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Abstract

After more than 25 years of development, the Swiss radioactive waste management programme has a well
established disposal strategy supported by an integrated R&D infrastructure. The process of implementation of
repository projects is constrained by political factors, but a dynamic R&D programme is strongly guided by
periodic integrated performance assessments and includes:

• Experimental studies in conventional and "hot" laboratories;

• Projects in underground test facilities and field test sites;

• Model development, verification and validation;

• Natural and archaeological analogue projects.

R&D in the Swiss national programme focuses in filling remaining gaps in system understanding,
enhancing confidence via validation and demonstration projects, system optimisation and maintaining state of the
art technical capacity in key areas. Increasingly, such work is carried out in collaboration with partner national
waste management organisations. In addition, The National Cooperative for the Disposal of Radioactive Waste
(Nagra) provides support services to developing programmes — which allows Nagra to widen its range of
experience while providing attractive access to a knowledge base accumulated at a cost of over 750 M CHF.

1. INTRODUCTION

Switzerland is a relatively small country with a high population density and a wide industrial base.
With a well developed economy, a secure energy supply is of considerable importance. But, as it is
poor in natural resources, Switzerland has to import about 80 % of its primary energy requirements,
predominantly in the form of fossil fuels. Electricity covers about 20 % of the energy demand; of this
about 40 % is supplied from nuclear power plants, with most of the rest being hydroelectricity.

In Switzerland, producers of radioactive waste are responsible for its safe management and disposal.
The electricity utility companies, which operate the nuclear power plants, and the Swiss Federal
Government, which is responsible for wastes arising in the fields of medicine, industry and research,
therefore set up Nagra — the National Cooperative for the Disposal of Radioactive Waste — in 1972.
Nagra is responsible for research and development work associated with realising the safe disposal of
all categories of radioactive waste.

The main source of radioactive wastes in Switzerland is nuclear power production. The first
commercial nuclear power plant went into operation in 1969 and Switzerland currently has 5 nuclear
power plants (pressurised water reactors and boiling water reactors) with a total capacity of around
3 GW(e). Most of the waste radionuclides produced during reactor operation are contained within the
fuel itself; this may be prepared for direct disposal or reprocessed to recover usable uranium and
plutonium, with the resulting wastes being solidified for subsequent disposal. To date, Swiss disposal
planning has focused on wastes returned from foreign reprocessing plants; currently, however, the
preferred strategy of the electricity supply utilities is to keep both options (reprocessing and direct
disposal) open. Additionally, it is currently assumed for dimensioning of repository projects that there



will be no expansion of the Swiss nuclear power programme and that the existing reactors will not be
replaced at the end of their planned operational lifetime (40 years). This scenario leads to very low
total volumes of high level waste — complete reprocessing would yield about 500 m5 total before
packaging, resulting from ~3000 tonnes of spent fuel.

A further important source of nuclear wastes is the diverse use of radionuclides in medicine, industry
and research (MIR wastes). Although the total radioactivity of such wastes is much less than that from
nuclear power production, they are by no means trivial in terms of quantity and may pose a particular
challenge due to their heterogeneity.

Wastes can be classified according to their radionuclide content, taking into account the type of
radiation that they emit and the half-lives of the constituent radionuclides. This leads to the general
terminology of low level waste (LLW), intermediate level waste (ILW) and high level waste (HLW).
In Switzerland, wastes are also classified according to their envisaged disposal route. Of the two
planned repositories, one is intended for short lived low and intermediate level wastes without
significant amounts of long lived radionuclides; the other is intended for high level waste and
intermediate level waste containing higher concentrations of long lived radionuclides, which is
broadly similar to the category of wastes often referred to as transuranic-containing waste (TRU) —
even though the transuranics may not be the only long lived nuclides in such waste. In this paper, the
abbreviation TRU is understood to signify long lived intermediate level waste. High level waste from
reprocessing is differentiated from spent fuel (SF) for direct disposal but they are grouped together in
the abbreviation HLW.

