from one hole to the other and
then upward to the Culebra Dolomite. Scenarios
involving TS have not yet been modelled within the
assessment, but are not expected to affect significantly the
final evaluation of compliance with the EPA regulations.

Many judgements and assumptions are required in
order to assess the potential risks associated with future
human actions. These judgements are clearly required for
modelling of the intrusion activity; they are, however,
also required in considering the transport of radionuclides
from the repository through the surrounding geology and
to the accessible environment.

E. Peer Review of WIPP Scenario Development

Because assessments are being conducted and
documented iteratively, external reviewers have had
several opportunities to provide input to the performance
assessment Reviewers have expressed concern about the
logic behind various screening arguments:20

* Certain events and processes have been screened out
owing to low consequence, with insufficient attention
paid to a quantitative demonstration that this was
indeed the case.

* Existing site information has not always been fully
considered in screening events and processes, and in
framing the models used in performance assessment.

* Not all potentially significant interactions between
features, events and processes have been considered
in screening arguments.

Reviewers have also questioned the
comprehensiveness of the initial list of features, events
and processes, and the documentation of the screening
process. For example, the initial list of FEPs cannot be
considered comprehensive in the sense that many FEPs
which form part of the base case are not included on the
list (e.g., hydrological and geochemical processes). The
result is that there is no clear discussion in one place in
the assessment documentation of what FEPs are included
in the base case, the reasoning behind this selection of
FEPs. and the linkages between them.

Despite these criticisms, the work to date does have
the advantage of having been submitted to continuous
and rigorous peer review. Many of the revie%%ers
concerns have pertained more to the presentation of the
available information, rather than to the broad scle~tion
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of scenarios to model or to the basic methodology for
developing scenarios.

The WIPP review process indicates that external
reviewers will focus on the comprehensiveness of the
scenario development exercise, and the arguments used to
exclude particular events and processes from the
quantitative system assessment. Thus, decisions to
exclude particular events and processes need to be well
defended, with quantitative argument whenever possible.
The methodology used for forming scenarios is likely to
be of secondary importance to the quality of the argument
used in developing the assessment basis.

m. INTERNATIONAL COMPARISON OF
SCENARIO DEVELOPMENT METHODOLOGIES:
PRELIMINARY ANALYSIS

A. Previous Reviews

Assessments must both demonstrate regulatory
compliance and be clearly presented. The importance of
clearly identifying the phenomena to be included in an
assessment was already recognised more than a decade
ago, when the first syntheses of approaches to scenario
development appeared. 21 Since then, summaries of
approaches to scenario development have appeared
regularly, and such reviews are becoming increasingly
fashionable. In large part, the recent reviews seem to be
motivated by the desire to ensure that programmatic lists
of FEPs are as comprehensive as possible.

Recent reviews have been conducted on behalf of
TVO (Finland), SKI (Sweden), NAGRA (Switzerland)
and the SNL Greater Confinement Disposal (GCD)
project (United States).3-6 Several of these projects have
compiled master lists of FEPs based on review of a large
Lange of other studies. The master lists were then
screened, for example to remove duplicate entries, and
were used as a basis for the ensuing scenario selection
and modelling exercises. It is interesting to note,
however, that the basic starting lists used by these
projects have not been identical, because the researchers
involved in these studies have had access to different
lists, not all of which are yet publicly available. In
addition to these studies, FEP lists have also been
compiled at an international level, and work is
continuing in this direction.22

These studies show that almost all of the important
events and processes were already identified in the earliest
assessments. Improvements in assessments pertain more
to increased realism in process models, better
understanding of linkages between FEPs, and better
treatment of uncertainties and presentation of results.

This analysis builds on the earlier reviews,
discussions at an informal international seminar, and
review of recently published performance assessments. 1-1 2
19, 21

B. Overall Performance Assessment Methodology
and Importance of Judgement

There has been discussion within the assessment
community over the past 15 or more years concerning
approaches for treatment of uncertainty related to
evolution of a disposal system. Many of the early
performance assessments were characterised by an ad hoc
procedure to arrive at decisions on what events and
processes to consider, and the decision bases were
sometimes not well documented. Approaches to model
formulation have become increasingly more systematic
and increasing attention is being paid to formal methods
for the use of expert judgement for event and process
screening, model development and parameter selection.

Many apparent methodological differences between
performance assessment programmes are a result of
differences between sites, repository design concepts, and
national regulatory requirements. In addition, apparent
differences arise from decisions on which processes ought
to be considered within the main system assessment
model, and which should be treated through separate
analyses outside the system model (e.g, for reasons of
clarity or convenience). Such decisions have led to a
distinction between so-called scenario-based and
simulation-based approaches to assessment. This
distinction is more apparent than real, as the aim of both
approaches is to produce a model of the systen. 23 Both
approaches require reasoned argument and extensive use
of expert judgement to arrive at this goal. In addition,
the most important part of any methodology will be the
quality of the judgements made (i) in determining whicn
features, events and processes to consider in the
assessment, and (ii) in linking them together in an overall
conceptual model of the system.

C. Documentation

The screening of events and processes will be an
important focus for external review, including that by
regulatory agencies. Review will be facilitated by
providing sufficient information in one place in the
assessment documentation for reviewers to understand the
decision bases on assessment structure. The inevitable
focus of reviewers on this part of the assessment leads to
high demands for clear documentation. Catalogues of
FEPs and influence diagrams have been developed and
used to good effect in many programmes Such tools can
assist with tracking decisions and assumptions through
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an assessment, as well as from one assessment phase to
the next.

Relevance to WIPP: In documentation for the
WIPP PAs, screening of potentially disruptive events and
processes has been discussed under the heading of
,scenario development'. However, numerous other
assumptions have been made concerning evolution of the
system under both normal and disruptive conditions.
Documentation of these assumptions is found in several
places in recent assessments, and some assumptions may
have been undocumented.

D. Comprehensiveness

A great deal of duplication has occurred in
developing comprehensive lists of FEPs that may be
relevant to system safety, with many national
programmes developing their own supposedly
comprehensive lists of FEPs as a basis for making
screening decisions for assessments. Some of these lists
have been developed internally; some have been compiled
based on comparison with lists available in other
programmes.

Work underway at an international level will reduce
this duplication of effort in the future, and will help
ensure that FEP lists are as comprehensive as possible.
The OECDINEA has recently initiated a working group
to establish an international database of features, events
and processes of concern to long-term performance
assessments of deep geological disposal systems. The
international FEP list is supposed to be developed as a
relational database that represents the sum of national
experience in identifying, classifying and screening FEPs.
The database, when available in late 1994 or early 1995,
will be of value to all assessment programmes.

Relevance to WIPP: The WIPP performance
assessment programme has developed its own
'comprehensive' list of FEPs, which focuses on potential
disruptions. The lists of other programmes are
substantially longer, and include a great deal of detail
concerning the modelling of disposal system evolution in
undisturbed (as well as disturbed) conditions.

E. Screening and Combining FEPs

For practical reasons, there is a need to screen out
many events and processes early on, but this should be
done whenever possible using quantitative arguments.
Important early screening criteria may relate to particular
characteristics of the site and disposal concept, regulation
(or ground rules for the assessment), probability, and
consequence.

Scenarios and conceptual models should be
formulated initially on the basis of current understanding
of the disposal system. Development of a representative
set of scenarios for consequence analysis will be
influenced, however, by mathematical and numerical
modelling capability, as well as by the overall approach
to assessment. As already noted, experience with
reviews, particularly within the WIPP project, shows that
the overall methodologies for forming scenarios are likely
to be of secondary importance to the quality of the
argument used in screening events, processes and
scenarios.

Relevance to WIPP: Criticism of the WIPP
scenario development work has focused on the quality of
the argument behind various screening decisions that have
been made. For example, assumptions used in the
assessment concerning the treatment of future human
actions have been questioned. Future WIPP PAs will
consider in detail the range of comments received and
modify the argumentation as needed to account for them.
This will be an ongoing process as the project moves
through the regulatory process, in so far as the scenario
development work remans a focus of external review.
Interaction between the project staff and its reviewers will
be a vital step in building confidence in the quality of the
argument used throughout the assessment

F. Treatment of Conceptual Model
Uncertainty

The process of forcing experts to undertake a
conscious sorting of alternative assumptions concerning
evolution of the disposal system - and appropriate
documentation of this sorting process - is a time-
consuming effort Nonetheless, the results of this process
can provide a useful tool for evaluating progress Aithin
assessment programmes and for providing an accessible
source of information for reviewers. Reviewers need to be
able to understand what decisions and assumptions were
made in an assessment, why they were made, what
alternative assumptions might also have been made. and
the potential affect on assessment results of these
alternative assumptions. These issues were discussed at a
recent OECDINEA Workshop on conceptual model
uncertainty. 24 Systematic approaches are being acuvel%
developed in several countries.

Relevance to WIPP: There has been no formal use of
expert judgement aimed at systernatically identifying
alternative plausible assumptions relating to conceptual
models, and considering their relative importance in the
WIPP PA. Emphasis has however been placed or
submitting the iterative PAs to a broad range of formal
and informal peer review, and in responding to revie .k ers
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concerns. It is considered that an iterative approach to
PA and external review is a good means of developing
confidence in the assessment.

IV. CONCLUSIONS AND RECOMMENDATIONS

Recommendations are provided below concerning
scenario development in general, and scenario
development for the WIPP PA in particular.

Alternative assumptions and decisions in the
modelling process need to be addressed systematically to
build confidence in the assessment. In particular, all key
assumptions should be systematically compiled and kept
under review for each iterative assessment. A
documented systematic methodology for this is
fundamental to the rational review and acceptance of an
assessment.

Comprehensiveness of the scenario development and
conceptual modelling activities is an important issue in
all programmes. Uncertainty over comprehensiveness can
be addressed by development of clear documentation
concerning the translation from site and system
information to the predictive models used in PA.

Tools - such as relational databases for FEPs and
influence diagrams at an appropriate level of detail - are
required for documenting and tracking decisions and
assumptions made in assessments, through a single
assessment phase, and between iterative assessment
phases. Even though an international FEP database will
be available soon, in-house site-specific databases also
will be beneficial. Such in-house databases could serve
as a useful tool for communication within the project, as
well as with all reviewers and stakeholders in the
assessment process.

The need to undertake PAs iteratively and to use the
results of these assessments in providing guidance to
other project staff is well recognised. These iterative PAs
provide an opportunity for ongoing critical interaction
between the PA project and its reviewers. Such interaction
should be initiated early within a disposal project, as it
can be a vital step in building confidence in the quality
of the argument used throughout the assessment

All programmes concerned with the disposal of long-
lived radioactive wastes have addressed to a greater or
lesser extent the issue of future human actions. An
international consensus on the methodologies and
principles for quantitative assessment would build
confidence in the way in which future human actions are
considered in PAs. 22 Such consensus would be of
particular value to the WIPP project because of the

importance of human intrusion in the PA.

Developing the bases for an assessment is a
multidisciplinary task, placing high demands on
management and requiring appropriate organisational
structures to overcome the tendency for individual experts
is focus on the particular problems in their own
disciplines. The recommendations outlined here may
seem mundane, but review of national assessment
programmes shows that they have not yet been fully
implemented. Additional effort needs to be applied to
improve the documentation and presentation of
assessments, but any additional resource requirements
will be relatively small in view of the overall costs of
waste disposal programmes.
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The Unsolved Problem of Convergence of PSA
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According to what safety criteria are being addressed, the results of PSA calculations are
analysed to produce different statistics. One very common performance measure is mean
dose-rate versus time (or mean release rate or annual risk, all very similar in nature).
Another. particularly when addressing current US regulations, is the CCDF (comple-
mentary cumulative distribution function) of total release of activity to a given physical
boundary up to a certain time. Whatever the performance measure, it is ideally a property
of an infinite population of alternative system states, whereas the PSA calculation onlv
estimates the statistic from a finite number of sampled realizations of the system state.
How many realizations is enough?

In certain parts of the community of PSA practitioners, the idea seems to have gained
currency that if the simulation model has K random input parameters, then a number of
realizations

N = 4K/3

is probably about right. We believe that this rule of thumb has no justifiable basis
whatever. However, other people seem to choose N on a basis that is scarcely more
honourable, namely

1000 sounds like a nice big number; I'll do 1000 simulations - unless the model
happens to be rather expensive to run, in which case I'll only do 500 or 200. After
all, halving N will only increase the estimation error by a factor of about Vt.

