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ABSTRACT

Deciding what clearance levels are appropriate for a particular waste stream inherently
involves a number of uncertainties. Some of these uncertainties can be quantified using
stochastic modeling techniques, which can aid the process of decision making. In this
presentation the German approach to dealing with the uncertainties involved in setting
clearance levels is addressed.

1. INTRODUCTION

Competent authorities must make decisions with regard to the management of
radioactive waste. These decisions are typically based on radiological assessments of the
potential doses to persons coming in contact with the waste. In this presentation the
philosophy behind the decisions for clearance of Very Low Level Waste (VLLW) in Germany
is discussed.

Radiological assessments used to evaluate the clearance of VLLW are based on a large
number of parameters which in general are not known exactly but exhibit a variety of
uncertainties. For some of these parameters extensive measurements may exist, which can be
used to derive probabilistic descriptions of the data. For other parameters the available
information might only consist of some subjective expert opinions. The treatment of these
parameters depends to a great extent on expert judgment. Therefore it is not possible to
predict exactly what doses will result from a clearance practice, which means that decisions
must be made in spite of uncertainties. Detailed theoretical treatments of this type of decision
making problem have been investigated in a research program sponsored by the Commission
of the European Union [1] (also see [2]).

2. BASIS FOR CLEARANCE DECISIONS

The German approach to VLLW management is dealt with in detail in the presentation
from B rocking [3]. Therefore only the key points pertaining to clearance are reiterated here.
The legal basis for clearance is laid down in the German Atomic Energy Act, which stipulates
that the clearance of material from regulatory control is provisional on demonstrating that the
existing contamination or activation is negligible. The working definition of negligible in
Germany is drawn from the dose oriented recommendation of the International Atomic
Energy Agency (IAEA), which recommends that exposures from various practices should be
restricted to a yearly effective dose of several tens of microsieverts for the individual [4],
since such doses can be seen as negligible. Furthermore it is recommended that since an
individual can be exposed to sources from various practices, the individual dose from a single
practice should be restricted to around 10 \iSv in a year.
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When carrying out the radiological assessments the calculation of the potential doses
should be based on realistic scenarios for the critical group. This is interpreted to mean that
the persons who can potentially receive the highest doses should be considered and the
scenarios constructed such that they represent situations that can be expected to normally
occur. Typically it will be possible to construct scenarios that lead to higher doses, more
conservative. At some point the ever more conservative scenarios become so unlikely,
although theoretically possible, that they can be considered unrealistic. Recommendations on
how to quantify this understanding of realistic do not exist, although in ICRP 60 it is
suggested that the total risk be considered. This concept implies that not only the dose but also
its probability of occurrence should be included in the radiological assessment. The European
Union implemented this concept in the derivation of the exemption levels in the European
Union's Basic Safety Standards [5].

The 10 uSv concept does not represent a dose constraint according to the IAEA recom-
mendation. For clearance decisions that are based on the 10 uSv concept it is expected that
doses of around 10 uSv/y will occur, which means that the 10 uSv/y can be exceeded. The
question then arises how large can a dose be and still be considered as fulfilling the de minims
concept.

2.1. Formal description of decisions involving uncertainty

When making decisions pertaining to clearance the competent authorities must convince
themselves that the potential doses to the individuals are acceptable, which in this context
means on the order of 10 uSv/y. There are two kinds of uncertainty associated with such
decisions, ambiguity and vagueness [1]. While ambiguity has to do with values which are not
(or cannot be) exactly specified, vagueness expresses the inability of making precise
distinctions or sharp boundaries.

The difference between ambiguity and vagueness can be explained by studying the
simple proposition 'V is £", where V is a variable representing a physical observable, in this
case the dose to an individual and E is an event1 representing a property or a predicate, in this
case acceptable. If there is no uncertainty, then the value sv of Vis known and E is represented
by an ordinary subset of the real line. The proposition is true if sve E and false if sv £ E. If
the value of the variable is not known exactly, then this kind of uncertainty is ambiguity,
because the measurement of the variable would yield exactly one distinct value, we just do not
know it. Probability and possibility theory deal with such problems (see [1]).

