The disposal of radioactive waste is a major issve in the
nuclear debate. This report provides a concise and accessible
overview of the methods available for evaluating the long-term
safety of radioactive waste disposal systems, particularly those to he
built in deep geological formations.
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FOREWORD

_The .management of radioactive waste and, in particular, the safety assessment of
radioactive waste disposal systems, are areas of high priority in the programme of the
OECD Nucleqr Energy Agency. Although a general consensus has been reached in
OECD.oountnes on the use of geological repositories for radioactive waste disposal
analysus of long-term safety, using performance assessment and other tools, is’
_requnreq prior to implementation. In response to this need, recent national and
international programmes have significantly improved the quality of performance
assessment methods.

In October 1989, nearly 300 scientists attended a major symposium on the safety
assessrpent of radioactive waste repositories organised by the OECD/Nuclear Energy
Agency in c_:o-operation with other international agencies with active programmes in the
area of radioactive waste management: the Commission of the European Communities
(CEC) a_nd the International Atomic Energy Agency (IAEA). The proceedings of this
symposium were published recently by OECD/NEA. They provide an authoritative
description of the scientific and technical state-of-the-art in the field of long-term
perf.ormance assessment. They form the main basis for this report which reviews for
a wider audience the current status of development in this area.

Presgntaﬂons at the symposium confirmed the confidence of the scientific
commuplty in the safety of repositories for the disposal of radioactive waste. Areas of
uncertainty a}nd debate in the performance assessment field were recognised, and will
be the subject of further research. This effort will help to refine performance

assebssmznt methods, and improve the underlying foundation on which such methods
are based.

This rep_ort is published under the responsibility of the Secretary General of the
OECD and it does not in any way commit the countries of the OECD.
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EXECUTIVE SUMMARY

Engineered disposal systems are necessary to isolate radioactive waste from
humans and the environment. Such systems have generally been built at or near the
surface for low-level and short-lived wastes, and are widely envisaged to be built deep
underground in geological formations for high-level and long-lived wastes. These
systems, commonly referred to as repositories, are designed to ensure that the risks
for harmful release of waste to the environment are so low that they are acceptable
to the regulatory authorities and the public. This report is concerned with the methods
available to assess the safety of engineered disposal systems for radioactive waste.
its main objective is to present a concise summary of performance assessment
methods and their uses within radioactive waste disposal programmes.

The General Approach

The long-term safety of any hazardous waste disposal system must be
convincingly shown prior to its implementation. For radioactive wastes, safety
assessments over timescales far beyond the normal horizon of social and technical
planning have already been conducted in many countries. These assessments provide
the principal means to investigate, quantify, and explain the long-term safety of a
selected disposal concept and site. A safety assessment consists of a number of
interrelated elements, each of which is thoroughly documented:

- broad identification of the possible future evolution of the selected
disposal system. This process is called scenario development;

- development and application of appropriate models;

- evaluation of potential radiological consequences in an integrated
assessment;

- uncertainty and sensitivity analyses;
- validation and review of all components of the assessment; and
- comparison of the results with criteria.

Feedback between these elements and iteration through the full set of elements
are important aspects of safety assessment.

Although wide international consensus exists on this general approach, it is
important to note that different specific techniques are being used depending upon the




purpose of an assessment and the type of safety criteria to be met. In addition, the
models and data being used for safety assessment differ depending upon waste-
specific, concept-specific, and site-specific conditions. Finally, identification and
characterisation of the wastes to be disposed of, and of the disposal system as a
whole, are necessary bases for meaningful safety assessment.

Scenario Development

Scenario development, the starting point for safety assessments, is concerned with
defining the broad range of possible futures to be oonrsidared in the_subsequent
modelling and consequence calculations. Human imagination and scientific judgement
coupled with existing knowledge of natural systems and man-made barriers form the
basis of scenario development. Over the last few years, scenario development
methods have been substantially improved by the use of approaches that are
systematic and transparent. Extensive lists of phenomena (for example, faulting,
seismicity, or erosion) that have to be initially considered in safety asses§meqt§ have
now been developed, and only a few new phenomena hay_e been identified as
potentially important in recent years, and these on a site-specific or concept-specific
basis.

One particular area that has received greater attention recently is assessment
of human intrusion scenarios. Work on the basic approach for consideration of human
intrusion, and on the preservation of information about the site and the content of the
repository is being undertaken.

If required by regulation or otherwise undertaken, the estimation of the likelihood
of occurrence of the final set of scenarios chosen for detailed consequence analyses
can be a particularly difficult element of safety assessments. Although several differgnt
techniques are used, depending on the type of future events and processes being
considered and the data available, all of them rely at least to some extent on the use
of expert judgement.

Mode! Development and Application

The necessity of using predictive models to assess potential radiological
consequences in safety assessments is well recognised, and the general procedures
for development of models are well accepted. Predictive models havg bgen developed
for the more important aspects of waste isolation systems. Substantial improvements
toward more realism and detail have been made over the years. There are models
available, at different levels of detail and realism, to evaluate and quantify the effects
of the key processes determining the performance of radioactive waste diqusal
systems. Further development is still justified in some areas because better modelling
could clarify or reduce uncertainties associated with assessment results. It could also
contribute to further improvements in disposal system design.

In recent years, special attention has been given to the interdepeqc}ence
between model development and corresponding data gathering efforts. In addition, a
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main area of ongoing work is the coupling of models for specific processes into larger
integrated models and the simplifications needed to make them practical tools for
safety assessments. A sound basic understanding of the relevant physical and
chemical properties of the system’s constituents and their evolution remains a main
prerequisite for successful modelling.

integrated Assessments

The ultimate goal of data gathering, scenario development, and predictive
modelling is an integrated assessment describing the characteristics of the disposal
system and quantifying the performance of the overall system in terms of radiological
safety as a function of time. Several integrated assessments of high-level waste
conceptual repositories in various host formations have been made over the years.
Licensing assessments for low-level waste (near-surface and deep repository) facilities
have also been completed. Results from these assessments suggest that it is possible
to site and build repositories that can be considered safe for the human environment
today and in the future.

Safety assessment models tend to be of two complementary types: detailed
research models and simplified system models. The detailed research models and
their results are needed to evaluate design and engineering options, and are used to
provide a defensible basis for excluding processes not important to safety in the
simplified system models. Simplified system models may be used to conduct a more
robust or bounding analysis. In the robust bounding approach, scenarios, models, and
parameter values are chosen conservatively (that is, pessimistically). Thereby, the
assessments are simplified and discussion of some uncertainties not significant to
system safety are avoided in the licensing procedure.

