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ABSTRACT

The role of safety analysis in a confirmation procedure of a
candidate disposal site of radioactive wastes is discussed.
Items dealt with include principle reasons and practical goals of
the use of safety analysis, methodology of safety analysis and
assessment, as well as usefulness and adequacy of the present
safety analysis.

Safety analysis is a tool, which enables one to estimate
quantitatively the possible radiological impacts from the
disposal. The results can be compared with the criteria and the
suitability conclusions drawn. Because of its systems analytical
nature safety analysis is an effective method to reveal, what are
the most important factors of the disposal system and the most
critical site characteristics inside the lumped parameters often
provided by the experimental site investigation methods.
Furthermore it gives information on the accuracy needs of
different site properties. This can be utilized to judge whether
the quality and quantity of the measurements for the
characterization are sufficient as well as to guide the further
site investigations.

A more practical discussion regarding the applicability of the
use of safety analysis is presented by an example concerning the
assessment of a Finnish candidate site for low» and
intermediate-level radioactive waste repository.
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1. INTRODUCTION

The stages in the development of the repository range from the
initial decision to pursue disposal in geological formations,
through site selection, design, construction and operation onward
to shut-down and sealing.

A very essential stage in the development process is site
confirmation /I,2/. There are not yet any established rules what
the site confirmation procedure should include and hew it should
be placed in time compared with the design and construction
phases of the repository. However, the procedure normally
consists of assessing and determining the suitability of the site
as well as the adequacy of the investigations carried out and the
data obtained. It may also include the granting of the licence to
allow the applicant to proceed with the plans, especially in case
of hihg-level wastes. The main result in every case is,
independent of éne form of the suitability statement, whether the
disposal system development work can be continued and what is the
possible completing information called for. Until the
confirmation procedure is not yet finished more detailed
performance targets for the subsystems and the components can be
formulated to focus the further research and development work.

In the site confirmation phase the assessment of the suitability
is carried out mainly from the point of view of radiation safety.
Other criteria, such as socio-economical effects, transportation
connections, land ownership questions etc, should be considered
in the earlier site selection phases. The suitability assessment
based on the radiation protection criteria, called safety
assessment, can be performed in the most appropriate way by the
use of safety analysis /2,3/.

The content of the safety analysis naturally depends on the
overall waste disposal system which includes the wastes, the
repository, the geological setting and the local and regional
biosphere. This paper will concentrate to a system comprising
packaged wastes from BWR plant operation and a coastal repository
planned to be constructed at a moderate depth under groundwater
table in hard crystalline rock.

2. OBJECTIVES

Safety analysis is a tool, which enables one to estimate
quantitatively the possible radiological impacts from the
disposal of radioactive wastes. In safety assessment phase the
results of the safety analysis are compared with the radiation
protection criteria and the suitability conclusions are drawn.

The criteria to be used in safety assessment are unfortunately
not established. A process to define acceptable criteria is going
on in many countries as well as under the umbrellas of
international organizations like ICRP



- 3 -

(International Ccmnission on Radiological Protection), OECD/NEA
(Nuclear Energy Agency of OECD) and IAEA (International Atome
Energy Agency). Lately the applicability of the dose limitation
system was discussed in the symposium organized by the ICRP,
OECD/NEA and IAEA together /4/.

Basic radiation protection recomnendations have been presented by
the ICRP and can be statad as follows /5/:

- Justification - No practice resulting in human exposure to
radiation should be authorized unless its introduction
produces a positive net benefit.

- Optimization - All exposures should be kept 'as lew as
reasonably achievable', economic and social factors being
taken into account.

- Individual 'dose limitation - ttie dose equivalent to
individuals from all practices (except those specifically
excluded) should be less than the appropriate dose limits.

Hie justification principle is not applicable to waste disposal
since the production of radioactive wastes is an unavoidable
consequence of the generation of nuclear power and can therefore
only be justified within the scope of an overall cost-benefit
justification of the complete nuclear fuel cycle. The
optimization principle implies that the detriment from a practice
should be reduced by protective measures to a value such that
further reductions are not worthwhile in comparison with the
efforts required to accomplish them. In the application of the
optimization principle there are severe difficulties /6/. The
individual dose limitation principle is the easiest to be
employed, but the authorized criteria are still lacking. The
trend, which seems to find wide acceptance, is to apply rather
risk measures than deterministic dose limits.