The precise cut-off in activity allowed in the L/ILW repository will be left open until safety criteria
are developed in the framework of licensing the repository at the proposed site at Wellenberg, in
central Switzerland.
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FIG. 1. Waste sources and disposal options.
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An overview of the sources of wastes in Switzerland and the disposal concepts considered is
presented in Fig. 1. Although the option of national disposal of HLW/TRU must be proven to be
feasible, alternative disposal of such waste as part of a multi-national programme is considered in
parallel and thus, for example, Nagra is a partner in the Pangea project (see Section 6.).

2. KEY ATTRIBUTES OF THE NAGRA R&D PROGRAMME

Although small in relative terms, the Nagra nuclear waste management programme has cost
~750 M CHF over the last 25 years or so. A major part of this expenditure was fieldwork associated
with repository site selection and characterisation, but a significant fraction supported an associated
R&D programme that included experimental studies in the laboratory and in-situ, modelling and
natural analogue projects. To maximise output from such studies, many have been organised as
international collaborations with sister organisations.

As it has matured, the R&D programme has become increasingly focused on filling remaining gaps in
the understanding of key processes, confidence building via demonstration and validation projects [1,
2, 3, 4] and fundamental studies which represent the state of the art in a limited number of specific
technical areas.

The identification of key processes is facilitated by a series of integrated performance assessments for
the two repository types, which have served to examine the sensitivity of total system performance to
the uncertainties in particular processes and parameters. Although mainly driven by milestones in
phased programmes leading to siting and licensing of the repositories, such performance assessments
have played an important role in setting R&D priorities in the Swiss programme. They have clearly
identified not only areas which are safety-relevant and where fundamental improvement of
understanding is required (e.g. colloid transport, development of a hyperalkaline plume) but also those
where understanding is sufficient and further work is not needed (e.g. short term corrosion of
borosilicate glass, illitisation of compacted bentonite).

Priorities may also be altered by pragmatic changes. The decision to change from a policy of
reprocessing has resulted in a major effort to study direct disposal of spent fuel. The move towards
higher fuel burnups and the utilisation of MOX has, in turn, required special studies focused on
disposal of these particular fuel types - which have been relatively little studied compared to lower
burnup UO2.

3. AN EXAMPLE OF INTEGRATED STUDIES: THE HYPERALKALINE PLUME EFFECT

Generally, the technical areas which, after 25 years of research, require further attention tend to be
those which are particularly difficult to study experimentally and/or to model quantitatively. A good
example is the influence of hyperalkaline fluid/rock interactions for repositories containing large
quantities of cementitious material (Figure 2). The problems involved include evaluation of a spatially
and temporally variable hyperalkaline source chemistry, heterogeneity and temporal evolution of flow
systems in the surrounding rock and the particular problem of evaluating processes occurring at sharp
reaction fronts. Experimentally, reducing / hyperalkaline systems are difficult to study in the
laboratory and slow processes are difficult to quantify in either the laboratory or the field.

In order to approach this particular problem, a multi-facetted programme has been developed which
includes laboratory studies, experiments in-situ in underground test sites, natural and archaeological
analogue studies and model development. Laboratory experiments on Swiss-specific cementitious
material leaching [5] carried out at the Paul Scherrer Institute (PSI) and the interaction of potential
Swiss host rocks with such leachates is studied at both PSI and the Water-Rock Interaction Group
(GGWW) at the University of Berne [6]. Such work is complemented by more generic studies which
are run as multi-national collaborations - e.g. the study of alteration of specific minerals by
hyperalkaline fluids carried out by the British Geological Survey (BGS) in a project co-funded by



Nagra, Nirex (UK) and SKB (Sweden). Direct in-situ studies of rock alteration by hyperalkaline water
are being carried out in 2 underground test sites in Switzerland, at Grimsel (in crystalline rock) and
Mont Terri (in the sedimentary Opalinus Clay). Both of these experiments are run as multi-national
collaborations involving co-funding by, and active participation of staff from, organisations in several
national programmes.