On the other hand, vagueness occurs, if we are not able to say precisely which numbers
belong to E and which numbers do not. If a decision involves no vagueness, then given an
individual dose it either belongs to the set E of acceptable doses or it does not. This can be
expressed mathematically using the indicator function,

fl xeE
f

which says nothing more than if the value of the indicator function at a point x is 1, then x is a
member of the set £ and if the value is 0, then it is not a member of E. It was Zadeh's idea [6]
to quantify vague knowledge about E by introducing degrees of membership between 0 and 1.
So the sharp boundaries of ordinary sets, which are manifested in discontinuities of the
corresponding indicator function, can be softened by replacing the indicator function by a so
called membership function whose values can vary continuously in the unit interval [0,1]

The word 'event' expresses, that if a measurement of the variable V yields a value in the set E we can say
that the event E happens. This terminology is widely used in probability theory.
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defining a fuzzy set. The values x of a fuzzy set can belong partially to the set, so that besides
the two possibilities of ordinary sets, member or not a member, a fuzzy set allows all degrees
of membership in-between, for example 80% or 20% membership.

2.2. Description of derivation of clearance levels

The objective when deriving clearance levels is to find a connection between the mass
specific or surface specific activity (Bq/g or Bq/cm2) of a material that is to be cleared and the
resulting individual dose per year (uSv/y). Often simple deterministic scenarios that represent
a single conservative exposure situation are used to calculate the dose from a given specific
activity (clearance level), implying that the dose for a particular clearance level is known
exactly. This is of course not the whole truth, since the dose and the parameters used to
calculate the dose are not completely known and vary from situation to situation. The dose is
an ambiguous quantity. To compensate for the lack of knowledge about the dose the
parameter values used to calculate the dose in the deterministic approach are typically chosen
from the upper end of their expected variational range. This is in general what is meant by the
expression conservative scenario.
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Figure 1. Two Gauss distributed variables A and B and the distribution of their product
H. Taking the product of the 9(f percentiles of A and B (A = 3.9 and B = 4.65) results in
the 94'" percentile ofH (18.12).

Typically dose equations are expressed as the product of a number of parameters.
Assuming for discussion purposes the following simple hypothetical scenario with only two
parameters,

H = A B,

we can investigate the deterministic approach to deriving clearance levels. This approach
forces the assessor to choose from a range of possible values, single values for A and B in
order to carry out the radiological evaluation. Assuming that the parameters A and B have the
Gauss distributions shown in figure 1 and the assessor chooses the 90* percentiles, then the
resulting dose H represents the 94* percentile. This simple example shows that choosing all
the parameters in the dose equation conservatively can lead to a drastic over estimation of the
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potential exposure. In the deterministic approach there is no way to quantify this over
estimation (or under estimation) which can lead to inappropriate clearance decisions.

In studies using deterministic methods, of which many have been published in various
countries over the years (for a review see [7]), fixed values are chosen for all the parameters
used in the assessment. This implies that the processes leading to the radiation exposure are
known exactly. In reality, however, any process of recycling or disposal is guided by chance.
It is not possible to predict how a piece of scrap or a certain amount of building debris will be
recycled or disposed. For example, any assumption about dilution factors during recycling
processes cannot be guaranteed, although the final clearance levels largely depend on the
proper choice of dilution factors. The same is true for other crucial parameters like exposure
time, geometry, inhalation rates etc. This makes it clear that a much better approach is to
allow variations in those parameters that cannot a priori be set to fixed values. The advantage
of stochastic models is that the statistical variations in the underlying processes can be
accurately described (see references [8-11]). Such models are far more complex to implement
than simple deterministic ones, but allow quantitative analysis of the likelihood of doses
associated with particular clearance levels. Stochastic models take into account many different
exposure situations and model the relevant stages during the recycling or disposal process.
The result is not a single dose value as in the deterministic approach, but a distribution of
individual doses over the population. The general structure is depicted in figure 2.
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Figure 2. Schematic depiction of a radiological assessment using the stochastic method.

The German Commission on Radiological Protection (SSK) passed a recommendation
for the clearance of iron and steel metal from nuclear power plants in 1987 [12], which is
based on a study using the stochastic approach [8]. In figure 3 the results of the stochastic
simulation for the clearance of 1000 tons of scrap for recycling is depicted. Since the metal is
assumed to come from nuclear power plants the radionuclides involved are well characterized
and typically dominated by Co 60. The simulations were carried out using a surface specific
clearance level of 0.37 Bq/cm2 (total activity) and a mass specific value of 1 Bq/g.

Each simulation of the stochastic model represents one possible realization of the
exposures from one year's practice of clearing of 1000 tons of scrap. The shaded histogram in
figure 3 is the average over 200 simulations and shows the average number of exposures per
dose interval, which decreases drastically with increasing dose. These results show that
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exposures in excess of 10 uSv/y occur but the number of persons receiving such doses is very
limited.