Neither of these approaches even acknowledges the issue of how accurate an estimate of a
given statistic is required. Plainly, the better the accuracy required. the greater the number
of realizations that will be necessary. Convergence of PSA results is not something that is
suddenly achieved when the number of realizations reaches a critical value.

In fact, defining what convergence really means seems to be rather difficult. PSAG
considered this issue to some extent at the time of the Level E exercise, but no firm
conclusion was achieved. The purpose of this presentation is to provide a reminder of
some of the difficulties. We provide some pointers to possible ways ahead, but no full
resolution.

Skewness
The distributions of typical output quantities of models of waste disposal systems are
usually skewed to the left - small values in the range are much more probable than large
values. When evaluating dose-rate versus time, this skewness usually becomes more
severe at early times. To get any release at all at an early time, a rare combination of
parameter values will be required, giving short physical containment time, rapid release to
the geosphere, rapid transport through the geosphere. But when such an early break-
through does occur, the magnitude may be great because there is a large contribution from
short-lived radionuclides that would otherwise have decayed before reaching the surface.



Thus, a number of realizations that serves perfectly well for estimating mean dose-rate at
later times may be far from adequate for estimating mean dose-rate at early times, because
only a very few of the sample output values are non-zero.

In the most extreme case, if only a single non-zero value, V, is found. and (N-i) zeroes,
the mean of the parent population is estimated as

V/N,

with standard error
S =V/N

(to first order). If a confidence interval for the estimate of the true mean is given as

,i ± /3S,

(Woo [1] gives 3 = 2.68 for 95% confidence), then the upper confidence limit in this
most extreme case is only a factor of (1+p) bigger than the mean estimate. For less skewed
sample distributions, the confidence interval is relatively smaller. The fact is that one non-
zero sample value provides a totally inadequate basis for estimating the true mean, and if
the estimate V/N is given, it should have a much wider confidence interval ascribed to it
than what is given by the application of standard formulae as just described.

To illustrate the effects of skewness more clearly, we have conducted some numerical
experiments based on drawing values of a single variate, x, from a known distribution with
a simple analytic form, for which the degree of skewness can be adjusted by setting a
parameter. The values of x were obtained by first generating values, u, with uniform
distribution in the range (0,1), using a random number generator. The formula

X = 1 /(U+F,) - I /(l1+f)

was then applied. The distribution of x can be described by its CDF

F(x) (1+-)2 X O•x 1/E(l+E).

This has the form of part of a hyperDol.- The parameter e is set to a small positive value,
and this determines how far the upper tail of the distribution extends. From N samples of
x, the sample mean and standard error were estimated using the standard formulae, and
compared with the true values. Many batches were generated, with different sizes (N in the
range 10 to 10,000), so that an idea could be gained of how often the confidence intervals
succeeded in enclosing the true mean.

With e = 10-2, the distribution ranges from 0 to 99.01, and the mean is 3.625. Figure 1
shows the scatter of discrepancies obtained between the mean of N samples and the true
mean, plotted against the value of N. It is not possible to get an estimated mean any
smaller than zero, so the discrepancy cannot be less than -3.625, whereas larger positive
discrepancies are possible, and are sometimes obtained when N is less than about 50.
Figure 2 shows the same scatter, with the discrepancies normalized to be in units of the
'true standard error', defined as cs/NN, where a is the true standard deviation of the
distribution. It shows that for large N, the estimated mean almost always lies within about
2 standard errors of the true mean, which is expected from the Central Limit Theorem.
Even for small N, it appears to be true that the discrepancy exceeds 2.68 standard errors no
more than 5% of the time, as promised by the theory of Guttman (Woo [1]).



Figure 3 shows the discrepancies, normalized not by the 'true standard error', but by the
standard error as estimated from the sample standard deviation. For small N, this shows
that the estimated standard error is often much too small when the discrepancy in the mean
estimate is negative, that is, when the estimated mean is itself too small. A closer look at
either Figure 2 or Figure 3 also shows that negative discrepancies in the mean estimate are
more common than positive discrepancies. The expectation-value of the discrepancy is,
however, zero (i.e. the estimator is unbiased), because the positive discrepancies, though
fewer, tend to be larger than the negative ones. In other words, the skewed parent
distribution leads to a skewed distribution for the mean estimator, even though averaging
over N samples reduces the skewness, the more so as N increases.

Figure 4 shows the same information as Figure 3, but for a more severely skewed
distribution, obtained by setting the parameter e to 10-4. The same characteristics are
present as in the earlier case. but more so. Even at N = 10,000, the discrepancies have
not reduced to the limit of +± standard errors.

It would be interesting to study the dependence on the skewness parameter, e. more
thoroughly. However, useful quantitative information would be hard to obtain. not only
because there is no sudden transition to the troublesome region where optimistic under-
estimates of the confidence intervals are frequently obtained, but also because the results
are likely to depend on the shape of the upper tail of the underlying distribution.

For those more used to producing CCDFs than estimating means, Figure 5 shows a typical
CCDF obtained from 100 sample values, compared with the true CCDF calculated
analytically. The underestimation of the 95-th and higher percentiles is quite marked,
though this should be of little surprise, since they depend only on the largest 5 or fewer
sample values out of 100. Because of the type of skewness, underestimation is more
common than overestimation.

In all the examples shown above, the form of the parent distribution is known. Knowing
the shape of the upper tail of the distribution, it is evident at a glance that the results in
Figure 5 are not converged in this region. In practice, however, such knowledge is not
given. It should be obvious that, from N sample values alone, it will never be possible to
judge how far the true CCDF extends towards large values at a p:obability level of 1/N or
less. In principle, a tail extending arbitrarily far at this probability level could make an
arbitrarily large contribution to the mean. The hope of finding some automatic convergence
test based solely on the internal evidence of the samples obtained so far would seem
doomed to failure.

More reliable confidence limits

In order to make reliable statements about the likelihood of the true mean (or other statistic)
lying significantly away from the estimate, it would appear that some external information
about the distribution is required. Such information might be as follows:

* the general shape of the distribution is known (e.g. that it is log-normal). but not the
quantitative details (the mean and variance are to be determined);

* the asymptotic form of the upper tail of the distribution is known,

* an upper limit is known for the distribution.

We have begun to work on ways of using such additional information. The most likely to
be available is the last mentioned. For instance, if the output quantity is integrated release
to a boundary, the upper limit is that the whole of the disposed inventory is released. An



upper limit to dose-rate might be obtainable from a conservative analysis of the source term
(thus limiting the release rate at the source), combined with an assumption that geosphere
transport could only disperse rather than concentrate the released material, giving a release
rate at the surface no larger than that at the source.

Given an upper limit for the distribution. one could conservatively assume that the CCDF
extended horizontally to this limit at some probability level, as illustrated in Figure 6, and
then use the composite CCDF to calculate the mean. The question is, what should be the
probability level (p, say) at which this horizontal extension is made? Clearly, there would
be little justification for taking p any lower than 1/N. Perhaps it should be several times
larger than this. Figure 5, after all, reminds us that it is quite possible for the largest 5 or
10 samples to lie appreciably below the true CCDF. It appears that one could choose p as
large as possible, consistent with the requirement that the resulting composite CCDF would
not make observation of the actual sample CCDF too improbable. However, we have not
yet completed the work to carry this idea forward.

Where the parent distribution has a known upper limit, the ideal situation for accurate
estimation of the mean or of high percentiles is to obtain enough samples so that a
significant number are nearly at the limit. One way to reach this situation efficiently is to
use some form of Importance Sampling. It is worth noting that a highly efficient, though
simplified, model (if available) could be used to guide such weighting of the sampling
process towards the parameter combinations leading to large consequence values. A
simplified model might also provide information about the shape of the upper tail of the
consequence distribution, so as to inform decisions about the number of samples that are
necessary to converge, and to obtain reliable confidence intervals for, estimated means or
other statistics based on the full model.

Conclusions

* The number of samples required to obtain accurate estimates, with reliable confidence
intervals, of means or other statistics fc the output quantities of a PSA calculation is a
function of the shape of the distribution of the output quantity;

* A distribution with a long upper tail makes convergence difficult

* Rules of thumb such as N = 4K/3 could only have validity if the number of variable
parameters (K) were in some way connected with the extent of the upper tail;

* The 'internal' evidence provided by the sample values alone is always inadequate to
provide assurance that the upper tail does not extend beyond the region revealed by the
samples;

* 'External' information, such as an upper bound to the distribution, or information about
the form of the tail, should be able to provide a basis for more reliable confidence
intervals to be derived. More work is required.

Reference

[1] G Woo, Confidence bounds on risk assessments for underground nuclear waste
repositories, Terra Nova 1, 7943 (1989).



Figure 1

Discrepancy between estimated mean
and true mean of the test distribution
with E = 10-2, for a selection of
sample batches of different sizes.

Figure 2

Discrepancy between estimated mean
and true mean of the test distribution
with E = 10-2, for a selection of
sample batches of different sizes.
The discrepancy is normalized by the
'true standard error', o'4N, where a
is the true standard deviation of the
distribution, and N is the number of
samples.
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Figure 3

Discrepancy between estimated mean
and true mean of the test distribution
with E = 10-2, for a selection of
sample batches of different sizes.
The discrepancy is normalized by the
standard error as estimated from the
standard deviation of the batch.

Figure 4

Discrepancy between estimated mean
and true mean of the test distribution
with E = 10-4, for a selection of
sample batches of different sizes.
The discrepancy is normalized by the
standard error as estimated from the
standard deviation of the batch.
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Figure 5

Complementary cumulative distribu-
tion function as estimated from 100
samples from the test distribution,
with e = 10-4 compared with the
true CCDF as calculated analytically.
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Trends in Monte Carlo Methods

Enrico Sartori, OECD NEA Data Bank

Areas of Application

The Monte Carlo (MC) method was developed over the last 40 years and is
used now in a wide range of applications for modelling system performance. A list
of areas in which this method is widely used is:

* Nuclear Technology Applications

- Radiation Transport (neutron, photon, electron, proton, etc)

* radiation shielding (reactors, irradiation facilities, accelerators)
* radiation damage (reactor vessel and components)
* non destructive assay, activation
* irradiation device optimisation (collimators, medical applications)
* nuclide transmutation (production/destruction of radioisotopes)
* nuclear interaction
* experiment optimization, simulation, correction, response func-

tions

- Nuclear Safety

* Criticality
* Reliability (PRA)
* System assessment (PSA)

- Waste Management

* System assessment (PSA)

* Other Areas

- Environmental Impact

- Medical Applications (therapy, dosimetry)

- Meteorology

- Climatology

- Economical Models

- Astrophysics

- Quantum Chromodynamics

- System Optimization

- Chemistry

- Mathematics
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Main Effort

In MC an important effort goes today to:

- Speeding up progress towards real advanced, user-friendly Monte Carlo
systems featuring "intelligent" methods with self adjusting procedures
and readily usable by the non-specialist and to increase the domain of
problemsthat can be treated with Monte Carlo through variance reduction.

- Solving problems relative to the implications of vector and/or parallel
computer architectur on the Monte Carlo games and programming
techniques, identifying those approaches that should be used so that
these programs are compatible with and portable to the different archi-
tectu res.

MC Serminar

In 1993 a specialists' meeting on MC methods was organised by the Data
Bank:

it brought together the specialists' in this field from around the world to
discuss their experience, views and projects. It has attracted 100 participants
from 20 countries.

The seminar focussed upon new developments in the codes and their appli-
cations and data. The principal new code developments of the most interest
and activity were

1. ease of user interaction with the rodes;

2. automatic biasing using adjoint solutions on orthogonal grids that over-
lay the 3D Monte Carlo geometry;

3. workstation and PC based program support including distributed pro-
cessing;

4. code and data quality assurance (QA) including new statistical analyses
of code output;

5. benchmarking.

These areas of development indicate how the Monte Carlo method has ma-
tured. A decade ago the emphasis of a Monte Carlo meeting would have
been new mathematical sampling schemes, new variance reduction tech-
niques, and new physics models. But these problems are largely solved for
neutron and photon problems in nuclear reactor energy ranges, although
physics development is still under way for specific aplications. The new fo-
cus is upon "philosophy" type issues: quality, restructuring, and user-friendly
interfaces.
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Similarly, applications have changed. In addition to the field of nuclear re-
actor power generation, many other nuclear technology applications have
risen to equal or greater prominence: high-energy physics, medical therapy
(such as Boron Neutron Capture Therapy (BNCT) and Positron Emission
Tomography (PET)), environmental analysis, nuclear well logging, bulk ma-
terials processing such as analysis of minerals (bauxite), nuclear safeguards,
criticality safety, and other applications.