Uncertainty and Sensitivity Analysis

Uncertainties are, and always will be, associated with assessment results.
Uncertainties can be partly reduced by additional mode! development and by collecting
additional and more accurate data. However, uncertainties will persist reflecting the
variability in present and possible future states of systems. Statistical methods are
being increasingly relied on when extensive measurements of the needed data are not
feasible. In some cases uncertainties can also arise from a limited understanding of
controlling processes.

As part of integrated safety assessments, sensitivity studies provide guidance
on which areas uncertainties most need to be reduced. This guidance is specific with
regard to disposal site and concept, and is being used to direct national resources for
research and development to areas where they are most needed. In addition, the
information on uncertainties is being provided to those responsible for repository
design, enabling possible improvements to the design and siting of the repository.
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Contidence Building

The ultimate objective of safety assessments is to provide a basis for
well-founded decisions about radioactive waste disposal systems. To this end, it is
necessary that scientists, safety assessors, regulators, and those involved in or
concermned with the decision-making process have confidence in the information,
insights, and results provided by safety assessments. The importance of this topic is
reflected in the main text, and only a few additional remarks concerning model
validation are given here.

Model validation is the process of assuring that models adequately represent
real system behaviour; efforts in this area have been intensified during recent years.
Validation of long-term predictions must focus on the adequacy of modelling the
processes that may define system performance under a reasonable variety of possible
futures. There is no way to validate system performance predictions over long times,
but the adequacy of specific aspects of modelling may be supported through a variety
of laboratory, field, and natural analogue studies. Several international co-operative
projects have been established to investigate the possibilities for validation of the
models used within safety assessments.

Validation needs depend upon the disposal concept. For some concepts,
satisfactory validation can be done only with the help of in situ studies at the potential
disposal site. Increasing co-operation is apparent between those designing the
repository and the relevant engineered barriers, and those studying the possibility of
validating the models to be used in assessing the safety of the disposal system.

Regulatory Criteria for Disposal

In a final licensing assessment, the results of safety assessments are evaluated
in the context of the established regulatory standards and criteria. international criteria
for the radiological protection of individuals and populations have been used as the
basis for development of national long-term safety criteria for radioactive waste
disposal systems in practically all countries. Some countries currently have detailed
regulations in place for radioactive waste disposal, whereas others have specified
general radiological protection objectives, without necessarily having established
specific requirements for final disposal of wastes. Both on a national and an
international basis, further work is underway to develop specific criteria for the
long-term safety of radioactive waste disposal systems, in particular in order to have
such criteria available in due course for the licensing of high-level waste repositories.

The details of safety assessment approaches, methods, and data requirements
are dependent upon and influenced by the detailed criteria applied. Yet even where
the detailed formulation of specific safety standards may differ between countries for
legal or historical reasons, it is evident that the same general type of safety
assessment work is needed and is undertaken at some stage of the regulatory
process.
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The safety of a waste disposal system is judged, therefore, only after a clear
presentation of the information obtained in an integrated assessment, after due
consideration of the uncertainties associated with assessment results, and after a
critical review by the regulatory authorities and others involved in the decision-making
process. In view of the need for critical reviews by regulators and others, the need for
a clear presentation of safety assessment results, as well as underlying assumptions
data bases, and modelling approaches is evident. This challenging task is being'
addressed, largely through the experience that is being gained from the presentation
and publication of assessment results in scientific conferences and symposia, and from
expert reviews of documents describing preliminary assessments in detail.

Conclusion from the report "Disposal of Radioactive Wastes - Can Long-Term
Safety be Evaluated?" OECD/NEA, Paris 1990. '

The NEA Radioactive Waste Management Committee and the IAEA International
Radioactive Waste Management Advisory Committee have carefully examined the current
scientific methods for safety assessments of radioactive waste disposal systems, as briefly
summarised. in this report.. The Committees have also reviewed the experience now
avallable from using safety assessment methods in many countries, for different disposal
concepts and formations, and In the framework of both nationally and internationally
conducted studies, as referenced in this report. Following this review, the NEA
Radioactive Waste Management Committee and the IAEA International Radioactive Waste
Management Advisory Committee

. Recognise that a correct and sufficient understaﬁdihg of proposed dlspoéél
systems is a basic prerequi;ite for conducting meaningful safety aSsessinents.

. Note that the collection and evaluation of data from proposed disposal sites are
: the major tasks on which further progress is needed,

. Acknowledgé that signlﬁcant pfogress in the abili io, conduct safety assessment
has been made, ' yJp.conel Y

. Acknowledge that quantitative safety assessments will always be complemented
by qualitative evidence, and ; :

. Note that safety assessment methods can and will be further developed as a
result of ongoing research work. ‘

Keeping these considerations in mind, the two Committees:

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

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

This Coliective Opinion is endorsed by the CEC Experts for the Community Plan
of Action in the Field of Radioactive Waste Management. &

11




1. INTRODUCTION

This chapter describes the purpose and scope of the report and provides
definitions of performance and safety assessment.

1.1 THE PURPOSE AND SCOPE OF THIS REPORT

The focus of this report is on the different elements of performance assessment
and their integration into overall assessments of the safety of radioactive waste
disposal systems. The report has three principal objectives:

- fo present a concise, clear, and up-to-date summary of performance
assessment methods;

- to underline the degree of international consensus on performance assessment
activities and methods; and

- to provide an overview of the most important aspects and uses of performance
assessment to a non-specialised audience.

This report is divided into six chapters. Chapter 2 consists primarily of
background information on the generation and disposal of radioactive waste. It
provides the non-specialist with an understanding of the sources of radioactive waste,
the waste types produced in the nuclear fuel cycle, and the basic principles of waste
disposal systems. Chapter 3 provides a summary of the approach and roles of
performance assessment and safety assessment methods. It presents information
neccessary to understand the general considerations affecting the performance
assessment task and its role in the development of a repository programme. Chapter
4 discusses the analytical and methodological tools used to conduct safety
assessments. These tools are used to understand disposal system behaviour and to
assess the effects of events and processes that might affect the system during its
lfetime. This chapter includes sections on scenario analysis, modelling, data
requirements, consequence calculations, and uncertainty analysis. Chapter 5
discusses measures that can be taken to assure that safety assessments address
relevant issues and provide results that can be used as a basis for decisions. These
measures are discussed in four areas: verification and validation of models; quality
assurance; critical review; and, international co-operation. Chapter 6 discusses the
expected development of performance assessment methods and their use. It also
outlines the expected focus of research needed to improve assessments.