In order to establish an understanding of longer term interactions, a series of studies of archaeological
cement/concrete structures in relevant geological environments has been carried out by both Nagra
and partner organisations [7]. These studies involve relatively well characterised systems which are
several decades to a couple of hundred years old, complemented by older systems (up to about
2000 years old — e.g. Roman concrete) where, in general, the boundary conditions are less well
specified. In general, there is very good interaction and data exchange between the research groups
involved in such work — either through bilateral collaboration agreements or the ad hoc Natural
Analogue Working Group (NAWG).

For longer timescales, exotic geological environments have been identified where interaction of
naturally occurring high pH fluids with rocks have taken place over tens or hundreds of thousands of
years. Maqarin in Jordan is a particularly close analogue of the planned Swiss L/ILW repository
(Figure 2) and the study of this site is now moving into a 4th phase of work, co-funded by Nagra,
UK Nirex Ltd., SKB of Sweden and Obayashi from Japan [8, 9].

Specific models to simulate the evolution of hyperalkaline leachate and its transport through, and
reaction with, surrounding rock have been developed at PSI and the University of Berne [10, 11]. An
additional model has been developed in collaboration with Japan Nuclear Cycle Development
Institute (JNC) of Japan [12], which additionally provides a link to experimental programmes in Japan
carried out in the ENTRY facility. The application of these models in the experiments and analogue
studies listed above allows their calibration and, in some cases, verification (by comparison with the
output from models developed by independent partner groups) and validation (in special blind
modelling tests).

4. AN EXAMPLE OF DEMONSTRATION AND VALIDATION: FEBEX

Even in areas where fundamental process understanding is reasonably good, the special requirement
of achieving public confidence in, and acceptance of, repository projects may require special studies
focused on "Demonstration and Validation". Although the main justification for such work may be to
enhance public understanding and confidene ("technical PR"), it can also be focused to provide useful
input for system optimisation — both with regard to transparency of the safety case and to more
pragmatic factors such as practicality of implementation, ease of quality assurance and cost. A good
example here would be the Full-scale Engineered Barrier Experiment (FEBEX) project carried out at
Grimsel under the leadership of ENRESA of Spain and with extensive international participation
(Figure 3).

In FEBEX, the practicality of implementing a disposal concept for spent fuel in a crystalline host rock
was demonstrated on a 1:1 scale in a specially constructed tunnel [13]. After emplacement of the
engineered barrier system (EBS), in which heaters simulate the waste packages, the slow evolution of
temperature, water content, gas, mechanical properties and geochemistry of the system is monitored.
The monitoring data are then used to test coupled models of thermo-hydro-mechanical (TEDVI) and
thermo-hydro-geochemical (THG) processes.



A) Maqarrn

pH .''.Li A - in hit ration & sAaufae»
ot anxindwatw

B - interaction of pQundwatw with
censnt minerals

Cenent zone .••~\ r^ ~ interaction betwesi cement
,.--. L B ; I e az h a t » and rock

• * . / ^ * • - •

^ — " " " " '

\̂j p H ' 2 . 9 - ' 2 . ;

hiah-perneabilitv1 ^-^ Kivsr
rocks pH J2.;1- '2.h sQ.j Yarnouk

'hnh-pH plune1

Reposttoiy
A - host
B - interaction of p'oundwater with

.•^V\ canent mherais
\.^ p|-| y r- " interaction between

leachates and rock

repository 'hiah-pH plune'

, C 1 biosphere

I ow-p erne ability
host rock

FIG 2. The basis for the analogy at the Maqarin, Northern Jordan, natural analogue site.
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FIG 3. Demonstration test of the HLW concept
(upper part: Spanish reference concept; lower part: 1:1 test at the GTS).

Later stages of this project will provide practical input on sensor longevity and system
decommissioning — relevant for the currently topical themes of monitoring and retrievability.