Parallel processing in Monte Carlo seems to have come of age, so that gen-
erally distributed codes can be routinely parallelized, this also because com-
puters are more widely available. However, there is still a lack of consensus
on the choice of the hardware and software for parallel processing. This sub-
ject has been taken up by the NSC-WPAC Task Force on Supercomputing
(TFSUP).

Within this group participants have agreed to devote their efforts to the
following fields:

- Monte Carlo

- Deterministic Transport

- Computational Mechanics and Fluid Dynamics

- Safety and Accident Analysis

As far as the Monte Carlo (MC) Group is concerned, a small MC computer
code has been acquired containing all the essential algorithms. Each partic-
ipant should try to parallelize it and will report to the group leader about
the techniques used and the efficiency achieved.

Variance reduction methods are not yet as automatic as one would wish or
expect. There is still a need for comparing the whole spectrum of MC tech-
niques with respect to efficiency, reliability, robustness and uiser-friendliness
for some basic problem classes. Users need still guidance. There was a spe-
cial discussion devoted to this. This resulted in a proposal for a benchmark
on variance reduction techniques, and for a library of theoretical variance
reduction problems that can be used to validate and measure performance
of the different techniques.

Variance Reduction Benchmarks

MC Variance reduction benchmarks should provide an interesting comparison
between different variance reduction techniques. Not only will the bench-
marks allow comparison of current techniques, but if the benchmarks become
an ongoing project, then new techniques can be tested on the benchmarks.

Artificial problems (simple geometries and parameters) that do not require
extensive modelling work could make very useful variance reduction chal-
lenges to the Monte Carlo community. These problems could be built into an
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ongoing benchmark library. This library could be updated whenever some-
body had a problem that was not similar to anything in the library. The
person could then abstract the essential features of the problem and submit
the abstracted problem to the library. There are even a few simple problems
with analytic solutions that could be in the library.

Currently a new variance reduction technique is usually applied to a prob-
lem chosen by the author to demonstrate the technique. It is difficult to
know how valuable the new technique is, because no one knows how other
techniques would perform on the chosen problem. A paper could be much
more convincing if it were able to demonstrate an improvement over the best
technique previously reported for that problem.

Different codes have different running speeds depending on the generality
of the code and the efficiency of the programming. Different platforms will
be used tov. Each platform has its own intrinsic running speed which again
depends on the specific operation and MC codes contain a whole range of
different types of operations. Therefore a calibration is required to determine
the real speed up. This can be done either by comparing an "analogue" run
against a " biased" one, or by measuring and comparing the number of events
required for calculations of set of problems with different variance reduction
schemes.

Three benchmarks has been selected and distributed. Results, conclusions
and recommendations will be consolidated in a report.

What Computer for Which Application?

Price $/Mflop

I +_____--__+

I I PC I Small
I I I medium size
I I WS I problems
I +__ __ __ +

Number of I -------------------- +
computations I v I Vector Processors I

required I +----------+ +-------------------- I

I I Clusters I I Massive Parallel I
I I I-------------->1 Computers
I I PVM I I
I +----------+ +--------------------

I Monte Carlo Computational Mechanics and
I Collision Probability Fluid Dynamics.
I Large time-dependent problems
V
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The main differences between VP and MPP systems are given in Table 1:

VP MPP

Fine grain parallelism Coarse/fine grain parallelism

Simple programming model Complex programming model
(shared memory paradigm) (distributed memory paradigm)

Availability of codes Lick of codes

Lack of scalability Reasonable scalability

Availability of development tools Lack of specific development tools

Technology near end of life New technology

Impressive results were achieved recently in several domains of computa-
tion (structural dynamics, fluid dynamics, ...); two architectures for parallel
computing are available:

1. clusters of workstations (WS), providing an effective use of available
heterogeneous computing resources (parallel virtual machine)

2. new generation of parallel computers with a large number of homo-
geneous processors; this architecture can lead to solving "grand chal-
lenge" problems.

Unless the application has a requirement for a very high memory or 1/0
bandwidth, scalable RISC processing can be the environment of choice for
most users. Indeed, more iiman in% of all jobs running on traditional super-
computers will run extremely well in a RISC environment.

In parallel computing the speedup is strongly dependent on the sequential
fraction of the program; for certain classes of problems the use of parallel
computing has little sense.

The widespread availability of workstations has enabled a revolution in com-
puting: Because the combined power of 5-10 workstations rivals that of a
supercomputer, supercomputer power is now available to anyone - at no
additional hardware cost. Distributed computing provides a "virtual super-
computer" to anyone having the proper software to coordinate and control a
distributed parallel calculation. As shown in Figure 1, the type of computer,
processing power, and unique capabilities of various computers can be selec-
tively matched to particular applications, in order to create the most effective
"virtual supercomputer" for a particular calculation. This can be particularly
effective at night, when workstations are typically unused. As a result, we
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can today talk about 3 classes of supercomputing for large-scale scientific
applications: "real" supercomputing on traditional computers (e.g., CRAY),
"cheap" supercomputing on massively parallel computers, and "free" super-
computing using distributed computing on a workstation network.

A distributed system can be viewed as just another form of MIMD computer,
albeit with very slow communication between nodes. A message-passing
approach to parallel computation using standard packages (e.g. PVM) is
relatively straightforward. The most interesting challenges for algorithm
development involve the heterogeneous, possibly time-dependent nature of
a distributed system - load-balancing and fault-tolerance become crucial for
codes to be robust. Users, their work, and applications software must be
adapted to a distributed environment. Many "standard" nuclear engineering
codes were developed for mainframes and must be modified to work properly
and accurately on 32-bit Unix workstations.

In effect, the "virtual supercomputer" configuration and performance could
change continuously during the course of a single calculation. To handle
these difficulties, the particle runs within a given batch (generation) are not
statically partitioned among processors. The runs are processed in "chunks"
of a few hundred or thousand runs at a time, sent only to those slave pro-
cesses which ask for work. Whenever a slave process is ready to accept new
work, it signals the master. The master process then sends a "chunk" of
work to the ready slave. In theory, one machine could wind up handling all
of the runs. In practice however, the chunks of work for long calculations
have been found to be distributed among processors in rough proportion to
their relative CPU speeds.

To support parallel distributed processing software package such as PVM are
providedthe network connecting the computers. PVM supplies libraries of
Fortran- or C-callable subroutines which handle the startup of processes and
communication between processes on (possibly) different rmachines. PVM
be used for a "message-passing approach to loosely-coupled, parallel pro-
cessing on a workstation network. In addition, codes developed in such a
manner are very portable, and can generally be run with few or no changes
on other machines supported by PVM. For p:rallel processing to be effec-
tive on a distributed system, there must be close cooperation between the
message-passing system (PVM) and the job scheduler (DQS). DQS provides
direct support for parallel jobs, in that its scheduling and resource allocation
schemes specifically allow multiple workstations to be assigned to a specific
job. Other batch work is subsequently scheduled on different machines, to
avoid interfering with the parallel job.

Here are a few general conclusions drawn in recent meetings on trends in
com puting:

- The state of computers is changing so fast; therefore there is a need
to focus on methods and algorithms rather than special machines; at
most the distinction SIMD/MIMD should be made.
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- The only plausible way to continue increasing available computing
power for research and engineering is parallel computing.

- It takes a long time for a programmer to get used and learn parallel
programming, because it is very difficult. To produce effective paral-
lelization, the physics and mathematics underlying the simulated phe-
nomena need to be well understood. In order to have efficient parallel
algorithms, programs need probably to be rewritten from scratch.

- Not all applications are suitable to be run on parallel machines: appli-
cation programs must contain sufficient parallelism to take advantage
of these architectures and this parallelism must be effectively scheduled
on multiple processors. Considerable effort has been devoted to opti-
mal parallel loop scheduling. Loops without dependencies are frequent
in scientific algorithms.

- A poor vectorization can reduce performance of a code by a factor of 10
at most; a poor parallelization can reduce it by a factor of 100 to 1000.
Therefore an increased attention must be devoted to parallelization
techniques. Computers with teraflops performance are expected for
the year 2000; researchers and engineers need to get ready for when
these machines reach the market.

Parallel Monte Carlo (and Vector)

If Monte Carlo is very widely used today with success it is also because
computers have become faster and this technique is particularly suited to
the new computer architectures that have evolved in recent years.

Monte Carlo is intrinsically parallel because of its coarse grain structure and
independency of each run or history. I has been demonstrated that vector
processing is successful too, only that the MC game has to be changed from
the run or history based one to the event based one.

The reproducibility of results from Monte Carlo calculations is vital to quality
assurance for engineering design as well as to the process of developing and
verifying a Monte Carlo code. To assure reproducibility, special techniques
must be used first in sampling the source sites, and then in performing the
individual random walks for each run. Random number generation, super-
grouping, and vector or parallel processing can inhibit reproducibility unless
special precautions are taken.

For each run in a batch an initial random number seed is generated using a
"skip generator" based on a specified "stride" through the random sequence.
During the random walk the random number generator is used to compute
random numbers for a run based on its own initial seed, and thus each run
is independent of all the others. This means that the scores due to an
individual run are independent of the order in which the runs are analysed.
This method of handling the random number generation is sufficient to insure
reproducibility within a batch despite the number of supergroups used, the
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maximum vector length allowed, or the number of processors employed. It
also means that fixed source calculations consisting of multiple batches will
be reproducible.

Routines for this purpose are available. These are written in double precision
and provide a 48 bit sequence of random numbers that works reliably for 32
bit platforms.

In the past year, there have been many successful efforts to develop vector
and/or parallel verisons of Monte Carlo codes: It appears that anyone who
really wants a parallel MC code has made one.

To achieve results with acceptable low statistical uncertainty for large prob-
lems using the MC method, millions of particle histories may be required,
consuming large amounts of time on supercomputers. The MC method has
been adapt:] both to vector and parallel computers. On vector processors
gains of a factor 10 can be achieved but the computation algorithm must be
based on events and not runs or histories requiring complete code restructur-
ing. The MC method is inherently parallel, therefore existing codes require
minor changes. Because of statistical independence of runs, the gain in com-
putational power can be almost proportional to the number of processors.
It is expected that in future speedups of 100-1000 can be achieved. The
adaptation of code must however be carried out by computational scientists
familiar with the physics and mathematics of the processes.

Several challenges still exist covering time dependent and non-linear prob-
lems which use algorithms that are largely sequential in nature and therefore
not readily adapted to parallel computers, variance reduction methods, al-
gorithms with fault tolerance, dynamic load balancing of processors, etc. To
be able to provide more accurate and realistic results, many application areas
have a need for solving problems 10-1000 times larger than those solved to-
day. The gain of computing power of ? factor 100-1000 would allow detailed
3D modelling in an acceptable time.

Possible Effect on PSA in Waste Management

Probabilistic System Assessment in Waste Management uses normally a
hybrid method: the parameter sampling is carried out stochastically us-
ing Monte Carlo with different variance reduction methods (latin-hypercube,
quasi-random, importance sampling, etc). This part of the computation is
ideal for parallel processing.

For each run the parameter set is fixed for near field, geosphere and biosphere
and the migration of radioisotopes is calculated in most cases through a
deterministic approach. Some of the phenomena can however be simulated
with Monte Carlo techniques. The problem is normally time dependent too.
This part of the computation can be carried out both in a vector or parallel
mode; however, computing speed up in presence of time dependence is more
easily achieved on vector processors (SIMD architecture). Each run can
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produce a relatively large output data set for for later processing, called also
postprocessing. This phase consists of a statistical analysis of large data
sets with model output parameters together with sensitivity and uncertainty
analysis; it is well suited for parallel processing. "Data mining" techniques
can be used for processing these very large data sets in parallel. Visualization
of these will also profit from these techniques.