This report does not discuss the safety or acceptability of particular waste
disposal systems or practices. However, reference is made to studies of the safety
of radioactive waste disposal in order to illustrate how the assessment methods have
been applied in integrated assessments, and their results. The report deliberately
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excludes judgement on the non-technical issues that help form the basis for decisions
on radioactive waste disposal policies.

1.2 WHAT ARE PERFORMANCE AND SAFETY ASSESSMENTS?

In simple terms, performance assessment is an analysis to predict the
performance of a system or subsystem, followed by comparison of the results of such
analysis with appropriate standards or criteria. A performance assessment becomes
a safety assessment when the system under consideration is the overall waste
disposal system and the performance measure is radiological impact or some other
global measure of impact on safety. Thus, performance assessment can be used to
describe the analysis and comparison of systems at a variety of levels and
requirements while the term safety assessment is normally reserved for the overall
system and its impact. It is important to note that safety assessment is not just a
calculationa!l framework for producing numerical predictions of system behaviour.
Performance and safety assessment are to be understood as a broad activity aimed
at the following major goals:

- developing a sufficient understanding of the physical and chemical behaviour
of a disposal system,

- quantifying this understanding in order to allow predictions of future system
behaviour;

- assessing the uncertainties in the predictions; and

- convincing all relevant groups (project staff, regulators, and the public) of the
adequacy of the analyses.

The intent of this report is to provide the reader with an understanding of the
performance assessment methods used to help ensure the safe disposal of radioactive
waste. This report covers a range of methods or tools that can be used for such
assessments. For some types of radioactive waste, use of the full range of tools
addressed in this report may not be necessary.

" This report draws heavily on the results of an International Symposium held in
October 1989, as well as scientific and technical work previously presented and
reviewed at the international level, notably within expert groups and committees of the
CEC, IAEA and OECD/NEA. Performance assessment has evolved considerably over
the last ten years and this report reviews the progress made to date. At the same
time, it is important to recognise that although this report represents the
state-of-the-art upon entering the 1990s, performance assessment is a discipline which
will continue to improve through the development, testing, and application of what has
been learned so far.
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2. THE GENERATION AND DISPOSAL OF
RADIOACTIVE WASTE

_This Chapter provides background information on the generation and disposal
of radioactive waste. It is intended to give the non-specialist an understanding of the
sources of radioactive waste, the characteristics of the wastes produced in the nuclear
fuel cycle, and the principles of waste disposal systems. This knowledge will be
valuable for understanding the methods used to evaluate the safety of radioactive
waste disposal systems. Although details of the waste type and disposal system are
important in the evaluation of individual disposal systems, they are not necessary for
a basic understanding of performance assessment methods.

2.1 SOURCES OF RADIOACTIVE WASTE

Radioactive waste is generated from the use of nuclear material in a wide
variety of applications. These applications include the generation of electricity and
heat, use within industry and research, and medical diagnosis and treatment. A fiow
chart depicting these applications and the generation of waste is shown in Figure 1.
In countries with nuclear energy programmes, the majority of waste is generated by

RADIOISOTOPE UTILIZATIONS

v v v v

Radioisotope .
production Hospitals Industry Universities
— T

1] i

Conversion Fuel Nuclear Spent
enrichment fabrication power plant fuel

T 1 t+ 1

' Non fissile mate-
Mill tailings .
rials and structures

NUCLEAR FUEL CYCLE

Research
laboratories

Radioactive

wastes
1™V

Reprocessing

Recycle loop for uranium
and plutonium

Natural fissile
materials uranium

Figure 1: Radioactive wastes are generated in the nuclear fuel cycle and from the use of radioisotopes in

hospitals, industry, and research. Spent fuel can enter the waste stream directly or it can be reprocessed
to recover uranium and plutonium.
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power plant operation and fuel reprocessing. In a few countries, radioactive waste is
also generated from the production of nuclear material for weapons. It is recognised
that the waste produced from these different applications must be managed and
disposed of in an environmentally safe manner.

22 RADIOACTIVE WASTE PRODUCTION IN THE NUCLEAR FUEL
CYCLE

This report is primarily concerned with radioactive wastes produced in the
nuclear fuel cycle. The nuclear fuel cycle is a term used to describe the activities
necessary for the production and use of uranium as a fuel source. Radioactive waste
from the nuclear fuel cycle is generated during: (1) the mining of uranium ore and the
preparation of the ore for use as fuel in a nuclear reactor; (2) operation of the reactor;
and (3) reprocessing and recycling of the used fuel or management of spent nuclear
fuel elements.

The radionuclides in waste from mining operations and from initial fuel
preparation arise from naturally occurring radioactive elements. These radionuclides,
present in the original ore body, consist primarily of uranium and the elements formed
from its radioactive decay.

A wide range of radionuclides are generated during reactor operation. Some
of these, such as plutonium, do not exist in any substantial amounts in the natural
environment. During reactor operation, nuclear reactions occur in the fuel, the
materials comprising the core of the reactor, and in the cooling agent that is circulated
through the reactor core. The radionuclides generated from those reactions follow one
of four possible paths:

- they may decay within the nuclear plant;

- they may be released directly into the environment if produced in
environmentally insignificant quantities;

- they may be recycled if the spent fuel is reprocessed in the
preparation of new nuclear fuel (uranium and plutonium); or

- they may be placed in interim controlied storage and must eventually be
disposed of as radioactive wastes.

After a period of reactor operation, spent fuel is removed and either stored or
reprocessed. The spent fuel, it defined as waste, and the highly radioactive wastes
produced in reprocessing plants are called high-level wastes. The volume of
high-level waste is a fraction of the total radioactive waste generated in the operation
of nuclear power plants and reprocessing facilities.
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2.3 CHARACTERISTICS OF RADIOACTIVE WASTES

In general, there are three characteristics of radioactive waste that determine
its potential hazard and thus the way it is managed and classified. The first
characteristic is the activity level of the radioactive material which is typically measured
in becquerels or disintegrations per second. For a given material, the higher the
activity level the greater the potential hazard. The amount of heat generated by the
material is the second characteristic of concern. High-level waste disposal systems
are designed to account for the heat emitted by the waste. The third characteristic of
concern is the half-life, or the time it takes for the material to lose half its radioactivity.
More than a hundred different radionuclides are generated during reactor operation.
Their half-lives vary from less than a second to millions of years. In general, if the
half-life is greater than 30 years, the element is considered to be long-lived. Box 1
shows a common qualitative description scheme for categorising radioactive wastes.