In case that there are also other than radiation protection
criteria for site assessment, such as performance targets for
subsystems or components, a more generic assessment is to be
employed, viz performance evaluation. The essential difference
between safety and performance assessment is the quality of the
criteria, in principle the two methodologies are identical. In
performance assessment the criteria may be safety measure (dose,
risk) but also some derived quantity for a subsystem or
component, like container life time, fractional release rate of
radionuclides, groundwater travel time, radionuclides migration
time, etc. For the moment there are not any authorized
performance targets in most countries, neither in Finland.

Because of its systems analytical nature safety analysis is an
effective method to reveal, what are the most important factors
of the disposal system and the most critical site
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characteristics inside the lumped parameters often provided by
the experimental site investigation methods. Furthermore it gives
information on the accuracy needs of different site properties.
This can be utilized to judge whether the quality and quantity of
the measurements for the site characterization are sufficient as
well as to guide the further site investigations. The highly
iterative nature of the use of the safety analysis and assessment
in the waste disposal system development is illustrated in the
Pig. 1.

3. PRINCIPLES OF SAFEflY ANALYSIS

For waste disposal system there are two general types of safety
evaluations: one is concerned with operational safety and the
other is concerned with long-terra safety after disposal
operations have ceased and the repository is sealed.

The operational phase covers the time of waste emplacement and
shutdown and sealing of a repository. During this time
occupational exposures with possible public exposures occur from
direct irradiation during handling and transportation and
possibly from effluent releases. Attention should also be devoted
to potential accidents following equipment failures or human
errors. Thus, safety analysis for the operational phase of a
repository is similar to that for operation of other types of
nuclear installations. Consideration must also be given to
conventional safety requirements during the construction and
operational phases. It has to be demonstrated that the
construction and operation of a repository can be performed in
accordance with the relevant safety rules. However, these aspects
are not discussed further herein.

The evaluation of long-term safety involves analyses covering the
post-sealing phase. The nain objective is the prediction of
radiation doses to the general public from natural, human, and
waste- and repository-caused processes both in normal and in
abnormal situations, with considerations extending far in the
future. This paper will concentrate on the long-term safety
evaluation.

The first phase in safety analysis is identification of relevant
exposure.scenarios : hew the radionuclides can reach the biosphere
and the man taking into account the prevailing conditions at the
site as well as anticipated alterations in the future, due to
either natural geological processes or man/repository induced
effects. In the second phase the behaviour of the relevant
components and subsystems along the release and exposure pathways
are estimated. Finally the distribution of the radionuclides in
space and time as well as the associated radiation doses are
calculated. The probability of the exposure scenario should be
estimated in order to give a proper weighting to the scenario in
the overall assessment of the results.
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4. A CASE STUDY

In Finland commercial nuclear pqwer reactors have been running
since 1977. A time schedule having a governmental decision for
the nuclear waste management implies that the waste producer
should present a plan for the disposal of low-and intermediate-
level wastes* from reactor operation by the end of 1986 and, if
necessary, be able to start operation of the repository by the
end of the year 1992.

The preceeding milestone in this process was the end of 1982,
when the waste producers presented preliminary plans of the
disposal. These plans included specific waste packages,
alternative repository designs and specific sites where site
investigations had been carried out. Stannaries of Finnish plans
are presented in /7/ and in the site reports /8,9/, and more
details of the site investigations in paper /10/.

The plans presented in 1982 included technical, economical and
safety evaluations. They were examined by the appropriate Finnish
regulatory body (Institute of Radiation Protection) and the final
decision were made by the government in co-operation with the
Ministry of Trade and Industry. In the examination process the
regulatory body utilized the scientific know-how existing in
research institutes and in universities. The primary analysis»
which was performed for the applicant of the site discussed in
this paper, as well as the complementary safety analyses, which
were performed for the authorities, were carried out by the VTT
(Technical Research Centre of Finland).

4.1 Primary analysis and assessment

The analyzed disposal systems were multiple barrier systems
comprising waste package, repository and the geosphere of the
disposal site.