In conclusion, PSA for waste management studies will profit considerably
from new computer architectures. Clusters of workstations connected into
a virtual parallel machine will speed up calculations almost linearly with
the number of workstations. Additicnal speed up can be achieved with
vector processors working in parallel, as they will speed up time dependence.
Solutions to very large problems with detailed modelling and small statistical
variance will need such a computing architecture.
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Overall Requirements for Statistical Analysis of PRA Results

Statistical Analysis of PRA Results

Updates to the HMIP pra System Software

* Data manipulation and sub-setting

* Demonstrating that sufficient runs of the system have been performed
(Convergence)

* Sensitivity and variability analysis, and Importance Sampling

* Investigation of system behaviour and possible bias

* Presentation of probabilistic results

RA f Consultants Ltd

S2
Scope of Presentation

K
RM Consultants Ltd

* An integrated approach to statistical analysis for the TIME4-VANDAL
pra system

* The use of multivariate statistical methods for investigating system
behaviour

* The investigation and incorporation of bias within pra

* Aspects of statistical analysis requiring further consideration

4
Motivations for Updating the HMIP Statistical Analysis Package

* Simultaneous analysis of TIME4-VANDAL results

• Ability to perform recursive data manipulations and automate analysis methods

. Replace RS/l with SAS which includes additional multivariate methods

* The ability to investigate system behaviour and possible bias

* Upgrades to HMIP hardware and the division of labour

* Flexibility to possible future changes to the definitions of risk

• Improved presentation of results

I
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PROCEDURESMOA. BIAS AUDIT
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E.

ISchematic of HMIP PfA Software Symem

Multivariate Methods

* Data Sub-setting -
Brushing/marking, Cluster and Discriminant Analysis

* Dimension Reduction -
Principal Component, Factor and Canonical Component Analysis

- Combining Variables -
Regression, Parameter scaling and grouping

* Data Visualisation -
Plot matrices, 3D dynamic graphics, Colour

t
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Hlardware Syrem Division of LAbour
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Use of Multivariate Techniques for Investigating System Behaviour-
Data Sub-setting

Reducing TIME4-VANDAL data sets into meaningful sub-sets can be
achieved using:

- Brushing or marking, ie using colour to highlight results generated by
particular ranges of inputs

- Cluster analysis, ie using similarity rules to group results

- Discriminant analysis, ie determining membership of results to given
groups

These methods require the development of mathematical statements of
similarity
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Use of Multivariate Techniques for Investigating System Behaviour-

Combining Variables

\-8 ) 2 < < 8 \ * Combining variables to better explain system behaviour and it's
-l l l \ 2\<J ( variability may require:

. ( } 1 t ) A- Scaling or standardising paramete~variations, ie dividing by the
-KZ3 papulation mean and /orisvariance

CD - Categorising parameters, ie sorbed/non-sorbed radionuclides, single
or chain member radionuclides

- Regression analysis, ie correlation or dependence of output
parameters to input parameters

RM Consultants Ltd

16 Use of Multivariate Techniques for Investigating System Dehaviour- 20
Dimension Reduction

Estimated transit time at time
of peak mean dose

Multivariate analysis techniques which can be used to identify linear
combinations of parameters which explain output variability include: 16 3 Dose (SY/yr)

10-4

- Principal component analysis
- Factor analysis l-

- Canonical component ar.ilysis le-,

112

These are listed in the order of their use of a priori assumptions of 1413 '

system behaviour. 10-15 * ,,'

These methods are highly application specific 1 ' ,7
Functional Relationships can be tested using recursive data le-8l

manipulation le-20
le-21

le1 1e2 1.3 1.4 1.5 1.6 1e7 lf
Estimated Transit Time jyr)
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REVIEW AND QUALlrY ASSURANCE

USA DATABAS
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* Correlation between different parameters which are sampled
independently

- Demonstration of convergence for situations where the output
distribution is highly skewed

* The effects of discontinuous time dependent processes on convergence

- Artificial variance reduction caused by inappropriate spatial
representations (up-scaling)
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Paper to be presented at the 15th PSAG-meeting Paris, 16-17 June 1994

Use of Probabalistic Assessments in Long-Term Safety Analyses for
Nuclear Waste Repositories inGermany

Peter Bogorinski, GRS Cologne

1 Legal Framework

The German regulations of nuclear installations as laid down in the German Nuclear

Energy Act (Atomgesetz, AtG), the Radiation Protection Ordinance (Strahlenschutz-

Verordnung, SSVO), and other nuclear standards as well as the recommendations of

the advisory bodies, namely the Reactor Safety Commission (Reaktorsicherheitskom-

mission, RSK) and the Radiation Protection Commission (Strahlenschutzkommission,

SSK) require the compliance of potential releases of radionuclides from a final dis-

posal facility with deterministic dose limits which for the post-closure phase should be

in the range of the variation of the natural background radiation. This is represented

by a dose limit defined in §45 SSVO to be 0.3 mSvla. According to a joint recommen-

dation of RSK and SSK this limit has to be met for a time period of ten housand years
after closure of the facility. Results from analyses carried out beyond this time range

may be used to demonstrate the isolation potential of the site as well as to optimise

the barrier system. No risk target is defined.

2 Methodology

The uncertainty and sensitivity analysis used in long-term safety assessments is car-

ried out with the software system SUSA developed by our organisation which supports

the probabilistic modelling of parameter uncertainties. It offers a large selection of dis-

tribution types, accepts trunctations, determines the parameters of the distribution

from quantiles and may take into account functional relationships between the various

uncertain parameters. SUSA offers simple random and latin hypercube sampling tech-

niques. As result it calculates distributionfree quantile estimates as well as statistical



tolerance limits. It carries out statistical tests of distribution hypothesesand fits distribu-

tions to data. A choice of sensitivity measures is available for single- as well as

continuous-value model output. The software system operates on PC as well as on

mainframe computers.

3 Application

Since no risk target has to be met in licensing nuclear facilities in Germany probabilis-

tic methods are only used in uncertainty analyses to support datasets used in the de-

terministic assessment. As example for the approach taken the application to a site in

Germany is presented.

Hydraulically the site can best be described as a system of several aquifer horizons

separated by aquitards. The hydraulic properties (permeabilities and porosities) of the

various formations are considered to be the uncertain parameters. The effect of these

uncertainties on the uncertainty of the travel time of particles from the potential reposi-

tory to the biosphere as performance measure was investigated. However, this ap-

plied only to the uncertainties in the average values of these hydraulic parameters

since no information on the spatial variability was available. It was reckoned that in to-

tal 59 realisations should be sufficient to estimate the uncertainty of the groundwater

travel time. Each of the data sets obtained from SUSA simualations was used to carry

out deterministic groundwater calculatiorns. The shorstest travel time of each was used

as performance measure and compared to the reference case. It was found that in a

number of simulations the particles travelled faster than in the reference case. Most of

those were in the same order of magnitude and only a few were significantly faster.

But since all travel times were longer than the recommended cut-off times we con-

cluded that to be acceptable, i.e. the uncertainty analysis supported the dataset used

for the reference case.
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To consider uncertainties in assessing long-term performance of geologic repositories, the US Nuclear
Regulatory Commission (USNRC) and its contractor, the Center for Nuclear Waste Regulatory Analyses
(CNWRA), are developing and applying probabilistic methods. In its role as the regulatory body that is
responsible for issuing a license, the USNRC will evaluate the analyses presented by the US Department
of Energy (USDOE) in its license application Safety Analysis Report. It is in the context of such
evaluation that the USNRC is studying the use of probabilistic system assessment (PSA) methods.
Another reason for using PSA is that the safety standard promulgated by the US Environmental Protection
Agency (USEPA) that applies to geologic disposal of high-level waste is probabilistic in nature, that is,
the radiation releases from the repository are required to be less than specified values with associated
probabilities'.

In order to integrate various inter-disciplinary activities that are essential to applying PSA to the
repository system, the USNRC has organized an Iterative Performance Assessment (IPA) program. The
objectives of the IPA are to incrementally improve the PSA methodology by applying it to the latest
available site and engineering data. Such an approach helps the USNRC (i) to refine its methods that it
wigi apply to review the USDOE's safety assessments; (ii) in interactions with other interested participants
(e.g., USEPA, USDOE, State of Nevada, National Academy of Sciences, etc.) in the geologic system
disposal; (iii) in evaluating its own regulations; and CIv) in evaluating incoming site characterization data
and evolving engineering designs. The IPA approach is similar to the dry run or trial run approaches that
have been adopted in various waste disposal programs internationally. To date, the USNRC has completed
two iterations of IPA.

The first phase of IPA was completed in 1991 and published as NUREG-1327. Recommendations were
formulated for enhancements in the second phase. The second phase was completed in 1994 and it is
being prepared for publication as NUREG-1464. Both phases followed the basic philosophy that

'The USEPA is expected to promulgate a revised standard taking into consideration the
recommendations of the U.S. National Academy of Sciences who has been asked by the U.S. Congress
to review the existing standards.

1



abstracted (or simplified) models were to be used in assessing the overall performance and that to the
extent possible, detailed auxiliary analyses were to be performed to support the abstractions. Simulations
were conducted in a Monte Carlo mode using the Latin Hypercube method of sampling. Over 300
parameters from out of approximately 500 parameters were sampled from their statistical distributions.
A total system code called TPA was created to facilitate semi-automated running of thirteen independent
modules that covered various aspects of the system. The executive of the TPA was designed to assure
that common data was consistent between modules and that the modules transferred appropriate data to
each other. Several reports have been generated that document the codes used in IPA phase 2 and the
auxiliary analyses.

The future states of the system were conceptualized as a set of sixteen possible senario classes. Each
scenario class was formed by combining four basic processes and events-climate change, seismic events,
human intrusion, and volcanic processes. These were called scenario classes' as within each of these
classes, depending upon the choice of parameters, different individual scenarios could be defined. TLhus,
each of the sixteen scenario classes was defined by its own set of parameters, some of which were treated
as statistical distributions. Probabilities were assigned to the sixteen classes based on literature review and
subjective judgments of the technical experts engaged in IPA Phase 2 work. Through a screening
procedure, 20 radionuclides were selected for analysis. Aqueous phase transport was considered to be the
dominant path for radionuclide migration except for carbon-14 which could also be released in the gas
phase at this hydrologically unsaturated site. Both the release at the accessible boundary and population
dose were calculated. Simulations were performed on a CRAY supercomputer. Four hundred realizations
were generated for selected scenario class which took about 10 cpu hours. It became evident that the
amount of computing time is an important limitation that may determine the extent to which abstractions
and simplifications are carried out and also in determining the number of Monte Carlo realizations that
could be performed.

Using several different methods of sensitivity analyses, parameters were ranked in their order of
importance. For the unsaturated environment at the proposed US repository, the infiltration rate at the
site was found to have an important influence on performance. Other important parameters were related
to those that determine the time of failures of the waste containers.

At the conclusion, the strengths and weaknesses of various hypotheses and assumptions used in the
analyses were analyzed to draw lessons and to formulate recommendations for the next phase. One of the
lessons learned was that the effect of various level! of abstractions should be systematically examined to
determine the level of simplification that would be acceptable from a safety assessment perspective. It is
too soon to assume that the results obtained in this iteration of the IPA are representative of the site both
because the site has not been characterized yet and also because the tools used to conduct this exercise
have not been sufficiently verified. However, this exercise does provide an experience base for the
USNRC and the CNWRA for fiuture application of the PSA methods, and encourages us that the course
we are pursuing is fundamentally sound.

2
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1. Development of the PSA code at SCK/CEN

SCKICEN received in december 1984 a version of the LISA code from A. Saltelli. who had
developed it at the Joint Research Centre at Ispra. The code has been adapted to enable its
execution on the IBM 4381 mainframe at SCK/CEN and the application of modules
developed by SCKICEN for the description of the behaviour of the repository system.

The number of techniques available for sensitivity analyses has been considerably extended
in 1985 during a two months stay of A. Saltelli at SCK/CEN; in that period the techniques
based on linear regression have been added to the post-processor of the LISA code, This
collaboration has also lead to the publication of a number of papers on the application of
techniques for sensitivity and uncertainty analyses /1-4/. Since then the code has been
intensively tested, applied and continuously updated. Now the SCKICEN version of LISA (or
PREP and SPOP) is running on the UNIX workstations of the Performance Assessments
aroup and on PC's.



2. Performance assessments

2.1 Geological disposal

The Belgian performance assessments of the geological disposal of radioactive waste are all
focused on the Boom clay layer under the nuclear site Mol-Dessel. The performance
assessments are carried out by SCKICEN within the framework of research agreements with
the Belgian nuclear waste agency NIRAS/ONDRAF and the Commission of the European
Communities (CEC).

The first integrated performance assessment of the geological disposal of radioactive waste
at the Mol site 151 was part of the PAGIS project of the CEC /6/. In this study the radiological
consequences of the geological disposal of high-level waste were evaluated by as well
deterministic as stochastic calculations. The LISA code was made operational at SCK/CEN
on the occasion of the elaboration of the stochastic calculations for PAGIS.