Box1. A common qualitative description scheme for categorising
" radioactive wastes.

- Low-Level Wastes (LLW) generally contain negligible -amounts of long-lived
radionuclides, . They are produced by nuclear activities in:industry, medicine,
research, and in nuclear power operations. - LLW include items like packaged

~ gloves, rags, glass, small tools, paper and filters which have been  contaminated

y. radioactive m ranium mill tailings are exceptional in containing several

o-Level Wastes (ILW) contain lower levels ofradioactlvﬂy and heat

intermediate-Level Wastes ,
content than high-level wastes, but must still'be shielded: during handling and
‘transport. Such wastes may include resins from reactor operation or solidified
‘chemical siudge, as well as pieces of equipment or. metal fragments. =

. High-Level Wastes (HLW) are generated by the reprocessing of spent fuel from

nuclear power reactors to recover uranium and plutonium. These wastes contain

transuranic elements, and fission products that are highly radioactive,

heat-generating, and long-lived. - Before final disposal and isolation from the

biosphere, they require_treatment and solidification. ~Spent fuel that is not
~ reprocessed is also considered a high-level waste. '

- Alpha-Bearing Wastes (also called transuranic or plutonium- contaminated
material) include wastes that are contaminated with long-lived, alpha-emitting
nuclides. They arise principally from. spent fuel reprocessing and mixed-oxide
(plutonium). fuel fabrication.

17
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2.4 EXAMPLES OF DISPOSAL SYSTEMS FOR RADIOACTIVE WASTE

Disposal system design is dependent, among other things, upon the waste
characteristics. For example, low-level waste consisting primarily of short-lived
nuclides that generate an insignificant amount of heat, may in many countries be
disposed of near the Earth’s surface. After a few hundred years the radioactivity in the
waste will have decayed to levels that no longer present a hazard to humans. It has
been judged reasonable to assume that monitoring and access restrictions, or
institutional control of these disposal sites, can be maintained for that amount of time.
An example of a low-level waste disposal facility is shown in Figure 2.

High-level wastes present a different problem because initially they may
generate a large amount of radiation and heat. Although the radioactivity of the waste
declines over time, as depicted in Figure 3, a higher degree of isolation is necessary.
To provide this isolation from the human environment, these wastes can be disposed
of deep, i.e. several hundred metres, within the earth in geological formations. A
concept for such a system is shown in Figure 4. In this case, emphasis is placed on
stable, remote, and passive disposal systems. These systems will ensure the
long-term integrity and safety of the wastes, and can be designed to be independent

COVEB 2 TO 3 METERS
3o T e —
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TUMULUS
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NETWORK IR - <~ Loud ¢ 000 S O o S
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Figure 2: France's first surface repository for low-level waste, the "Centre de la Manche", has been in
operation since 1969 in a 12 hectare area located at the westemn tip of the Cotentin Peninsula, close to the
La Hague reprocessing plant. The total capacity of this centre is about 500 000 m3 of waste and up to now,
it has received about 400 000 m3 of waste. The French plan to start operations at a new disposal facility,
Centre de I'Aube in north-eastern France, by early 1991. The disposal capacity will be 1 million m3 of
waste.
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Flgure 3: The radioactivity of high-level waste declines steadily over time, most dramatically over the first
feu.' hundred years. E\(entualty, the radioactivity level will be lower than that of the natural uranium ore from
which the spent fuel originally came. The graph shows the levels of radioactivity in waste products per one
tonne of fuel.
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Figure 4: The Canadian concept for permanent nuclear fuel waste disposal is to bury the sultably packaged
waste 500 to 1000 mastres deep in stable rock in the Canadian Shield. A network of underground tunnels
and disposal rooms about two kilometers square would hold 190,000 tonnes of used natural uranium fuel.
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Box 2. Tentative Schedules for some HLW Repository Programmes

Planned Start
Country Geological of Disposal :
' Formation Operations Remarks
BELGIUM CLAY ~2025 Underground research laboratory in operation :
since 1983 at ~200m depth In the boom clay
underlying the Mol Centre. :
CANADA  CRYSTALLINE ROCK >2010  Underground research laboratory in oberation
: ' since 1985 at 240-400m depth in crystalline
, - rock at Lac du Bonnet, Winnipeg. :
FINLAND CRYSTALLINE ROCK : ~2020  Preliminary site investigations including deep
o drilling performed at several sites :
FRANCE SEVERAL OPTIONS - - -~ ~2010 --Geological investigations atfour different sites

- {clay, salt, crystalline'rock, shale) 1987-1989.

= <~ Deep drilling operations pending outcome of
independent ' review of ‘radioactive waste
‘programme. '

- ~2008 _ Site investigations underway since 1979 atthe . -
... Gorleben Site.  Two._shafts are now being
~ sunk into the salt dome formation. The final
results of the underground Investigations are
expected by the end of the 1990s.

GERMANY  SALT

SWEDEN -~ CRYSTALLINE ROCK ~2020 - Geological . investigations (Including deep
* drilling)” at several sites during the 1980s,
.-Underground research.at the Stripa. mine
since 1977. A new laboratory
. at Oskarshamn is now under construction.

SWITZERLAND = CRYSTALLINE ROCK . ~2020 Geological investigations in northemn.
OR SEDIMENTS Switzerland indluding seven deep (~1000m)
s drill-holes into the crystalline :basement.
Underground research since 1984 at the
Grimsel Test Site in the Swiss Alps

~2010 _ Geological investigations previously performed
In":several types of formations.  Site

" investigations - are now to focus on

- Investigations at Yucca Mountain, Nevada.

~ Site access is expected in.1991. A ten year

site characterization phase is planned prior to

of institutional controls after final closure. Some of the geological repositories currently
under consideration are listed in Box 2.

It is possible to use deep geological disposal for all types of radioactive wastes,
including low- and intermediate-level waste. Deep disposal of low-level waste would
remove the need for institutional control measures to ensure disposal system safety.
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Although the use of institutional control for deep geological disposal has not been
ehxcluded, it is thought that such control should not be relied upon to provide safety into
the far future.

25 THE DESIGN OF MULTI-BARRIER CONTAINMENT SYSTEMS

All land disposal concepts in use or under serious consideration rely on containment
systems. These systems are designed to operate long enough to ensure that any
subsequent release to the human environment will be compatible with accepted
radiation protection criteria. Containment systems consist of a number of interrelated,
often redundant barriers between the waste and the human environment. This

disposal concept is referred to as a multi-barrier system and an example for high-level
waste is shown in Figure 5.