Waste packages

A waste package is composed of waste form and surrounding
container. The waste types analyzed included low-level and
intermediate-level wastes fran BWR plant operation. The waste
types were bituminized ion-exchange resins and compacted dry
wastes (Wl) and activated metal components from the inside of the
pressure vessels (W2). The wastes were assumed to be closed
inside light containers without any considerable expected service
life time after the closure of the repository. Information
regarding waste types and their treatment is given in [7,8]. The
activities and other details of the waste package properties are
presented in [8,11 ].

Repositories

A repository comprises the underground spaces for the waste
packages, their structure and materials. The repository was
assumed to be situated in hard bedrock at sea coast under the
groundwater table. The repository was assumed to be
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constructed at a depth of about 100 m and to comprise cavities
with different shape and engineering construction, Fig. 2.

The vaste type Wl was assumed to be emplaced in a silo which had
four alternative designs:

- Basic repository (B), with concrete backfill
- Ntoderate repository (M), with porous backfill
- Advanced repository (A), composed of cells with concrete
walls and with internal as well as external quartz-bentonite
backfill

- Simple repository (s), without any backfilling material.

The waste type W2 was assumed to be emplaced in a tunnel composed
of cells with concrete walls and with internal as well as
external quartz-bentonite backfill. The detailed information is
presented in [8,11J.

Site

The candidate site is a cape in an island separated by a small
strait from the mainland, Fig. 3. The island lies at an area of
slow uplift in the Gulf of Botnia, which is gulf of the Baltic
Sea. The properties of the site and the bedrock, consisting
mainly of micagneiss with tonalité intrusions, have been studied
by field and laboratory investigations [l,8].

Methodology

Radiological impact was studied employing the results of the
safety analyses which included several deterministic scenarios
with different properties of repository, geosphere and biosphere
pathways.

In case of hard crystalline rock repository, which is located at
an appropriate depth, the radionuclides can reach the biosphere
only via dissolution and transport along with groundwater. The
safety analysis of such a site consists of the analyses of the
following items (Fig. 4):

- rock stability and fracture system behaviour,
- groundwater movements including main pathways, travel times
and distribution of flows in space,

- the radionuclide releases out of the repository into the
surrounding rock,

- the radionuclide migration in the rock,
- the radionuclide behaviour in the biosphere and
- the doses via different exposure pathways.

The results of the first four items are affected by several
different characteristics of the rock and its groundwater. The
suitability of the site is thus dependent of their effects
together,._not-on any-single property. Safety analysis can,
however, point out the effect of separate site
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characteristics and reveal possible weak points of the disposal
system.

Model system

The safety analyses were performed using a model system
consisting of nodules for radionuclide release from the
repository, groundwater flow, radionuclide migration in bedrock
and in biosphere, and dose assessment. The model system and the
main computer codes are illustrated in Fig. 5.

In the repository analysis the behaviour of the near-field
components (waste package, backfill, ground water, surrounding
rock) are calculated. The phenomena taken into account and the
codes used depend on the waste and repository type.

In the geosphere analysis the far-field phenomena are analyzed.
The groundwater 'flow pattern is determined and the important flow
lines are chosen. The migration analysis of the radionuclides is
performed employing the release rates from the repository and the
groundwater flow lines. The code utilized depends on the waste
type and the rock characteristics.

In the biosphere analysis the time-dependent concentrations of
the radionuclides in different compartments as well as doses and
health effects are estimated in two parts. The first part is a
compartment model, which is used to estimate the time-dependent
transport and dispersion of radionuclides in the biosphere. The
second part consists of an exposure model, which is used for the
description of the dose pathways. In the exposure model
bioaccumulation and doses are computed using concentration
factors and dose factors.

Scenarios

The uncertainties connected to the input data and partly to the
long time spans were taken into account by analyzing different
scenarios. The final scenarios of the disposal system comprised
relevant combinations of different repository, geosphere and
biosphere subscenarios.

When the safety analysis was carried out in successive stages,
the following amount of subscenarios were calculated:

- fluxes in repositories and groundwater
flow times:
release rates of radionuclides
out of repositories:
discharge rates of radionuclides
to biosphere:

7 scenarios

23 scenarios

12 scenarios
- radiation doses via different pathways: 7 scenarios

The most.illustrative final scenarios are presented JJI Table I. A
more comprehensive presentation of the analyzed scenarios is in
the reference [llj.
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Radiation doses

The dose rates of an individual belonging to a critical group in
agreement with the calculation scenarios are presented in Fig. 6
and Fig. 7. The accumulation of the dose cormiitinents of the
population around the Baltic Sea are presentated in Fig. 8.

