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COMMUNICATIONS

PRELIMINARY PROBABILISTIC CALCULATIONS FOR SAFETY
ASSESSMENT OF GEOLOGICAL DISPOSAL OF SPENT FUEL

Slávka Prváková
∗

This paper presents a part of probabilistic calculations for the safety assessment for Project Entsorgungsnachweis, a

study about the feasibility of safe disposal of spent fuel, vitrified high-level waste and long-lived intermediate-level waste in

the Opalinus Clay of the Züricher Weinland region in northern Switzerland [1], using the code GIPC [2]. In this project, the

role of the probabilistic calculations is to complement the deterministic calculations. Benefits of such probabilistic modelling

include obtaining the full range of possible outcomes for a given set of input probability density functions and their likelihood

of occurrence and gaining insight into the relative importance of different input parameters.

Based on the results of sensitivity analysis, the paper also indicates that for the chosen disposal system the parameters
for the natural barrier are more sensitive than the parameters for the engineered barriers.

K e y w o r d s: spent nuclear fuel, disposal system, probabilistic calculations, safety assessment, probability density

function, correlation coefficient

1 INTRODUCTION

Demonstration of the safety of geological disposal of
spent nuclear fuel (SNF) and vitrified high-level waste
(HLW) is a major scientific and engineering target in the
waste management community, given that increasingly
large amounts of such wastes are being stored in surface
facilities. It is therefore important to evaluate, through
safety assessment, the feasibility of geological disposal of
such wastes, which is considered to be the most promising
waste management option from the point of view of long-
term safety.

2 METHODOLOGY

In this paper, sensitivity analyses consider the param-
eter variations in the Reference Case described in detail
in [1].

The near field radionuclide transport is modelled by
the computer code STMAN, version 5.4.8 [2], and the
transport of decaying dissolved radionuclides through the
geosphere is modelled by the computer code PICNIC, ver-
sion 2.3 [3]. Both codes are run probabilistically for sensi-
tivity analyses. GIPC is a simple code that allows multi-
ple runs of STMAN and PICNIC to be undertaken, with
parameter values sampled according to user-specified dis-
tributions. Probabilistic parameter variations in the bio-
sphere are not considered in the study, in accordance with
the approach to the treatment of the biosphere discussed
in [1]. In order to convert calculated radionuclide releases
into dose, steady-state biosphere dose conversion factors
(BDCFs) for the reference case biosphere are used [1].

The input parameters for individual runs of proba-
bilistic calculations are selected from probability distri-
bution functions (using the Monte Carlo method), and
5000 number of runs are carried out in order to obtain a
distribution of results. It is necessary to know how many
runs should be carried out to get reasonable results. The
criterion of evaluation is achieved when the values of doses
are equal from the lower (sample n) and higher (sample
n + 1) realizations, it means the number of runs is to
be found after which no more changes in the values of
doses are obtained. It could be estimated by parameter
X , defined as follows:
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is the number of values of doses in the

part (i, i + 1) of the interval N for the nth sample,
normalized to the number of samples n . N is the number
of intervals in which the values of doses are distributed.
The number of intervals N was chosen in such a way
as to obtain all calculated values of doses from the 5000
realizations. After a certain number of runs the values of
doses change very little and the interval (i, i+1) contains
the same number of equal values of doses for sample n as
well as for sample n+1. Subsequently, the parameter X
converges to zero.

Figure 1 shows the dependence of parameter X as
a function of 5000 realizations. After 1000 runs the
curve changes very little. To get reasonable results in
the present probabilistic calculations, it is sufficient to
run 1000 realizations.
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Fig. 1. Parameter X as a function of number of realizations
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Fig. 2. Dose for the Reference Case as a function of time for SNF

Probability density functions (PDFs) are selected by
expert judgement according to the principle that they
should be broad enough but compatible with general sci-
entific understanding, ie, they should be physically plau-
sible and chemically plausible. A PDF may represent a
combination of field and laboratory measurements, his-
torical data, theoretical principles and/or opinions of sev-
eral experts. The PDF for a parameter should represent
the relative degrees of belief held by the data contributor
that, in the most accurate description of the system, the
parameter has a value in different intervals [4].

The strength of the linear association between two
variables A , B is quantified by Pearson’s correlation co-
efficient r :
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where A is a parameter, B may be, eg , the dose, and N
is the number of samples.

A correlation coefficient [2] is a number between −1
and 1 which measures the degree to which two variables
are linearly related. If there is a perfect linear relation-
ship with a positive slope between the two variables, we
have a correlation coefficient of 1; if there is positive cor-
relation, whenever one variable has a high (low) value,
so does the other. If there is a perfect linear relationship
with a negative slope between the two variables, we have
a correlation coefficient of −1; if there is negative corre-
lation, whenever one variable has a high (low) value, the
other has a low (high) value. A correlation coefficient of
0 means that there is no linear relationship between the
variables.

Since the formula for calculating the correlation coeffi-
cient standardizes the variables, changes in scale or units
of measurement will not affect its value. For this rea-
son, the correlation coefficient is often more useful than
a graphical depiction in determining the strength of the
association between two variables.