Although FEBEX demonstrates the basic feasibility of the original "1s t generation concept", the
particular problems encountered provide valuable input for studies of design optimisation which could
lead to "2nd generation concepts" which provide equivalent or better safety levels but are more
practical and less expensive [14].

5. STATE OF TFIE ART R&D

The third main category of R&D projects includes those that maintain state of the art knowledge in
key areas. For the small Swiss programme, it is clearly impossible to be at the front in all relevant
areas, but being an acknowledged international centre of excellence in a few relevant areas is
considered essential both to establish international credibility (important for national confidence
building) and to serve as a contribution for information exchange with partner organisations.

An example in this last category would be studies of the details of sorption processes of radionuclides
during transport through the far field. Even though there is international consensus that a very simple,
empirical representation of such sorption (the Kd model) is appropriate and can be applied in a
conservative manner, more fundamental studies of the mechanisms of sorption processes and the
micro-scale structure of flow paths through rocks are supported by Nagra. Although the results of
such work are, at present, too complex to be directly represented in performance assessment models,
they serve to illustrate a basic understanding of the process covered by the "lumped parameter" Kd
[15] and the simple parallel plate or flow tube transport models [16].



6. EXTERNAL SUPPORT SERVICES

Despite its small size, the Nagra programme has been one of the most diverse in the world in terms of
both waste considered (vitrified HLW, spent fuel low and high burnup UO2 and MOX, reactor
L/ILW and L/ILW arising from medicine, industry and research) and host rock (crystalline and
sediments for HLW and TRU; crystalline, sediments and evaporites for L/ILW — the latter being
incidentally distributed between three linguistic (Italian, German and French) regions of Switzerland).
Nagra is also a small organisation which depends on a closely coordinated group of highly
experienced, multi-disciplinary (and multi-national) project managers. As time pressure decreases in
Swiss national projects, Nagra teams have been increasingly sought after to provide support to other
national programmes. Such external service work is considered to be very valuable to both sides —
extending the breadth of expertise of Nagra teams while allowing partners very cost-effective access
to Nagra's resources of experience, tools and data. The latter point is particularly important to less
mature programmes, as it allows them to avoid "reinventing the wheel" (or, even worse, repeating the
mistakes of others) and, through a structured programme of information and technology transfer,
rapidly move up to the present state of the art.

The extent of such service work has increased considerably over the last 3 years and includes review
of national waste management programmes, running of training courses, provision and support of
models and databases, experimental studies making use of special laboratory or underground test site
infrastructure, waste inventory development, repository design and planning / interpretation of site
characterisation activities. General earth science expertise (integrated geology / geophysics /
hydrogeology / geochemistry) has also been applied to conventional tunnelling projects and disposal
of other types of waste. To date, support work has been predominantly for organisations in the Far
East (especially Japan) but a wide range of services have also been provided to organisations in
Europe, the USA and Australia.

The last example, supporting the Pangea project in Australia, is particularly interesting. Although still
in the concept development phase, this project is investigating options to site a repository for multi-
national radioactive waste in Australia [17, 18]. Nagra participates in this project both as a founding
partner and as a service provider. In the latter role, particular responsibilities include repository
design, review of site selection and characterisation work and performance assessment. The
characteristics of an extremely large repository in a dry, flat, tectonically stable, simple geological
environment contrast considerably with conditions in Switzerland. Nevertheless, the tools and
experience developed to demonstrate that a Swiss repository is feasible have been readily applicable
to support the Pangea concept.

7. SUMMARY AND CONCLUSIONS

This paper has overviewed the status of the Nagra R&D programme. Even after 25 years, challenging
study topics remain but these tend to focus on restricted areas which are addressed by integrated
laboratory, field and modelling studies involving long term, multi-disciplinary, international
collaborative projects. Decreasing time pressure in the Swiss programme allows extended capacity for
support services and know-how transfer to other developing national programmes.
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