In each of the 200 simulations the largest individual dose was registered, one per
simulation. The second unshaded histogram in figure 3 shows the distribution of the largest
dose per simulation. This histogram shows that in nearly 50% of the modeled realizations of
the clearance practice nobody received a dose of 10 uSv/y or more. It also shows that doses
around 100 uSv/y are not impossible but that they are very unlikely, around once every 200
years.
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Figure 3. Results of the stochastic model used in Germany to evaluate the clearance of
iron metal scrap from nuclear power plants. The shaded histogram is the histogram
resulting from averaging the histograms out of 200 simulations. The non-shaded
histogram is graphic representation of the maximum individual dose registered during
each of the 200 simulations (results taken from [8]).

From this discussion of the exposures due to the clearance of metal scrap it is very clear
that a single value from a deterministic calculation for the exposure resulting from a clearance
practice does not represent reality. Even the maximum realistically expected doses vary over
more than an order of magnitude, reinforcing the conclusion that the dose is an ambiguous
quantity (see above). Basing clearance decisions on deterministic values alone does not take
into account how many exposures can be expected and how likely is it that the dose predicted
by the deterministic scenario will be exceeded. The lack of such information can lead to the
use of extremely unlikely scenarios to define clearance levels, which are overly restrictive, or
to scenarios which are not conservative enough and lead to clearance levels which do not
ensure adequate radiation protection.

2.3. Description of clearance decisions

For illustration purposes take the following decision,

"The individual dose arising due to clearance from practice X is acceptable,"

which has the formal form 'Vis E. The variable Vis the individual dose from the radiological
assessment and E is the event representing the property acceptable. The assertion (or
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decision), the proposition is true or the proposition is false, depends on the subjective
judgment acceptable individual dose, which must be quantified. Whether a dose is acceptable,
is not the subject of scientific investigation but is rather the result of the subjective judgment
of the society. In Germany the lOuSv concept as discussed above forms the basis for
acceptable. It should be stressed that this criterion is the subjective judgment of a group of
experts which has been widely accepted by decision makers, but is by no account universally
accepted and cannot be derived from mathematical or physical principals.

Let the decision making criterion be defined using an ordinary set mathematically
characterized by the indicator function,

The assertion is then true for an individual dose of 9.99 ^Sv/a and false for 10.01 jiSv/a,
which was not the intent of the experts. It is obvious that an ordinary set is not appropriate for
evaluating the vagueness of the 10 pSv decision criterion.

From the discussion in section 2.2 and the example above it is evident that clearance
decisions involve both types of uncertainty, ambiguity and vagueness. In making recommend-
ations involving clearance the SSK has relied on stochastic modeling to quantify the
ambiguity in predicting individual doses.

Taking the recommendation for the clearance of metal scrap [12], which is based on the
results presented in section 2.2, it is clear that the SSK views exposures in excess of 10 uSv/y
as acceptable under certain conditions. Although no mathematical recipe for quantifying the
vagueness of clearance decision has been published by the SSK, the implied decision making
criterion can be extrapolated from the SSK recommendation for the clearance of iron and
steel. The criterion can be simply stated in the following two maxims;

• the largest individual doses from a practice should on the average be around 10 uSv/y and

• the higher the dose the more unlikely it should be

The radiological assessment in [8] shows that the practice of clearing metal in Germany
fulfills these two basic principles. The first maxim can be seen as fulfilled, since the mean of
the maximum individual dose histogram (unshaded histogram in figure 3) lies at about
10 uSv/y. The average individual dose histogram (shaded histogram in figure 3) shows that
the second maxim is also fulfilled.

3. SUMMARY

The German approach to setting clearance levels is characterized by the use of
stochastic models to model critical waste streams. Typically deterministic studies are used to
define clearance levels. For the most important waste streams these deterministicly calculated
values are evaluated using the stochastic approach. The results of the stochastic approach can
then influence the final choice of the scenarios used to derive the clearance levels. After
thorough investigation and discussion of the derived clearance levels in committees of
independent experts (for example the German Commission on Radiological Protection, SSK)
set up by the German Environment Ministry, recommendations from these bodies are given to
the Ministry, which can in turn implement them in an appropriate manner. At present no
legally binding clearance levels exist in Germany so that the recommendations have only a
guiding character for licensing practices.
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