Humans

anoete N\ 4

Environment

t

| Surrounding
geophere

t

/—————-‘ Host Rock
)

Repository ]
structures

Natural barrlers

Buffer andror
backfill

1

Container

t

Waste form

Man made barriers

HLW
Source
of risk

Figure 5: In the case of high-level wasts, the waste form acts as the first barrier to radionuclide migration.
This is important during the period immediately after disposal when the radioactivity and heat generation is
still high. If the container fails, the waste matrix may undergo a leaching process which initiates the
radionuclide migration toward the subsequent barriers: the backfilling and/or structural materials of the
repository, the host rock and the surrounding geosphere where most radionuclides are strongly retained or
delayed until their almost complete decay. The radionuclides which succeed in reaching the biosphere may
be dispersed or diluted before coming in contact with humans. Due to this sequence of barriers, it is
expected that exposure to humans can be kept below acceptable lsvels.
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In multi-barrier design the details of the individual barriers may ditfer from one disposal
system to another, but the purposes of the individual barriers remain basically the
same. The multi-barrier system is described below.

- The first barrier is the waste package, consisting of the waste form in a container.
The waste form can be designed to be resistant to ieaching by groundwater, the
primary agent for transport of radionuclides from the waste to the human
environment. For example, in the case of high-level wastes, the waste form
could be a special glass matrix containing immobilised radionuclides. The
container in which the wastes are placed can also act as a barrier if it is
constructed of materials resistant to the chemical and physical environment
expected in the waste repository.

- The repository’s engineered barrier consists of backfill material (e.g. clay) placed
around the waste containers. It can also consist of materials used for backfilling
of drillholes, access shafts, and tunnels in the repository. The backfill inhibits the
movement of water within the repository and may provide a chemical environment
that reduces the solubilities of many radionuclides thus serving to retard their
transport.

- The final barrier, primarily of importance for deep underground disposal of
high-level wastes, is the geological structure of the repository site. The
geological barrier isolates the waste from the human environment and provides
a chemically and mechanically stable environment for the repository. It prevents
or restricts the access of circulating groundwater. Finally it serves to retard the
transport to the biosphere of any releases of radionuclides.

2.6 PLACING RADIOACTIVE WASTE IN PERSPECTIVE

The potential hazard presented to humans by radioactive waste arises from the
radionuclides contained in them. The emission of ionising radiation from the
radionuclides is potentially harmful. Exposure to ionising radiation may occur as a
result of the intake of radionuclides by inhalation, if they are in the form of a gas or an
airborne particulate, or by ingestion if they are present in food or drinking water. In
these respects, they have the same intake and exposure routes as many other
hazardous substances. Only the additional route, that of direct exposure of the body
to external radiation is unique to radionuclides. The potential consequences of
exposure to radioactive materials can also be compared to those from other hazardous
materials. For many of these substances and for radioactive materials, the most
important potential effect is the induction of cancer in humans.

Radioactive waste disposal systems are designed for operation long into the future.
As a result, the regulatory, social, and political dimensions of this challenge have been
widely debated. In many cases, the conclusions reached and the technical and
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methodological advances achieved can influence the handling of a much broader
challenge.currently facing society. That challenge is the safe and final disposal of
highly toxic hazardous wastes. The result of one survey to determine the relative
volumes of radioactive and hazardous waste is shown in Figure 6.

Toxic chemical waste

Source: UKAEA

Figure 6: In the United Kingdom each year, more than 4 million cubic metres of toxic waste are produced.

1.1‘% of this amount is radicactive waste. Of this fraction, most of the waste contains low levels of
radioactivity.

23




i

3. THE FUNDAMENTALS OF PERFORMANCE ASSESSMENT

This Chapter contains background information on the approach and roles of
performance and safety assessment methods. It will provide an understanding of the
general considerations affecting performance assessments and their use in the
development of repository programmes.

3.1 THE APPROACH TO PERFORMANCE ASSESSMENT

Some radioactive waste will present a potential hazard to humans and the
environment for a long period of time. To help assess this hazard, predictive models
that can describe the future behaviour or performance of disposal systems are needed.
In the case of short-lived, low-level waste, assessments need to extend for several
hundred years. For high-level and other long-lived wastes, the potentially hazardous
lifetime can be tens of thousands of years or more. Assessments that cover this
length of time require models and information that can adequately describe the
disposal system and its possible evolution. Much of this needed information can be
obtained from field investigations at potential repository sites and from laboratory
testing.

In general, there is wide consensus regarding the overall approach to safety
assessment. This approach includes broad procedures for developing and using
models, as well as for performing and reviewing safety assessments. The general
approach to safety assessment includes the interrelated steps listed below.

- The wastes that require disposal need to be identified and characterised. This
step is necessary to help determine the general system design and requirements,
and to provide data needed for safety assessments. As previously discussed, thfa
activity level, heat generation, and the half-lives of the elements in the waste will
influence the system requirements.

- The potential repository site must be identified and characterised. Site
characterisation is done in stages using different techniques (e.g. testing and
sampling from boreholes) for investigation of geology, groundwater flow, and
water chemistry.

- The engineering design for the repository must be specified. This process will
consider the characteristics of the waste, the engineered barrier, and the
repository site.

24

- The main processes determining the release and migration of radionuclides from
the waste to the human environment have to be identified. This includes the
interactive processes between the waste, the barrier materials, the natural
geological medium, the biosphere, and humans, for the range of external
circumstances that can reasonably occur.

- The behaviour and evolution of the disposal system must be studied. This can
be done through the identification of scenarios and the use of mathematical
models that simulate repository behaviour in response to future events.

- The disposal system’s overall behaviour has to be evaluated. This step ties all
the various aspects of the previous steps together and documents the safety of
the repository in terms of the potential radiological consequences and, as far as
possible, their likelihood of occurence.

- The assessment result has to be compared with the design goals and the
regulatory criteria. The acceptability of the waste disposal system can be
determined only after considering the uncertainties associated with the
performance assessment results.

Although wide international consensus exists on this general approach, the purpose
of the assessment and the safety criteria required determine the specific techniques
used. In addition, the models and data used for safety assessment differ depending
upon waste-specific, concept-specific, and site-specific conditions.

3.2 MODELS AND DATA ARE CRITICAL TO PERFORMANCE ASSESSMENT

Calculational models are the primary tool of the performance assessor. They are
derived from an understanding of how disposal systems might function and evolve.
This understanding can be translated, normally after some simplification, into a system
of mathematical models. The mathematical models can then be embedded into
computer codes to provide numerical values of possible system performance.