Safety assessment

The most appropriate quantity for safety assessment is individual
dose rate, and specially dose rates belonging to a scenario with
high probability. Very rare, "abnormal" scenario has low
probability, which reduces the weight of the case. Furthermore,
the low probabilities are rather poorly known, which weakens
their usefulness.

The results of tha safety analysis indicate that the disposal
system including' the site could be acceptable from the point of
view of individual dose rate, if the parameter values employed
are reliable (Fig. 6, scenarios W1M, Wig, Wl., W2^). The dose
rate estimates are several orders of magnitude beïcw the level of
natural background regardless of the repository design. However,
if the migration time of certain nuclides (Cs-137, Co-60) would
be remarkably shorter, the dose rates could be essentially higher
depending on the repository design, too (Fig. 6, scenarios Wig,
W1 A (den».)). This implies that, either the characteristics of the
site which determine the groundwater flow and the radioriuclide
retardation should be known better, or the repository design
should be developed.

The results also reveal a need to develope the acceptability
criteria. The dose rate estimates through well pathways are not
lew. If the probabilities of the scenarios are not taken into
account and the repository design is not very advanced, the site
characteristics would not be acceptable (Fig. 7, scenarios W1M,
W^S' W^B' ̂ A (aaro*))' Migration times of certain nuclides (Cs-
137, Sr-90, C-14) are too short from the point of view of
effective decay.

However, the calculated maximum doses occur in most cases quite
early after the closure of the repository, as indicated by Fig.
7. When the unexpected scenarios Wl g and Wl (dam.) are excluded,
the total dose rate estimates are less than lO~3 Sv/a after about
100 years, and after 250 years all the other scenarios except W2-
cause less than 10"** Sv/a. It can be expected that the
probability of drilling a well (Pw) during the first 100 years,
perhaps 200 years, is considerably less than 1. If the
probability Pw<< 1 is applied, the incentives for better site
characteristics would be much lower.

Dose commitments can in principle be utilized for optimization
purposes. In addition they can be used to complete the
information basis.for safety acceptability assessment.
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The results of the safety analysis indicate that the dose
commitments are very low (Fig. 8), and the differences between a
partial (integration time e.g. 500 a) and total dose commitments
are very small, Table II.

Ratios of the collective doses due to the repositories and due to
the natural background radiation are presented in Fig. 9. The
radiation burden due to nuclear waste disposal is insignificant
when compared to the natural radiation. The late health effect
risks due to the basic scenario and due to the natural background
radiation are compared in Table III. The late health effect risk
is based on the risk factor 2»10~2 Sv [5,12], which includes the
risk of lethal cancer and serious hereditary effects in all
future generations of descendants. The risks both to the
individuals and to the population due to the nuclear waste
disposal are very low.

4.2 Complementary analyses

To make a more reliable safety assessment more detailed
sensitivity analyses were carried out /13,14/. The effect of the
following site characteristics were analyzed: hydraulic
conductivity, retardation (distribution coefficient) and
dispersion length. In addition the influence of the design of the
repository was analyzed rather comprehensively.

The complementary analyses confirmed the conclusion of the
primary analysis:

- The dose rates can be reduced effectively to acceptable
levels by the repository design alone.

- If the performance of the repository is poorer than
anticipated, the hydraulic and geochemical site
characteristics should be known better.

4.3 Conclusions

The analyses were utilized both by the VTT and by the Institute
of Radiation Protection, when they gave their concluding
statements regarding the waste management plans presented by the
waste producers.

In its statement VTT concluded that in principle the disposal
concept can be regarded appropriate and to possess high radiation
safety characteristics. When the plan was assessed as a system
specific plan to make decision whether further investigations or
completing data are required, VTT regarded the plan to a certain
extent as inadequate. The requirements for more precise site
characterization were called for the following properties:

- retardation characteristics, specially for Cs and Sr

- chemical properties of groundwater (primarily Eh, pH, O2)
- hydraulic conductivities, hydraulic heads
- more precise fracture pattern, specially hydraulic
connections
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- rock type boundaries
- anticipated host rock block of the repository.