An extension of PAGIS was the PACOMA project /71 of the CEC within which the
radiological consequences of the geological disposal of medium-level and alpha-bearing waste
were evaluated.

The UPDATING 1990 /8/ study is an updating of the PAGIS and PACOMA performance
assessments. Also for the UPDATING 1990 as well deterministic (best estimate) as stochastic
calculations have been elaborated because of the complementary character of both approaches.

In 1991 SCK/CEN has concluded two research contracts with the CEC on performance
assessments. The subject of the first contract, which is also sponsored by NIRAS/ONDRAF.
is a performance assessment of the geological disposal of spent fuel in the Boom clay layer.

The second contract concerns the EVEREST (evaluation des elements responsables des
equivalents de dose associds aux stockage de dechets radioactifs) project in which various
sensitivity analyses are carried out to determine the elements which strongly influence the
estimated dose rates. In this study uncertainties in scenarios, models and parameters are
considered. The EVEREST project is a collaboration between IPSN (F), GRS (D), ECN (NI)
and SCK/CEN (B).

The current Belgian programme on performance assessments, which is called the second
phase, will result in the preparation of a second Safety Assessment and Feasibility Interim
Report which should be presented by NIRAS/ONDRAF to the Belgian authorities in 1998.
The first element of the second phase of the performance assessment is a scenario study in
which a systematic scenario selection approach has been applied. Currently deterministic and
stochastic consequence analyses are carried out for a number of altered evolution scenarios.

2 Performance assessments of shallow land burial

Preliminary performance assessments have been carried out by SCK/CEN for three possible
sites for the shallow land burial of low-level radioactive waste in Belgium. These assessments
have been integrated in the report on Shallow Land Burial in Belgium /9/. which has recently
be presented by NIRAS/ONDRAF to the Belgian authorities. The evaluations of the



radiological consequences have been made by applying the probabilistic calculational
approach. Following a recommendation of the NRPB /10/. the maximum admissible quantities
and concentrations have been calculated by comparing the 95 percentile of the calculated risk
with the appropriate risk limit.

3. Main conclusions on the application of probabilistic assessments

Our standard approach for stochastic consequence analyses can be summarized as follows.

In the Monte Carlo simulations we apply the Latin Hypercube Sampling technique for the
generation of the parameter values. An interesting feature, which is often applied, is the
possibility to impose correlations between input variables.

For the uncertainty analyses in general we report the 1st, 5th, 10th, 25th, 50th, 75th, 90th.
95th and 99th percentiles as well as the expectation value (arithmetic mean) and its 95 %
upper confidence limit, which is calculated by applying Tchebycheffs theorem.

For the sensitivity analyses we apply two complementary methods. To identify the parameters
which strongly influence the highest calculated dose rates we partition the runs of the Monte
Carlo simulation in two categories on the basis of the calculated dose rates: a first category
with the 10 % high dose runs and a second category with the 90 % remaining runs. The
influential parameters are then determined by applying the Smirnov test on-the two empirical
distributions of the values of the considered parameter.

To obtain an estimation of the overall relationship between the sampled parameter values and
the calculated dose rates we apply sensitivity estimators based on linear regression. The partial
rank correlation coefficients and the standardized rank regression coefficient are calculated.

Within an extension of the EVEREST project we will also evaluate the possible benefits of
the application of a second order regression.

Although the probabilistic approach to safety assessments is highly integrated in the Belgian
performance assessments, we also apply deterministic calculations. We prefer the application
of the deterministic approach to compare modelling approximations, e.g. 1D, 2D or 3D
models, or to evaluate the potential importance of given phenomena, e.g. influence of organic
complexation on the migration in clay. On the other hand we prefer stochastic calculation
for sensitivity (to parameters) and uncertainty analyses and to compare the relative
contributions of the various barriers to the overall performance of the repository system.
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1. Historical Notes

ENRESA, the Spanish Company for Radioactive Waste Management was created in
1984 and became operational around middle 1985. At the end of 1987 two Cooperation
Agreements were established between ENRESA and the institutions CIEMAT-ITN 2 and
CTN-UPM 3. The first Cooperation Agreement with CIEMAT-ITN was followed by
other two, the first one covering from 1990 to 1993 and the second one - the current
project - from 1993 to 1995. In the case of CTN-UPM the consecutive Cooperation
Agreements has been structured through the CRIARR4 Project, divided in three periods:
Phase 1 (1987-1989), Phase II (1990-1992), and the current one, Phase III (1993-1994).

The main objective of ENRESA with the above Cooperation Agreements has been to
promote the creation of stable working groups to assist ENRESA in addressing the
development of national capabilities for assessing the level of safety of radioactive
waste repositories .In particular, the tasks assigned to CIEMAT-ITN and CTN-UPM
research teams, were the development of capabilities in different areas of a total system
performance assessment, including:

* Probabilistic methodologies and tools
* Other activities related to global systems studies

- Scenarios development
- Human intrusion
- Improvcc.n of statistical techniques
- Expert judgment elicitation processes
- Environmental change consideration
- etc.

During the first period both institutions had a high level of overlapping in their tasks.
Those tasks were essentially related to the understanding of the state of the art in
assessment methodologies and tools, as well as in sensitivity and uncertainty analysis.
During this period both teams incorporated themselves to PSAC UG activities (7th
Meeting, Braunschweig 1988). An important effort was done by the both groups to, first
do calculations on the PSACOrN exercises by then already concluded by the group, and
second, to participate in the Level's exercises in course at that time. Another important

Almacenamiento Geol6gico Profundo (Deep Geological Disposal)
' Centro de Investigaciones Medioambientales y Tecnol6gicas - Instituto de Tecnologia Nuclear
3 Catedra de Tecnologia Nuclear - Universidad Politdcnica de Madrid
4 Cuantificaci6n del Riesgo Inherente a un Almacenamiento de Residuos Radiactivos
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Figure 2
PSAG meeting and PSACOIN exercises Schedule

3.- PSAG achievements

When PSAG was created by the NEA in 1985 a small number of groups were already
working in this area. After that, the number of organizations and countries involved has
increased substantially. In conclusion, it can be said that during this period of time an
important effort has been done in this area, related to the improvement and increase in
the number of tools, techniques and methodologies. It must be said that for some
groups, the PSAG has been the starting point of their own developments in the area of
PSA methodologies for the radioactive waste final disposal system; this is the case of
our two teams.

A major goal of PSAG has been to enhance confidence in the capabilities of PSA codes,
promoting the exchange of information, tools and knowledge among the participants
representing the different organizations involved in the PSAG activities. The PSACO[N
exercises together with the Topical Sessions' have been the most important activities
promoted by the Group to achieve the above obkctive, at least that is the opinion of the
authors.

Even though not too many safety cases have been done around the world, the PSA
methodologies have shown its usefulness in performance assessment. Also, though each
country follows its own methodology, very often reflecting guidance and rules set up by
National Safety Authorities, it can be said that there is a general agreement with the
main aspects of PSA methodology. The particular use of PSA methodologies by each
country for its particular purposes can represent an advantage from the point of view of
new developments and improvements of methods and tools, and in the end, to win
confidence in this methodology.

P.Praclo (Cicrnat-ITN) ana K.13oalo (CTN-UP'M)
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2.- The Probabilistic System Assessment Group (NEAIOECD)

The NEA Probabilistic System Assessment Group (PSAG) was established by the
Radioactive Waste Management Committee (RWMC) in January 1985 with a different
name: Probabilistic System Assessment Code User Group (PSAC UG). The main
objective was "to assist in the development of probabilistic safety assessment (PSA)
codes by Member countries of the OECD". One of the most important activities
promoted by the Group have been the PSA code intercomparison (PSACOIN) exercises.

The PSACOIN exercises history represents a progressive increase in the detail of
subsystems representing the total system model or in particular aspects of the
methodology. Level 0 focus on executive modules; Level E focus in the geosphere
subsystem; Level la extend to a more complex near field; Level IB focus on the
biosphere subsystem and Level S addresses sensitivity analysis. Finally Level 2 is related
to conceptual model uncertainties (sue Figure 1).

PSACOIN Exercises
Schematic Representation

svs S c_ LI
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Figure 1
Artistic view of the different PSACOIN Levels

Two Spanish teams (CIEMAT-ITN and CTN-UPM) were incorporated to the PSAG
activities in 1988, attending the 7th Meeting of the Group organized by GSF
(Braunschweig, Germany). Figure 2 compiles the subsequent PSAG meetings and the
PSACOIN exercises performed by the Group as well as the computer tools used by both
groups to participate in the different Levels.

P.Fra~do (Clcmat-ITN) aria KR.3ola~o (CTN-UPM)
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inputs and outputs when the uncertainty in the inputs is accounted for. This brings us to
the concept of "Deterministic Sensitivity " referred to in the Level-S exercise, where,
although uncertainty is actually taken into account, the model itself is what essentially is
being examined. In this area PSAG has provided its members a mean of realizing which
is the actual state of their knowledge. It has also been fruitful the sharing of information
and tools, general or ad hoc. The progressive learning on this item pushed PSAG to step
forward, and a new type of sensitivity was defined named as "Distribution Sensitivity".
This type of analysis addresses the effect of changes in input parameter distributions on
output parameter distributions; it is accepted the full probabilistic dimension of PSA,
and that output uncertainty may be highly sensitive to input uncertainty.

4.- Issues not resolved by PSAG

As was mentioned before, this methodology and the associated computer tools have
demonstrated their capacity for helping on the understanding of the performance of
radioactive waste repositories as a whole system over long periods of time. During the
last ten veaz--, an important efforn has been done in this area by different countries and
international organizations. Despite the effort made and the achievements got, there are
remaining questions to be answered. The source of most of these questions are three
particular aspects of the system to be analyzed, i.e.

a) the comptexily of the coupled multibarrier system,

b) the intrinsic variability of natural systems, and

c) the long time periods to be covered by the study.

4.1. System Description

Considering the complexity of the near field, the far field and the biosphere as the main
coupled components of a generic radioactive waste repository system, the current
capabilities to reach a sufficient level of understanding by characterization, are different
for each one of them.

Despite the near field engineered barrier system complexity, this subsystem could be, in
principle, characterized in a more accurate 'vav than the other two. In fact, the spatial
distribution of the different components are established into the facility conceptual
design; also properties of these components can be obtained by laboratory experiments
and some knowledge about their performance in time through natural analogues studies.
About the geosphere, the characterization level will seldom be similar to the previous
one. In fact, the spatial properties of the geological environment will have to be
described with a small number of boreholes. The intrinsic variability of the properties in
the geosphere makes it impossible to completely characterize the far field system. The
last comment also applies to the biosphere subsystem even strongly, because this
subsystem, in general, is more dynamic compared with the geosphere and the near field.
and the problems above mentioned increase in complexity.

Even though sometimes we can consider to have an optimal level of detail in svstem
characterization, it represents the present state of the system, that could be completely
different if the variable 'time' is incorporated.

F.Pra~io (Cierat-(TN) arnel P.~olaco (CTN-UFM)
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In the area of sensitivity and uncertainty analysis, more efforts have been put in the field
of data and parameters than in the models themselves or in the uncertainties associated
with the possible future events and processes. Moreover, for data and parameters, the
way in which both types of analysis have been treated by the Group has been quite
different; while for sensitivity analysis efforts were made in topical sessions as much as
in PSACOIN exercises, for uncertainty characterization and propagation efforts were
limited almost uniquely to topical sessions.

In our area it is commonly accepted the existence of two types of uncertainty; that due
to lack of knowledge, and that due to stochastic variability. Some topical sessions, and
specially some of those in the tenth PSAG's meeting, gave to PSAG members an
accurate overview of the different approaches to uncertainty, and the justification for
their use in PSA. Through those sessions it was stated the soundness of the bayesian
approach to uncertainty, pointing it as the only well developed and widely accepted
theory on this subject. Moreover, it was stated its usefulness, and almost its uniqueness,
to process new information, through Bayes' formula, in order to update degrees of belief
about parameters and events. It was also shown that this is the only probabilistic
approach in which expert opinion, a fundamental item in all PA methodologies, is
totally justified as a legitimate way of assigning probabilities to any possible event or
parameter. All these facts provided the group with an increasing feeling of being on the
right way.