These models are based on fundamental physical, chemical, and mathematical
principles. It can, however, be difficult to apply these principles to sites and disposal
systems, which are highly heterogeneous. Here, the performance assessor must rely
on specific data contributed from a range of disciplines. Confidence in the models and
calculational tools used to describe a particular disposal system can then be built
through testing and refinement.

The availability of directly measured data is an indispensible basis for any
calculation of system performance. In this respect, the quality and breadth of the
database used to test and validate models for the evaluation of disposal system
performance or safety are important. Performance assessments used in support of
license applications require a substantial amount of data to be collected at the
proposed repository site. These site characterisations require a massive investment
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in earth science investigations and multi-disciplinary cooperation between scientists.
Several projects to develop site investigation methods, such as the Stripa Project
shown in Figure 7, are currently underway.

BUFFER MASS TEST

/ N
CONCRéTE‘ SANDBENTONITE

N\
7 HEATERS
/ COMPACTED BENTONITE
SAND/BENTONITE

Figure 7: The Stripa Project is an in situ research project jointly undertaken by seven OECD Member
countries under the auspices of NEA at an abandoned iron ore mine. SKB, the Swadish Nuclear Fuel and
Waste Management Company, is the coordinating organisation for this deep hard rock laboratory. Tests at
Stripa, which is not a potential repository location, were focused on geochemistry, nuclide migration, and
hydrogeological characterisation. Tests included the use of bentonite clay as a buffer material as pictured
above.

3.3 PERFORMANCE ASSESSMENT IS MULTI-DISCIPLINARY AND ITERATIVE
IN APPROACH

The performance assessment team must interact with a wide range of scientists and
understand the basics of repository design, data collection, and the development and
testing of the various models of subsystem behaviour. An analysis of the waste
products and their relationship to the containment system must be conducted;
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information on the radionuclides, including the physical characteristics of the waste
form and waste container are necessary before determining the type of engineered
barriers to use and before the repository layouts are designed. Data on the geological
response to excavation, heat, and radiation are collected. The processes and
mechanisms of the transport of radionuclides through the geosphere to humans require
investigation and understanding. The components and behaviour of systems to seal
underground openings made during repository characterisation and development
require study. It is therefore obvious that a large and multi-disciplinary team is needed
to collect and analyse the data needed for performance assessment.

The performance assessment team must integrate all of the subsystem elements
into an overall understanding of how the disposal system will behave and evolve.
Such integrated modelling is the foundation of all long-term safety assessments.
Integrated assessments are made using an interative process during project
development. This Iterative process is of particular value to the performance
assessment team and those involved in the repository design and disposal system
characterisation prior to licensing.

3.4 DETERMINING THE VALIDITY OF THE PERFORMANCE ASSESSMENT

Estimates of long-term system or subsystem performance are meant to be used as
indicators of system performance or safety. These indicators can then be compared
to the regulatory criteria established by the appropriate national and international
authorities. The demonstration that possible sources of uncertainty have been
systematically identified and evaluated is as important as the calculation of an indicator
of system or subsystem performance. This must be done in the appropriate context,
either quantitatively or, if not feasible, qualitatively.

It must be recognised that the ultimate validity of these assessments cannot, in the
strict sense of the word, be proven. That is, one cannot compare the predicted and
observed behaviour of the actual disposal system over the long period for which
system performance has to be predicted. However, a variety of techniques are
available to build confidence in the validity and conservatism of performance
assessments. Such techniques are necessary to allow disposal sites to be licensed
using these assessments and other tools. Measures to build confidence in
performance assessment are discussed in detail in Chapter 5.

3.5 THE USE OF GENERIC AND SITE-SPECIFIC ASSESSMENTS

Performance assessment plays an important role throughout the development of
repository programmes. Performance assessments are often used at an early stage
to determine the feasibility of major disposal concepts. They are also used to limit the
number of disposal systems studied to a reasonable set of options. The wide range
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Figure 8: Performance assessment plays an important role throughout the development of repository
programmes.

of performance assessment applications is shown in Figure 8. This section will discuss
the use of two types of assessments: generic and site-specific.

Generic system assessments are assessments that are independent of the data at
a particular site. Generic assessments are able to help focus site investigations gnd
research programmes on the most relevant issues and assist in decision-making
between different disposal concepts. They are also used to demonstrate the feasibility
of a particular disposal concept, and may gain acceptance for developing the concept
further. Finally, generic assessments can be performed to demonstrate the use of
performance assessment methods and techniques that may later be used for site

selection or licensing purposes.

Generic assessments for the disposal of high-level waste have been conducted both
nationally and internationally. These generic studies have shown that safe disposal
of high-level waste is feasible and, on this basis, several countries are now developing
disposal concepts in detail. Some of these countries have already started procedures
for site-selection and investigation in preparation for the construction of deep geological
repositories.

At a later stage, generic assessments are replaced by site-specific assessments.
These form an integral part of the decision-making process during the siting,
characterisation, design, construction, operation, and final sealing of radioactive waste
disposal systems. For a particular site, an updated system assessment is often
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performed at suitable intervals in order to provide input for further decisions. Such
assessments are needed prior to the licensing of a particular site, to determine if
further information is required for licensing purposes. The assessment will help
determine what types of information should be collected. Performance assessments
form an important part of the licensing documentation for disposal systems.

Site-specific assessments for licensing purposes have already been completed for
several low-level waste repositories in operation or under development. In France, the
United Kingdom (Drigg), and the United States there have been near-surface disposal
sites in operation for several decades. In Sweden, SFR, the Final Repository for Low
and Intermediate-Level Wastes built in the bedrock under the Baltic Sea, has received
an operating permit. In Finland, a rock cavern repository is under construction at the
Olkiluoto power plant. The regulatory review process for the Konrad mine, a deep
disposal facility in the Federal Republic of Germany, is in process. In France, a new
engineered surface facility for low-level wastes is being implemented at the Centre de
FAube. In the United States, a deep repository is under development in a salt
formation in New Mexico. This latter facility, the Waste Isolation Pilot Plant, is intended
for alpha-bearing wastes from the U.S. defence programme.

Although many countries have initiated site-specific performance assessment
programmes, there are no high-level waste disposal systems either under regulatory
review or in operation. The Federal Republic of Germany and the United States have
each selected a single repository site for more detailed investigation and assessment.
In other countries, preliminary investigations and assessments have been undertaken
at several sites. As an interim step in the process of selecting a potential disposal site
for detailed evaluation. In this context, performance assessments are being used to
identify critical issues requiring further study as part of the site investigation and
research programmes.