In addition requirements for development of the repository design
were presented. The appropriate regulatory body, the Institute of
Radiation Protection, came to similar conclusions.

5. aaïCLUDING DISCUSSION

Experiences gained from the application of safety analysis to
site confirmation procedure in Finland demostrated clearly the
usefulness of the method. In the circumstances when there do not
exist derived performane criteria for the subsystems or
components of the disposal system, and the most important
acceptability measure is radiological impact, the only
appropriate method for scientific decision making is safety
analysis and assessment. The acceptability conclusions cannot be
done basing on e.g. gebhydrological or geochemical or
geotedhnical knowledge alone without performing quantitative
analysis of the possible radiological iitpacts.

The adequacy of the present safety analysis methods is sufficient
as regards concept feasibility assessment and preliminary site
confirmation. As far as the final confirmation is concerned some
development needs can be seen: more realistic groundwater flow
models to take into account fracture pattern and its unisotropic
characteristics, more realistic and flexible migration models to
take into account different physico-chemical phenomena along
heterogeneous flow paths in the rock, more realistic repository
release models to take into account interactions between the
near-field components, more realistic model for radionuclide
concentrations in a bore hole well. Furthermore development work
should be done to improve the methods to performe uncertainty
evaluation and to present the results.

Safety assessment has revealed clearly the need for the
acceptability criteria. Ihe applicability of the present basic
recommendations of the ICRP is insufficient. Ihe most urgent need
concerns probabilistic dose limitation criteria.

Safety analysis - and more generally performance analysis - is a
useful tool to direct the investigations. The more specific the
disposal system becomes during the development procedure, the
more useful and the more specific answers can be received from an
appropriate quantitative analysis.
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Table I. The selected safety analysis scenarios referred to in this study.

Waste
type

Solified
ii

H

H

H

Metal waste

code

Wl
»
H

M

»

W2

Repository
design

Basic (silo)
Advanced (silo)
Advanced (silo)
Moderate (silo)
Simple (silo)
Advanced (tunnel)

conditions

Intact
••

Damaged
Intact

11

H

Geosphere
conditions

Expected
II

Scenario
this study

Wlo
Wl?

No retardation Vfl.2(dam<)
Expected W1M
No retardation Wl'Q'
Expected W2A

code
/ll/

B4
B5
B6
Bl
B3*
B7

•Modified

Table II. Integrated collective doses due to disposal of reactor wastes.

Scenario

wiB

W1A

wis

Scale

Regional
Global

Regional
Global

Regional
Global

Collective dose
during the most
exposed 500 a

(manSv)

1.0«10-l

5.3 M.0-d

1.6'10-2

1.3 -10-2

2.0 «10l

5.4 «10-2

Time of the
maximum dose
rate
(a after closure)

20
60

500
2700

30
60

Collective dose
during 0-108

years
(manSv)

1.3 «HT 1

1.2-KT1

6.5-lO"2

1.5 «lO""1

2.4O.01

3.9«10"1

Table III. Health effect risks due to disposal of reactor wastes in basic scenario
and due to natural background radiation.

Source of
exposure

W1 B scenario

Background*
radiation

Probability of individual
detrimental health effects
during the year of highest
exposure

Local

4-10-9 (sea)

4»10~5

Number of health effect cases
during the 500 years of
highest exposure

Regional Global

2«10-3 l'lO"1*

4»105 2»107

•Average individual dose rate 2»1O-3 Sv/a, population 2»107 on regional and l»109

on global scale.
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Figure 1. Iterative role of performance (safety) evaluation
in underground waste disposal system and subsystems
development.



Figure 2. Generic layout of the repository.
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4. TRANSPORT IN THE BIOSPHERE AND PATHS OF EXPOSURE

Figure 4. Biases in safety analysis.
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exposure pathways via the local sea (The scenarios
presented in Table I ) .
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Figure 9. Ratios of the collective dose estimates from the waste
disposal and the collective dose from the natural
background radiation on the regional scale (Baltic Sea,
population 2»10/, background 2»10~3 Sv/a per person).