Nevertheless, presentations that showed to the group the potential usefulness of the
fuzzy set theory to uncertainty characterization and propagation, as much as the
possibility of combining it with the probabilistic approach, were also welcome. Despite
the attention paid to this new and interesting approach to uncertainty, the major feeling
about this approach has been a cautious examination of it and a standby situation.
waiting for further developments. Possibly, the main criticism to this theory from our
group, and from other scientists has concerned two facts:

' first, that almost all problems solved by this theory have been previously solved
by more conventional theories.

second, that no structured way of updating information, equivalent to Bayes'
formula, is provided by this theory to the user.

Another important subject related to lack of knowledge uncertainty, studied by PSAG
during its last exercise and associated topical sessions, is the spatial variability of
hydrogeological parameters. The presentations given at the fourteenth PSAG meeting,
held at Santa Fe, New Mexico, are the largest effort done by the Group in this area, and
provided an overview of the problem and different ways of tackling to it.

Sensitivity analysis have been widely studied by PSAG. The main question these types
of analysis try to answer, given a model with its input anc, output variables, is "which
are the most important parameters in the model?". Since the resolution of the level_0
exercise it was recognized the difficulty of agreeing in what is the importance referred
to. The main idea of sensitivity is probably that related to the local measure of the
increase, or decrease, of the output when the input is varied around a point. A
straightforward extension of this idea is the study of relationships or correlation between

F.Fratlo (Ciermat-ITN) and F.5olacio (CTN-UPM)
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inferred by interpretation of different geological records and using different techniques.
These data are then being used to reproduce the climatic evolution over the last 750.000
years and to make predictions on the future for the same time period, mainly focus on
the next glacial cycle. Inherent uncertainties are present in these predictions.

Our present knowledge of natural systems is quite poor and then any attempt to made
predictions on the far future is questionable and difficult to be likely. Both approaches
(scenario and simulation) represent our state of knowledge and reveal the present
capacity to make predictions on the future. However credible predictions on the future
could not be made more than in its general traits. These predictions could change
completely due to small perturbations introduced into the system, for instance, bv
antropogenic activities. In fact, human activities have been the most important driving
force in modifying the natural environment evolution during the last thousand years.

Some questions arise from the comments above:

If we could translate back in time 2000 years the present knowledge and technology,
should we have been able to predict the present state of the system?

How can we modelled historical and technological revolutions on the future if those
events are unknown in its concept and effects?

Which time frame is credible for predictions?

Could it be credible that present trend of technology evolution will follow in future.
making available a technology to retrieve the radioactive wastes as, for example. a
strategic material of interest for future generations or just for a better management of
wastes? If the answer is yes, should we not change some of the general safety principles
existing today?

4.3. Models

Total system performance assessment in general, and probabilistic system assessment in
particular, require the modelization of the system to make quantitative predictions of the
system performance through time. For that purpose, usually, the total disposal system is
divided in different coupled subsystems; the most general subdivision is the near field,
the far field or geosphere and the biosphere. The modelization process starts defining
the conceptual model of the system; it is follov%4d by the associated mathematical model
and finally translate to a computer code. Each one of these modelization phases have
particular uncertainty problems. Having in mind the discussions made in the two
precedent points (system description and scenarios) and the three particular aspects of
this kind of system (complexity, variability and long time periods) it can be easy to
realize that different conceptual models can be defined for a particular system using the
same available information, each one of them could be represented by different
mathematical models and these in turn by different computer codes. In principle it will
not be possible (in terms of results comparisons with real world) to answer the question
referring of what model (from different alternative models) is the best to be used in each
particular case.

?.F'rado (Cieniat,-ITN) arOe K.DoIado (CTN-UPM)
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4.2. Scenarios,

Scenarios are directly related to the third aspect mentioned above: time, the other two
aspects (complexity and variability) ar :cluded in the following discussion implicitly.
From a general point of view there are two approaches to study the possible future
evolution of the repository system: a) the scenario approach and, b) the simulation
approach. Both of them are complementary rather than separate alternatives. In both
cases FEP's5 are evaluated and screened; in the first the FEP's are combined into
scenarios representing the boundary conditions for one or several models; the second
one combines the temporal behaviour and consequences of the FEP's in one single
model.

Some critical aspects, can be pointed out:

a) Completeness of FEP's list. Can we have enough guaranties about that all relevant
FEP's are included into the List?

b) Scenarios probabilities. For example, let us consider human intrusion; taking into
account the representativeness of available data (limited in time). can we
extrapolate the probabilities resulting from the available data to time frames higher
than that of the available records?

c) Scenarios recurrence. In a complex system like this, a particular combination of
FEP's could happen more than once through the life of the repository and probably
into the context of different boundary conditions. How could this problem be
managed?

d) Time of FEP's operation. The importance of the scenarios and the processes
considered in a particular study change with time, i.e. processes not relevant in the
short term could be important in the middle or long term.

e) Abrupt change simulations. In the simulation models some scenarios and processes
could be modelled as rather abrupt changes in particular aspects of the system,
while in the real world they are continuous processes. To what extent are these
simplifications relevant? (function of the particular process considered, possible
synergistic phenomena associated, time frame considered, etc.)

Usually PSA codes consider a particular (and unique) scenario for which calculations
are made and where the uncertainty and variability are characterized in terms of
probability density functions (pdf) for the different parameters involved in the
modelization. This is the case of the different PSACOIN exercises performed by PSAG.

However, current capacity to predict future evolution of natural systems is quite poor
yet. Most of the effort performed during the last years has been related to the climatic
system. However, direct measures of climatic variables expands no more than several
tenths of vears; climatic data representing scales of time of thousands of years have been

' Features Events and Processes
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Ist. approach: Simple models (like those used in PSA codes).

This approach use a distribution coefficient (Kd) as a macroscopic expression of the
processes involved simultaneously in the distribution of the elements between solid (Cs)
and liquid (Ct) phases, i.e.

Cl
dj Cil

This value is then used to compute the retention factor (R) as follows

R = I + p Kd
E

where,

R = Retention factor

= Effective porosity

p = Bulk density

Kd= Distribution coefficient

To have a better representation of the retention phenomena, geochemical models could
be used; then we can use thermodynamic models or take into account kinetics.

2nd. approach: Thermodynamic approach.

If we are considering the system in a chemical equilibrium state, we can use a
speciation-solubility model in order to know the state of the elements in solution
(aqueous speciation), their susceptibility to the transport and the saturation state of the
solution respect to the solid phases. We can represent this model following the law of
mass action. Let us consider the next elemental reaction:

aA + ½B < cC + dD

where, upper case letters represent two hypothetical reactive substances (A and B) and
two hypothetical products (C and D); and lower case letters represent multiples required
to balance the equation. If we are considering the system in equilibrium and with no
change in active concentrations, the equilibrium constant Keq for the above reaction is:

Ke - [C]c[D]d
[A]a [Bib

In this case we must know the Keq value for every reaction (homogeneous and
heterogeneous) in the system.

3nd. approach: Kinetic approach.

In a higher level of approach to the processes description, we must take into account that
the reactions operate with a specific rate (time-dependent); in that case we need a kinetic

P.Pr-ao (Cierviat-ITN) ani R.boiaao (CTN-U FM)



Fifteenth F5AG Meeting 9Fifeeth SA Metig

The natural systems are characterized to be "open systems" usually in a non equilibrium
state (variability); then, different phenomena and processes can operate through time
and therefore different alternative models are possible. Even though the same applies to
the engineered components of the system, it is usually considered that the near field
barrier system is (or could be) better characterized and, in the end, better known. For
this reasons some safety assessments place greater emphasis on demonstrating the
correct performance of the engineered barrier system, leaving to the geosphere the role
to provide a mechanical and chemical stable environment to the right performance of
engineered barriers over long time periods.

In general, when trying to model a particular system we usually try to describe all the
processes taking place into the system with as the highest a level of detail as possible. In
a first approach the greater detail level in system description, the higher the performance
of the model. In other words, our system will be better described in general with a very
detailed model than with a simplified one. However, this is not so clear for systems like
radioactive waste repositories where the analysis of its performance presents, at least,
the particular aspects presented before: 1) extreme complexity 2) intrinsic variability
and 3) long time frames needed in the assessment.

Usually PSA codes handle simplified models of subsystems, then coupled to represent
the whole repository system. The fast increase of computer capacity and speed provides
the opportunity to use more detailed and complex models. However, the uncertainties
present in each step of the methodology together with the variability in both, space and
time, arise the following questions:

Can we expect better results using detailed models than simplified ones, if the
output uncertainty ranges on several orders of magnitude?

If we are considering to use a very detailed model requiring new detailed
parameters, some times difficult to quantify - for instance, related with analytical
detection limits, individualization of processes taking place into the system, etc.-
could not these detailed models increase the sources and range of uncertainties
present in the system?

If we are studying a specific site with a particular characterization level, for a
specific cut off time taking into account the variability and the uncertainties
present in natural systems, could it be possible to define a "relationship"
(quantitative, serniquantitative or qualitative) between a given level of site
characterization and the model complexity required? (i.e. ID models could be
enough to represent a poor characterized specific site, so 3D representations will
not be necessary)

The above questions could be better understood with the following example, which
considers three approaches (one empirical in nature and other two more conceptualize)
increasing in detail, related with the modelization of the processes taking place in the
water-rock interaction. The processes we are talking about are: precipitation /
dissolution, adsorption / desorption and coprecipitation, molecular filtration, ion-
exchange, diffusion into 'dead-end' pores, mineralisation, etc.
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Figure 3
Water-rock interaction Process. Three different model approaches

kd approach is like a black box where all the processes involved are reduced to a single
value, which can be obtained from laboratory experiments. It does not say anything
about the percentages of the value corresponding to each one of the processes taking
place, and has been represented by a big black point. The other two geochemical
approaches require more detailed information of the system; i.e. more data, (small
circles) each one whit a different level of uncertainty. The results after playing with this
new detailed information of the processes is not clear to be better than the previous one.

The Conclusions of this section are the following questions:

Considering the intrinsic spatial and temporal variability of natural systems as
well as the predictability of environmental evolution (no more than in its general
traits), could simple models explain particular aspects of the system better -
equal, at least- than detailed ones ?

Taking into account that the engineering barrier system, in principle, can be
better characterized than the geosphere und biosphere, could the detailed models
be more useful there than the simplified ones ?

4.4. Sensitivity and Uncertainty Analysis

Related with the last paragraph about our capacity to characterize better the near field
barrier system than the other two, the uncertainties present in a study like this grow up
"centrifugaly" with regard to the disposal system; in other words, the uncertainties
increase in parallel to the transport pathway, as well as with time (See Figure 4)
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Figure 4
Schematic view of uncertainties present in a
generic radioactive waste repository system

As it was mentioned above, the PSACOIN Level S tried to investigate a new type of
sensitivity that could also be used to compare different sensitivity analysis approaches,
and their interpretation. Despite the more or less successful it could be about the initial
objectives of the exercise, it was fruitful in showing the group the shortcomings of the
techniques and tools of both types of analysis. Some of the ideas exposed in the next
lines are shared by the whole group, others are not.

In the Level-S exercise results one major problem was the presence, like in any other
statistical problem, of random noise or statistical error. Unfortunately, though pointed
out by several contributors, only one of them gave thresholds to differentiate between
significative and not significative results of the statistics used. As a matter of fact,
though in some cases they exist and are used, there are many statistics commonly used
in our field for which no significance test has been developed, not even approximate or
asymptotic at least. That point should have been studied in some way during the
existence of the group.

Regression Analysis and allied techniques have been one of the cornerstones of
Sensitivity Analysis for a long time. Nevertheless, during the last years it has begun to
been questioned its usefulness in the case of models clearly non linear, or non
monotonic. Agreeing with this point of view is the one exposed in the reference
published with the title: " Sensitivity Analysis of model output. An investigation of new
techniques" (A.Saltelli, T.H.Andres and T.Homma).

Output uncertainty characterization is a very important subject in the framework of
PSA; it should never be forgotten that safety criteria could most probably be given in
terms of output parameter distribution characteristics. In this area PSAG's work has
been "poor". When characterizing output parameters the focus was put on means,
variances - standard deviations. and empirical histograms principally. A common
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practice, fortunately followed by the group, has been to check normality of means to
avoid, when possible, the extremely poor information provided by Tchebyshev based
confidence intervals. PSAG lacked of most valuable studies like that of Woo to assign
more informative confidence intervals to the mean when normality may not be
warranted. It is in this sense, that of a more accurate determination of statistics, that
PSAG has not developed a large activity. Other very important statistics, like extreme
order statistics, have not been studied in a rigorous way. Exhaustive and deep study of
distributions of these statistics for relevant output parameters are needed.