Ultimately, a complete site-specific performance assessment for the licensing of a
high-level waste repository will be achieved. It is thus clear that the most crucial and
important application of performance assessment work still lies ahead, and that there
will be further advancement and refinement of the methods over the coming years.

3.6 THE REGULATORY ASPECTS OF PERFORMANCE ASSESSMENT

During final licensing, the results of performance assessment programmes will be
evaluated in terms of regulatory standards and criteria. The existing international
criteria for the radiological protection of individuals and populations form the basis for
the development of national long-term safety criteria for radioactive waste repositories
in practically all countries. It is not obvious, however, how compliance with basic
radiological protection criteria should be demonstrated for the long-term safety of
repositories. The potential impact of a repository may happen far in the future and be
dependent upon events that are not certain to occur. The probability in many of these
cases is difficult, if not impossible, to estimate with precision.

Some countries currently have detailed regulations in place for radioactive waste
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disposal. Others have only general regulations. However, basic radiological criteria for
waste disposal in terms of dose and risk targets do exist internationally. Work is
currently underway both at national and international levels to further develop the
criteria needed for the licensing of high-level waste repositories. Safety assessments
for licensing a repository will be closely scrutinised by regulatory authorities, the
scientific community, public interest groups, and, for certain aspects, the public.

3.7 OTHER ASPECTS OF PERFORMANCE ASSESSMENT

This report is largely concerned with the scientific task of long-term performance
assessment. However, inherent limitations in predicting the future lead to the need to
recognise non-technical aspects of the performance assessment challenge. Not only
will qualitative judgements by experts in relevant areas of natural science and
engineering need to be factored into judgements of future repository performance, but
socio-economic and socio-political factors are also important determinants of the
acceptability of a given disposal concept.

Continuing dialogue between specialists and generalists is essential to ensure that
policy decisions are made that are both politically and socially acceptable, yet
consistent with the existing state of technical knowledge. Aithough the assessment of
the long-term performance of radioactive waste disposal systems is highly technical,
the assessments and their conclusions must be clearly expressed in order to make a
contribution. Improvements in the communication of risk information are required to
narrow the existing gap between public, political, and scientific perception of these
issues. Greater understanding will benefit both the public and the involved technical
community.
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4. PERFORMANCE ASSESSMENT TOOLS

This chapter discusses the analytical and methodological tools used to conduct

safety assessments. These tools are used to understand disposal system behaviour
and to assess the effects and processes that might affect the system during its service
life. Although it is not necessary, or possible, to predict future behaviour in every
detail, there is a need to understand enough to be assured that the risk of harmful
releases of radionuclides to the environment is acceptably low. This understanding
and its communication to regulatory authorities and the public is one of the major
objectives in a nuclear waste disposal programme.

4.1 PERFORMANCE ASSESSMENT - STRUCTURE AND REQUIREMENTS

Performance assessments need to be structured and well organised. This

requires the use and integration of data and mathematical models, a consideration of
the effect of possible future external events, and a quality assurance process to ensure
the comprehensiveness and traceability of the whole procedure.

Data and Mathematical Models Provide the Basis for Conducting Safety
Assessments

A large amount of information is necessary for the design and assessment of a

disposal system. Data must be gathered on the repository layout, the waste
composition, the materials used to construct the engineered barriers, and the site
characteristics. The proper collection and analysis of this information is important to
both the design and assessment of a safe system.

Data is collected and interpreted according to appropriate scientific and

engineering procedures and principles. These data sets and interpretations are then
used to create mathematical models, which identify and describe the processes
affecting the repository. Mathematical models are useful because they can help the
safety assessor quantify change over the lifetime of a repository system. For example,
they can be used to predict the gradual degradation or corrosion of a waste container.
This information can then be used to estimate the time it takes for the container to fail
and allow the waste form to interact with its immediate environment.

The safety analysis of a repository requires a scientific understanding of each part
of the system. This includes a variety of aspects:

the physical and chemical properties of the waste materials and containers (the
source);

31




oy

e

- the chemical and physical interactions and transport phenomena within the
repository (the near-field);

- the chemical interactions and transport phenomena in the geological formation
surrounding the repository (the far-field); and

- the effects of dispersion and/or reconcentration of any releases to the biosphere.

41.2 Mathematical Models of Subsystems are Integrated in the
Performance Assessment Process

The performance of a waste disposal system is determined by the integrated
behaviour of many interdependent subsystems. Each of these subsystems can, to
some extent, be analysed separately as discrete parts of the total system. However,
the ultimate goal is an integrated analysis that can quantify the performance of a
repository in terms of radiological safety. A flow chart of the parts of this integrated
analysis is shown in Figure 9.

Mathematical models can be used to understand and predict the relationships that
exist between barrier systems. For example, groundwater from the geosphere will
interact with the engineered barriers, and the heat produced by waste may influence
groundwater flow, chemistry, and the mechanical properties of the geosphere.
Knowledge of these and other interactions are important for an adequate
understanding of the repository system. Although these relationships provide a
challenge to the safety assessor, information can be gained through research, data
collection, and the use of mathematical models. See Figure 10.
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Figure 9: To understand the long-term safety of a waste isolation system, a detailed assessment of its
component parts is necessary. The engineered near-field and the geosphere provide isolation of the
radioactive substances. Any releases to the biosphere may be dispersed or diluted in the ecosystem before
possibly reaching humans.

SAFETY ASSESSMENT
. . Model Consequence Safety
Scenario Analysis ) » ) o
Representation Analysis Criteria
A r S A
Geology I Repository | Waste Processes I
Natural . Radiological Human
X Biosphere ! .
Evidence Protection Behaviour

Figure 10: Integrated safely assessments of a disposal system are based upon extensive and systematic
use of information from many scientific and technical areas.

4.1.3 The Effect of External Factors is Considered in the Performance
Assessment Process

A performance assessment must also consider external factors that can affect the
future of the repository environment. Climate changes, geological events, and human
intrusion all have the potential for site impact. The different combinations of these
possible future events are referred to as scenarios and their influence on disposal
system performance is considered in an integrated performance assessment.