3 RESULTS

Convention for the presentation of results

Results are presented as annual individual dose to an
average member of the critical group due to radionu-
clides originating from SNF. Time is measured from the
end of waste emplacement. The timescale over which the
repository system has to provide well-functioning barri-
ers against radionuclide transport is of the order of one
million years. This is also the timescale beyond which
significant geological changes cannot be ruled out. This
is reflected in the dose curves shown in Figs. 2 and 3 by
dark background shading of the time interval between 106

and 107 years.

Natural radiation exposures in Switzerland lie in the
range 1 to 20mSv a−1 [5], where the higher end of the
range is due to unusually high exposures to radon daugh-
ters corresponding to the 95-percentage value.

The lower limit of the dose range shown with a white
background is set at 10−7mSv a−1 , which is far below
the level of insignificant dose set at 0.01mSv a−1 by [6].

A dose of 10−7mSv a−1 to an individual corresponds to a
risk of death due to radiation-induced fatal cancer of the
exposed person of 5 × 10−12 a−1 . This estimate is based
on the ICRP recommended risk factor for fatal cancer
of 0.05 Sv−1 [7]. In order to illustrate the behaviour of
the models representing the disposal system, the lower
limit on the plots has been extended to 10−9mSv a−1 .
However, such numbers have no radiological meaning.
This is reflected in the dose curves shown in Figs. 2 and 3
by dark background shading of the dose interval between
10−9mSv a−1 and 10−7mSv a−1 .

The selection of safety-relevant radionuclides and a
full description of conceptual and mathematical models,
computer codes and data are given in [2].
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Results for the Reference Case
— deterministic calculations

The calculated dose rates for SNF in the Reference
Case is shown in Fig. 2 as a function of time. The dose
curves rise at 2× 104 years, ie, about ten thousand years
after the time of canister breaching (104 years). The

summed dose maximum is 4.8 × 10−5mSv a−1 and oc-
curs at 1.0 × 106 years and is dominated by the instant
release fraction of 129I and 36Cl. The anions 129I , 36Cl
and 79Se are transported more slowly in Opalinus Clay
than organic 14C because of anion exclusion effects; con-
sequently, the dose maximum due to 14C arises earlier
than those due to 129I , 36Cl and 79Se. The result shows
that the summed dose maximum is about 3 orders of mag-
nitude below the regulatory guideline of 0.1mSv a−1 .

Results for the Reference Case
— probabilistic calculations
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Fig. 3. Dose as a function of time, for spent fuel, for a number of

different realizations, including those that gave the highest (sample

4055) and lowest (sample 401) dose maximum out of 5000 realiza-
tions.

• Figure 3 shows that of the sampled 5000 realizations,
none resulted in a dose curve that was not below the Swiss

regulatory guideline of 0.1mSv a−1 by at least one order
of magnitude.

• The realization that gave the highest dose maximum
is sample 4055. The dose maximum is determined by
129I . This result can be explained by a combination of
high groundwater flow rate (∼ 10× the Reference Case

value), low sorption constant for 129I in the Opalinus Clay
(∼ 1/10× the Reference Case value) and a high instant

release fraction (IRF) for 129I (12%).

• Realization that gave the lowest dose maximum is
sample 401. The dose maximum is determined by 36Cl.
This can be explained by a combination of low ground-
water flow rate (∼ 0.8× the Reference Case value), high

sorption constant for 129I in the Opalinus Clay (∼ 13×
the Reference Case value) and long transport distance in
the host rock (60 m).

These findings are compatible with an analysis of the
correlation coefficients between the peak dose and the var-
ious parameters investigated, which indicates that sensi-
tive parameters, listed according to decreasing absolute
values of the correlation coefficient (Fig. 4), are:

• the sorption coefficient of 129I in Opalinus Clay,

• the rate of groundwater flow through the Opalinus
Clay,

• the diffusion coefficient in the Opalinus Clay for an-
ions (129I),

• the length of the geosphere pathway the fuel matrix
dissolution rate,

• the instant release fraction for 129I ,

• the diffusion coefficient in the Opalinus Clay for
species other than anions (organic 14C).

All other parameters are significantly less sensitive.
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Fig. 4. Correlation coefficients — maximum dose vs parameter

4 CONCLUSION

Analysis of the Reference Case shows that, due to geo-
chemical immobilisation within and around the reposi-
tory and by the slowness of transport processes in the
Opalinus Clay, most radionuclides decay within the repos-
itory system. Only a few radionuclides, namely 129I ,
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36Cl, 79Se and organic 14C penetrate the clay barri-
ers to an extent whereby the calculated doses exceed
10−9mSv a−1, and these doses are three to six orders
of magnitude below the Swiss regulatory guideline of
0.1mSv a−1 .

The results of probabilistic calculations indicate that,
for parameter variations around the Reference Case
within the region of parameter space investigated, the sys-
tem is well behaved, with no sudden or complex changes
in performance as parameters are varied. The calcula-
tions were made for 5000 samples, instead of usual 1000
samples [1] to demonstrate that reasonable results can be
obtained already by 1000 realizations (Fig. 1).
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