Related to this topic is also that of convergence of estimators. PSAG has not put efforts
enough in studying sampling techniques to reduce estimators' variance. Essentially
Simple Monte-Carlo Sampling (MC) and Latin Hipercube Sampling (LHS) have been
used. Except for some topical sessions, the efforts put in studying interesting sampling
techniques, like Importance Sampling (IS), were negligible, and when there were made
comparisons with other techniques were not done in a proper way. Some more accuracy
may be expected from IS than from MC, since it uses as a feedback information about
the model orovided by previous runs. Further developments should have been done on
this topic.

Dilution of risk through uncertainty is one of the most surprising effects, though
coherent when more closely studied, a researcher may find when working in PSA. This
effect consists in the improvement obtained in certain measures of safety when the
uncertainty associated to some input parameter increases. It is usually related to both,
deficiencies in the definitions of safety measures and strong non linearities in the model
used. It is also connected with the problem of expert judgment elicitation; if keeping
that type of ill - defined safety measures, many times related to peaks of mean values, it
is necessary to be extremely cautious when eliciting parameter ranges, since applying
overconfidence in debiassing techniques may produce just the opposite effect to the one
wished. At the end it takes us, again to the old question of "what is to be conservative
enough?". Of course, in this case, spreading limits in parameter distributions is not to be
conservative.

Other of the problems that appeared repeatedly in the exercises the group resolved were
the different kinds of uncertainties identified (stochastic and lack of knowledge).Most
efforts have been put in the parameter uncertainty. Those related to models (mainly
conceptual models) require further attention even though some effort has been started
(Level 2). However the problem arise from how to distinguish between the different
kinds of uncertainties if in a study like this they come together and they are propagated
through the different submodels involved. This area of work is demanding more
development.

4.5. Result Presentation

Another remaining question is how to present the results obtained by one study like this
in a systematic form easy to understand and adapted to different forums (technical,
public, etc.); terms like uncertainty, variability, long time periods, etc., are not easy to
be transmitted properly. Probably this is not a task to be performed by PSAG itself. but
in some way people involved in a study like this are also involved in its presentation
directly or, at least, to the appropriate interfaces (sociologist, physiologist, etc.) to the
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different forums involved. Maybe this issue will take more relevance in time with the
progress of safety studies of specific disposal sites.

5.- Preliminary Safety Case Study (AGP)

Most of the effort performed by both teams until 1993 was related with the different
aspects and areas of knowledge included into performance assessment methodologies.
Therefore, this period was focused on learning methods and playing with the available
tools, without specific applications of these technique to a particular concept or specific
sites. The collaboration agreements started in 1993 completely reorient the task
performed before. In fact, the activities included into the new Projects represent
particular task, and then specific contributions, to a more ambitious project with many
other groups involved and coordinated directly by ENRESA. This Project consists in a
Preliminary Safety Case Study for the repository conceptual design developed by the
AGP Project.

In the area of HLW, the main activities undergoing by ENRESA are the following:

a) Site Selection Plan by phases with increasing detail

b) Repository conceptual design (AGP) in three geological media.

c) R&D Plan

The AGP Project is focused on the development of a reference design for HLW
repository in Spain. It is based in the multibarrier concept and it has to consider three
different geological media: granite, clay and salt. The concept considers only one
disposal level, with the canisters placed horizontally into the disposal galleries,
surrounded by a bentonite buffer material. The stainless steel canisters considered are
designed to preserve their integrity for 1000 years or more. The conceptual design
consider the temperature upper limit of 100 'C for the canister bound.

The safety case study is a 'semi-sintlietic' study which will consider the repository
conceptual design established by the AGP Project, and the partial and preliminary data
Irovided by the different grvips Of work involved into the R&D Plan of ENRESA, as
well as those provided by the Site Selection Plan and "El Berrocal" Project. This
framework leads to the final results as being to be looked from a point of view more
qualitative than quantitative s.s. For that purpose, the computer tool to be used will be
RIP (Repository Integration Program, Golder Ass.). RIP is a computer code developed
more as a management tool than with licensing purpose. It is "a computer program
designed to carry out preliminary system performance assessment and to qualitatively
evaluate alternative strategies for site characterization and design"(R.Kossik, 1992). A
first analysis using RIP was made in 1993 for granite option.
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Some experiences of application of PSA

Benny Sundstr6m
Swedish Nuclear Power Inspectorate, SKI

Box 27106, S-102 52 Stockholm, SWEDEN

Introduction

Before you even think of doing any post-processing of your probabilistic simulations,
it is essential that the calculation of radio nuclide release to the biosphere, by the near-
and/or far-field transport models used in the PSA, are reliable. It is also of importance
that the probabilistic simulations have converged statistically, which is difficult to
prove.

Using the results from a complex ground water flow model as input to a simplified
radio nuclide transport model, to calculate the release to the biosphere, may introduce
large errors in the final results.

Scrutinizing the model response

Usually the models used in a PSA have been tested to give 'correct" radio nuclide
releases to the biosphere environment. This could have been done by comparing the
results with a similar model based on an analytical solution, if the model to be tested
is based on a numerical solution of the transport equations. If the model on the other
hand, is based on an analytical solution of the transport equations, it could be compared
with a model that is based on an a,-.rnerical approach to solve the transport equations.

So why concern ourselves to check if the model used in a PSA gives a "correct" result?
The word correct has also, in this context, another meaning namely a result that is
numerically stable. Should not the test described earlier had detected this? Yes of
course, but in a PSA the range of the input parameters used in the models are usually
much broader and more parameter combinations are investigated, than in the tests
mentioned above. So, it is wise to check every release curve to see if it looks all right.
To do this it is convenient to graphically display release curves in batches of say 50 to
100 at the time. It is easy to discriminated peculiar release curves (i.e. numerically
instable solutions) from the "correct" ones. In this way, we at SKI have discovered
several such release curves that in one way or the other deviates from the more
"normal" look of a release curve.

I



Statistical test

It is not an easy task to prove that a PSA simulation has converged statistically. And
it depends on what criteria is used to defined the convergence. One way to illustrate the
problem is to show the arithmetic mean value as a function of the number of
simulations. If the mean value after a large number of runs, still is increasing or
decreasing (disregarding the small fluctuation around a hypothetical mean value) with
increasing number of runs, then the PSA has definitely not converged. If the arithmetic
mean value has stabilized i.e. neither increase or decrease after a large number of
simulations, this could mean that convergence has been reached. But it is still possible
that the mean value suddenly increases drastically, due for instance to a sampled
parameter combination that results in an extremely large release. Thereafter the mean
value decreases after more simulations and may stabilize on a new value. The general
rule is that, a large number of simulations increase the probability that the mean value
has converged. For instance the Latin Hypercube Sampling technique is believed to
converge faster than a simple Monte Carlo sampling. But the criteria of how many
simulations that are required in a PSA to reach convergence is still an open question,
irrespective of sampling technique used. May be, this is a situation we have to live with
due to the statistical nature of our sampling techniques.

Using flow and nuclide transport models together

In a PSA where we want to model both the ground water flow and radio nuclide
transport from a nuclear waste repository, we usually use a three-dimensional flow
model and one-dimensional transport model. In the case of flow simulation with a
discrete network model, a particle tracking could be used to investigate a large number
of possible radio nuclide transport pathw-ys from the repository up to the biosphere.
For each realisation representing different particle pathways there is a breakthrough
curve (concentration as a function of time) at the geosphere-biosphere interface as a
simulation result. To each breakthrough curve (representing different geosphere media)
an one-dimensional advection-dispersion model is fitted. All the breakthrough curve
fittings, gives us in the end the average dispersion and fracture velocity. This procedure
makes it possible to use these average parameter values in our one-dimensional radio
nuclide transport models.

The question is, how large the introduced error is, by using the average value from the
three-dimensional flow model, as an input to the one-dimensional transport model.
Certainly some information is lost in the averaging process, but it remains to be proved
that it is small enough to be neglected.
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Status and recent developments of PSA at SKB

SKB 91 Experience

The SKB have been involved in the development of computerized
tools for PSA since 1984. The first time that these tools
were applied "in anger" was in the SKB 91 Safety Assessment
Project.

The way by which probabilistic methodology was used in SKB 91
was primarily through th"' use of stochastic modeling of the
groundwater flow. The occurrence of initially defective
canisters in the repository was also treated
probabilistically.

The reason for using stochastic modeling of the flow was, of
course, the desire to assess the uncertainty associated with
the spatial variability of the hydraulic properties of the
rock and the fact that these properties are known at certain
points only. This approach made it possible to assess the
importance of local, small-scale variability vs. large scale
geological features.

No other parameters than the above were treated
probabilistically. The reasons for this were, mainly:

- Lack of "probabilistic tradition", lack of incentive to
do PSA and lack of organization to give safety
assessment input data a probabilistic format,

- The fact that many, or most input parameters are
subjected to spatial variability, which makes it
difficult to present them as simple PDFs to be used by
an ordinary PSA code.

A large number of parameters should ideally be treated just
the way hydraulic conductivity in stochastic modeling of the
groundwater flow, including K&, diffusivities etc. This
requires lots of manpower and an ability to include the
variability in all models.

Present Status

Anyhow, the development work at SKB has produced a number of
codes which can be used as submodels in the PROPER system, as
well as a number of auxiliary codes for preprocessing and
postprocessing, notably
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- HYDRASTAR, for stochastic 3-D modeling of groundwater
flow,

- INFERENS, preprocessor for production of input
variograms and trend functions to HYDRASTAR,

- HYDRAPOST, for postprocessing of HYDRASTAR results,

- Tullgarn, for resistor network modeling of the near
field,

- Bateman, for preprocessing of radionuclide inventory
libraries to be used by submodels,

- FARF31, for stream tube modeling of far field transport,

- SUM41, for stream tube summation and conversion to dose.

- AProPost, for statistical postprocessing and graphical
presentation,

- PickTS, for plotting individual time series.

SKB 91 gave useful experience in presenting results from
probabilistic analyses. A sort of "floating histogram" was
invented.

Future Development

It is clear that SKB will never regard PSA as the principal
methodology for doing safety assessments. It will probably be
used, however, to assess the importance of specific
uncertainties in certain situations. The PROPER system will
probably also be used to build entire-repository-systems
models for safety assessment purposes.

The SKB 91 project gave birth to many ideas on further
development of the PROPER system. The compilation of input
data to form large input files has proved to be very tedious.
This has led to the initiation of the "Monitor 2000" or
"Waste Lords" project (working names) to produce a system for
very general, interactive, Windows-based input, editing, file
handling, submodel control and postprocessing.

A desire to use more of the field information in the
hydraulic modeling, such as information from cross-hole
measurements and geologists' judgements, has led to further
development of HYDRASTAR, including provisions for inverse
modeling.

A new code and submodel, NUTRAN, is under development to
allow for more detailed modeling of the near field,
particularly the transient migration phase.



RECENT R&D OF SAFETY ASSESSMENT FOR RADIOACTIVE WASTE
DISPOSAL IN KOREA

Jong In LEE
Korea Institute of Nuclear Safety (KINS)

1. Radioactive Waste Generation

- Low-level radioactive waste generated from nuclear power plants, Korea
Nuclear Fuel Company (KNFC) and Korea Atomic Energy Research
Institute (KAERI) have been treated and are presently placed in interim
storage facilities. These wastes, in the future, will be disposed of in a
permanent disposal facility.

- Spent fuel assemblies are currently stored in pools at reactor sites. A wet-
type interim storage facility with a capacity of 3,000 MTU will also be built
in the future.

2. R&D of Safety Assessment Technology for Radioactive Waste Disposal

- One of the important R&D activities of KAERI is the development of safety
assessment technology for a disposal system of low-level radioactive
wastes. Research related to inventory estimation, leaching of waste form,
radionuclide migration through geologic media and environmental transport
are being carried out.

- R&D programmes concerning long-lived radioactive waste management are
strongly encouraged so as to improve the technical capabilities and to
assure the safety of future disposal facilities.

3. Regulatory Matters

- The Korea Atomic Energy Commission (AEC) is the nation's top policy-
making body on nuclear matters in Korea. The Ministry of Science and
Technology (MOST) is responsible for nuclear research and development,
nuclear safety and management of the radioactive waste.