4.1.4 Quality is Vital to Performance Assessment Results and Acceptance

The quality of a performance assessment is critical to both the results and their
acceptance. An assessment that is of high quality will generate confidence in technical
reviewers and can expect a more favourable reception from the public. The quality of
a total system performance assessment can be ensured by meeting the following
conditions:

- all factors that could initiate the release of radionuclides from the waste, cause
their transport through the geosphere and biosphere to humans, or influence
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release and transport rates, are identified;

- scenarios covering the critical combinations of the important features, events, and
processes have been systematically selected for detailed assessment in
characterising disposal system performance;

- the conceptual models, mathematical models, and corresponding computer codes
give a correct description of the processes and their interactions at the level of
detail needed for the particular safety assessment;

- the input data used adequately represent the range of actual site conditions and
the repository design;

- the calculation of the consequences of each scenario and the estimate (if
required) of the probability of occurrence are made sufficiently accurately; and

- the interpretation of the results, including estimates and integration of the
uncertainties in scenario identification, models, and data, are defensibly made in
accordance with appropriate scientific principles.

The emphasis on each of the elements varies according to the purpose of the
assessment and the level of understanding required. For preliminary assessments
designed to screen sites and analyse engineering options, it may be sufficient and
appropriate to consider only the most likely radionuclide release and transport
scenarios. In this case the probabilities and uncertainties would be considered
primarily qualitatively. A full system assessment designed to provide input for final
decisions on disposal sites and repository design would generally require as
comprehensive and quantitative a treatment as possible.

Before accepting the calculated repository safety, the safety assessor must
evaluate the uncertainties in the available data and their effect on assessment resuits.
Reviewers must be able to assess and compare repository safety to specific goals or
acceptance criteria. For the public to have confidence in the acceptance criteria, it
must be evident that the criteria address factors that are relevant measures of potential
detriment due to the repository.

4.2 SCENARIO DEVELOPMENT - EXAMINING THE FUTURE

Environmental changes will occur during the expected lifetime of radioactive
waste disposal systems. These changes will result from natural processes and
possibly through human action. Since what will happen in the future cannot be
guaranteed, there is a need to account for the uncertainties. Scenario develoment, the
identification and description of alternative futures that have to be assessed, is the
most commonly used technique for this purpose.

4.2.1 Scenario Development is the First Step in Performance Assessment

Scenario development is a procedure to identify the features, events, and
processes that require treatment by modelling and consequence calculations. Human
imagination and scientific judgement, coupled with knowledge of natural systems and
engineered barriers, form the basis of scenario development. Over the last few years,
scenario development methods have been substantially improved by using clear and
systematic approaches. Approaches to scenario development have been discussed
within an NEA Working Group and some general considerations are listed in Box 3.

Box 3. Extract from the NEA Working Group report on the ldentification and Selection of
Scenarios for Performance Assessment of Nuclear Waste Disposal.

In summary, the group considers that a scenario development procedure should:
1) take a broad perspective;

2) provide a logical and consistent framework which can encompass alternative
methodologies, models, and regulations;

3) - document the reasons for analysing some scenarios in detail and rejecting others, inan
understandable and traceable way;

4) allow the judgement and reasoning power of experts and generalists to be integrated
with more quantitaxive consnderatuons.

i 8) Involve people with a wide variety of expertise;

6) provide a systematic way of compllmg a oomprehenslve list of potentially important
events, features, and processes;

7) result in‘a manageable number of representative scenarios through a well-defined
screening procedure;

8) be a practical tool rather than just yan intellectual framework;
9)" be applweble to any type of waste repository or site;

10) - provide feedback to model development, research, - repository design. and site
investigation; ..

11) be of use to regulators and developers. and be communicable to decison makers and
the public
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Extensive lists of the phenomena to be considered in safety assessments have
been developed. These lists, generated through a number of safety studies, provide
an excellent foundation that can be modified as new phenomena of potential
importance are identified. An extract from such a list is given in Box 4. Methods for
constructing scenarios and system models will develop further with experience.

Scenario development is central to safety assessment for several reasons. First,
scenarios provide the context in which safety analyses are performed. That is, the
long-term safety of a repository cannot be analysed without considering future site
conditions. Second, scenarios influence model development and data collection
efforts.  Finally, scenarios provide an important area of communication between
repository developers, regulators, and others with an interest in repository safety.

4.2.2 Methods for Approaching Scenario Development

The scenario development methods that have been applied in safety
assessments can be discussed under four main classes: (1) judgemental, (2)
fault/event-tree analysis, (3) simulation, and (4) systematic.

In the judgemental method, the analyst supported by a group of experts examines
the phenomena that could potentially lead to the initiation of a release and defines the
conditions of possible release situations using informed judgement. The judgemental
method has been used in the majority of the safety assessments reported to date.

The fault/event-tree method is a technique of traditional risk analysis and is used
in reactor accident risk assessments. This method describes system behaviour as an
event or series of events leading to system failure. Application of the technique yields
a number of combinations of basic events whose occurrence causes system failure.
These combinations of events are then evaluated by various screening techniques to
determine the high risk scenarios. Although it has been used as an aid in analyses
finally reported under a judgemental format, or as an integral part of a scenario
development procedure, the application of the fault/event-tree analysis method to the
geological isolation problem has not often been reported in literature.

The simulation approach is an attempt to set up an overall system model that can
simulate the behaviour of the isolation system including the evolving environment with
time. This would, in principle, cover all the individual scenarios of the scenario
approach, and would incorporate everything needed for subsequent modelling and
consequence calculations. However, the simulation approach must start with a
systematic procedure for selection and combination of those phenomena that should
be considered. A full assessment application of this method has not yet been done,
but attempts at developing the method started several years ago in the United States.
The most recent developments have been made in the United Kingdom.
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Box 4. Thisis a'panial ilst ofthe fadors that are considered in scenario development. Many

.. of these, after Initial screening, will not be Included. in scenario. construction.
However, the remaining factors will be analysed further and eventually combined to

form the set of scenarios to be assessed In detail.

. NATURAL PHENOMENA
EXTRA-TERRESTRIAL
1 Meteorite impact

.2 Solar insolation

GEOLOGICAL

1 Plate Tectonics

.2.2 Changes in the Earth's
~ magnetic field

1.2.3 Magmatic activity

1.2.4 Metamorphic activity

1.2.5 Diagenesis

1.2.6 Uplift and subsidence

1.2.7 Diapirism

1.2.8 Seismicity

1.2.9 Fault activation

]

HYDROLOGICAL
River flow/lake level changes

Y
-

Site flooding

Recharge to groundwater
Groundwater discharge
Groundwater fiow
Groundwater conditions
Saline or freshwater intrusion
Effects at saline/fresh water
interface

1.5.8 Natural thermal effects

o
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~Noogs