The Korea Electric Power Corporation (KEPCO) is the utility company
responsible for the construction, operation and decommissioning of nuclear
power plants.



The Korea Institute of Nuclear Safety (KINS) technically supports MOST in
licensing and regulation activities, performs safety reviews and inspections
and develops safety standards.

KAERI is responsible for all nuclear related R&D and has been designated
to carry out radioactive waste management projects.

The licensing for the management of radioactive waste disposal system is
determined by basic regulatory policy and the Atomic Energy Law.
Furthermore,

- For the near and long term research programme, KAERI is
developing/implementing the technical guide and the design of the waste
management system.

- The Korea Institute of Nuclear Safety will establish the basic guidelines
for the licensing of a radioactive waste disposal system with the
technical support of KAERI.



15th OECD/NEA PSAG Meeting
Paris, 16-17 June 1994

RECENT DEVELOPMENTS IN THE IAEA
RELEVANT TO PSAG

S. Hossain
Waste Management Section

Division of Nuclear Fuel Cycle and
Waste Management

INTERNATIONAL ATOMIC ENERGY AGENCY



CO-ORDINATED RESEARCH PROGRANIME ON "THE SA1,ETY ASSESSMENT
OF NEAR-SURFACE RADIOACTIVE WASTE DISPOSAL FACILITIES (NSARS)"

INTRODUCTION

The main objective of the Co-ordinated Research Programme (CRP) NSARS is to
improve the confidence which can be attached to the results of safety assessments for
near-surface radioactive waste disposal facilities by means of model intercomparison. This
will also help in establishing international consensus on the approach of safety assessment
and facilitate exchange of information on safety assessment. The programme was started in
1991 and till now three Research Co-ordination Meetings (RCMs) have been held. So far
17 organizations from 17 countries are actively involved in this programme.

TEST CASES

The first intercomparison exercise (Test Case 1) was based on a near-surface
disposal leading to leaching of activity to a saturated sand aquifer with exposures resulting
from aquifer use via a well and from intrusion into the repository. Simple repository
concepts in combination with an arbitrary geosphere were used to calculate exposure to man
with respect to some typical radionuclides. This was intended as a base test case in order
to initiate the CRP.

The second intercomparison exercise (Test Case 2) deals with "real-site" conditions
incorporating hydrogeology of an existing site, realistic source term and detailed biospheric
modelling. Considering the comprehensive nature of the task of the second exercise, the test
case is being tackled in steps. In the first step (Test Case 2A), emphasis was given to
real-site geosphere flow modelling with transport of radionuclides and exposure calculated
with respect to a standardized source term. The second step (Test Case 2B) considered
detailed modelling of source term and engineered features of the disposal facility in details.
The final step (Test Case 2C) will be an integrated assessment with realistic and simple
biospheric modelling to include human habits and important eivironmental features. The
geospheric and source term modelling parts will be modified second iterations of Test Cases
2A and 2B respectively.

RECENT MEETINGS AND RESULTS

The third RCM was held from 24 to 29 April 1994 in Seville, Spain. Thirty-four
participants from 19 countries attended the meeting. The main objective of the meeting was
the presentation and discussion of the results of the part B of the second intercomparison
exercise (Test Case 2B) of the programme.

In the second step of Test Case 2, the emphasis is placed on near-field modelling
considering the source term and engineered features of the disposal facility in detail. The
test case specifically addresses waste form release, subsequent flow and transport through the
facility and flow and transport through the unsaturated zone. An option to model engineered
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barrier performance above the facility (cover) is also provided. In order to maintain
consistency and take advantage of the efforts that have been conducted, relevant site data
from Test Case 2A have been adapted in Test Case 2B. The measures of comparison are
time dependent release rate to the water table, peak release rate, and maximum concentration
outside of the facility in the unsaturated zone. To mirror the approach that would be taken
in an actual safety assessment, the participants were asked to screen the insignificant
radionuclides before conducting detailed analysis. Altogether 19 presentations from 17
countries were made covering different parts of Test Case 2B. As in case of previous test
exercises, calculations were made using models of varying complexity: from analytical,
one-dimensional, saturated flow and transport models to sophisticated two-dimensional,
unsaturated numerical models of flow and transport. Most of the participants also submitted
detailed reports of their results following the suggested output proformas for the test case.
Because of more careful design specifications, the results of this step were more consistent
than those of 2A. In particular, the results of the screening part using different approaches
lead to almost the same set of radionuclides.

Discussion was held to finalize the conclusion of Test Case 1. The report of the test
case will be finalized by the Scientific Secretary incorporating final comments from the
participants and submitted for publication as an LAEA-TECDOC.

FUTURE SCHEDULE

The next and last RCM of this phase of NSARS will be hosted by British Nuclear
Fuels plc (BNFL) and is tentatively scheduled to be held in the 2nd quarter of 1995 at
Keswick, Cumbria, UK.

IAEA/CEC CO-ORDINATED RESEARCH PROGRAMME ON "THE
VALIDATION OF ENVIRONMENTAL MODEL PREDIXTIONS (VAMP)"

INTRODUCTION

The CRP VAMP was established to test the predictive capabilities of radiological
assessment models. The programme is divided into four Working Groups (WGs) for
terrestrial, urban and aquatic environments, and for assessment of radionuclide transfer
via multiple environmental pathways (the Multiple Pathways Assessment WG). The
programme is now in its 5th year and continues to attract the interest of a large number
of scientists in the fields of radiological assessment modelling and radioecology. The last
year's meeting held in July 1993 was attended by 71 participants.

The activities of the Multiple Pathways Assessment (MP) Working Group is most
relevant to the PSAG. Test cases based on data collected in the post-Chernobyl environment
are being established for model testing in this group.
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TEST SCENARIOS

The first test scenario is based on data of the region Central Bohemia (Test
Scenario CB) of : Czechoslovakia. In this scenario, predictions were made for
concentrations at different endpoints in the food chain and for whole body burden starting
with the concentrations in the air or ground deposition. The exercise was a blind test,
i.e. modellers obtained observed values only after submission of their predictions.

The second test exercise (Scenario S) is based on data of the global region Southern
Finland with environmental and demographic features different from those of Scenario CB.
The description of scenario S has been finalized and distributed to the participants for
carrying out model predictions during the summer 1992. The deadline (closure of blind
test) for the submission of individual evaluations was the last RCM, 5-9 July 1993.

Further test exercises based on the Chernobyl fallout data of the Iput River
catchment area (Scenario I) and on 1-131 release from the US Hanford site (Scenario H) are
being investigated for consideration in this study.

RECENT MEETINGS AND RESULTS

A Working Group Meeting was held in Oak Ridge, USA during 28 to 31 March 1994
to finalize Scenarios I (Iput River catchment area, Russian Federation) and H (Hanford,
USA) as part of the VAMP Multiple Pathways Assessment Working Group programme.
Altogether 24 experts from 8 countries attended the meeting.

Scenario I is in the final stages of completion. A significant difference between
Scenario I and the earlier Scenarios, CB and S, is that Scenario I takes into consideration
detailed information on protective measures that were applied in the region following the
accident. A number of questions were brought up concerning details that modellers felt were
necessary to complete the scenario. Many of these were addressed during the session. A
revised version of the scenario is now being completed for distribution. The scenario will
be presented at the final VAMP RCM as a complete scenario description, ready to be used
for model predictions by participants in the post-VAMP model-testing exercises.

No revisions have been made to Scenario H since the last Working Group Meeting,
and no representative from the scenario's authors was present in this meeting. Several
important questions remain which must be answered before the scenario can be used for
making predictions. Comments to improve the scenario were collected from the participants
for transmittal to the authors. Further consideration of the scenario will have to wait until
these questions can be adequately addressed. The scenario will be included in the
post-VAMP exercises once the description is finalized.

Several participants presented revised predictions for Scenario S, based on the test
data which were released following submission of participants' predictions in 1993.
Discussion of the results of Scenario and the draft report will be the focus of the next
Working Group Meeting, scheduled for 20 to 24 June 1994 in Helsinki.
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A small work session was held to discuss some of the remaining details necessary to
complete the Scenario CB report. The concluding remarks of the report were finalized
and final revisions are in progress on the main text and some figures. The report will he
issued in final form in the near future.

FUTURE SCHEDULE

The next and final VAMP RCM is scheduled for 31 October to 4 November 1994
in Vienna.
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ENRESA - CIEMAT/ITN
Cooperation Agreement (1993 - 1995)

Current Activities

P. Prado

CIEMAT- ITN
Centro de Investigaciones Energeticas Medioambientales y Tecnol6gicas

Instituto de Tecnologia Nuclear
Avda. Complutense 22, 28400 - Madrid (SPAIN)

The first Cooperation Agreement between ENRESA1 and CIEMAT-ITN2 was
established in 1987. Since then two other consecutive Agreements have been
signed; the current one started in the middle of July of 1993 and it will be
finished in December of 1995. The main task to be performed by the current
Project can be summarised as follows:

a) A comparative study of the different safety assessment exercises
performed and published around the world during the last years, as well as
the design and development of a Performance Assessment Data Base
(P.A.D.B.) to include and manage the information and data compiled from
the analysis mentioned above.

b) Participation in the activities related with the preliminary safety case studies
to be performed for the repository conceptual designs developed by the
ENRESA's AGP Project for granite, salt and clay geological media. In this
preliminary study the computer tool to be used is RIP (Repository
Integration Program) developed by Golder Associates

c) Participation in the CEC R&D Activities on Management and Storage of
Radioactive Waste, Task 5.

The main objective of the first line of work is to extract the lessons learned from
some safety studies performed until now elsewhere. The final aim of this work,
is to assist ENRESA in addressing future R&D priorities in two ways: a) avoiding
efforts already done or those which have been performed and demonstrated to
be of a minor use, and b) extracting the critical points requiring future
development and therefore more R&D efforts. The studies under review are the
PAGIS Project, the SKI-90 and SKB-91 studies, the TVO-92 study, the available
information on WIPP (USA) and other documents related with particular aspects
of safety assessments. In connection with this critical review, a Performance
Assessment Data Base (PADB) is being designed and developed in order to
collect and manage the information compiled from the different studies. PADB is

I Empresa Nacional de Residuos Radiactivos S.A.

2 Centro de [nvestigaciones Medioambientales y Tecnol6gicas - Instituto de Tecnologia Nuclear
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being design to include the data required by a safety case study, considering the
different geological media and the different conceptual designs and the
properties of the system. In the future probably it will be connected with other
data bases for specific purposes like KIDROGEO3.

The second line of work is related to the preliminary safety cases studies to be
performed within the AGP Project of ENRESA. The AGP Project is focused on
the development of a reference design for HLW repository in Spain. The
disposal system design follows the multibarrier disposal concept. Three different
geological media are being considered: granite, salt and clay. The preliminary
safety cases will consider the properties of the reference concept design as no
site specific data for the geosphere are currently available. However, the
available data provided by the Site Selection Plan Projects will be used for the
geosphere, as well as information provided by "El Berrocal" Project. This
framework leads to the final results as being to be looked from a point of view
more qualitative than quantitative s.s. For that purpose, the computer tool to be
used will be RIP (Repository Integration Program, Golder Ass.). RIP is a
computer code developed more as a management tool than with licensing
purpose. It is "a computer program designed to carry out preliminary system
performance assessment and to qualitatively evaluate alternative strategies for
site characterization and design"(R.Kossik, 1992). A first analysis using RIP was
made in 1993 for granite option.

The third activity undergoing is related with CEC R&D Task 5 and recently with
the EVEREST Project. It correspond to the CEC Contract NO F12W/0123 titled
"Consideration of Environmental Changes in long-term radioactive waste
disposal systems". Last April a 'Draft Report' was submitted to CEC. This
Contract is expected to conclude during present year. The document consist in a
state of the art in the current human capabilities to predict the future
environmental evolution (mainly from a climatic point of view) and the possible
influences in a geological repository system, including the different techniques
and methodologies available and used. The document nave the following four
chapters:

a) Basis for safety evaluations of high-level radioactive waste disposal
system

b) Environmental variations and their impact on the disposal system

c) Human capacity to predict environmental evolution

d) Considerations of environmental change in the safety assessment of
disposal systems

Other additional areas of work included into the current Project are related to
scenarios development, expert judgment and SYVAC3.

3 Hydrogeological and hydrogeochemical data base developped by CLEMAT to manage the data arising
from site characterization activities.
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