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1 Introduction

The distinction betweepracticesandinterventionsas recommended by international radiation pro-
tection organisations may not always be clear for clean-up of land that has been contaminated with
radioactive materials. However, in cases where there is existing exposure of a population from sites
contaminated with the residues of past or old practices or work activities, the principles of protection
for interventionare applicable. In the context of remediation of such sites, it is likely that social costs
of disruption for those affected by the remedial measures and continuing long-term anxiety about re-
sidual levels of contamination for those continuing to live in the area will be important factors. The
optimisation process of selecting the best strategy of remedial measures should therefore, in addition
to the averted radiation detriment and the monetary costs, include considerations of how the measures
can reduce anxiety and gain reassurance of the affected population. An optimised strategy would
achieve conditions afeturn to normalitywithout any restrictions associated with the residual con-
tamination.

The formulation of the optimisation principle within a practice or an intervention will differ. The practi-

cal implementation of the optimisation of remedial measures for contaminated sites is, however, essen-
tially the same process, whether it is considered in the context of the continuing operation of a practice,
as part of decommissioning of a practice, or for intervention. In all cases, it includes the identification of
remediation options available and how the exposures might be reduced, and choosing that remedial ac-
tion which results in the greatest net benefit, considering all of the relevant factors that influence costs
and benefits. These costs and benefits may include populations directly affected by the measures, both
now and in the future, as well as to other parts of society. Decisions on remediation may go far beyond
purely radiological protection considerations but can, however, often be limited to considerations of
whether or not any of the range of possible remedial actions will itself result in a net benefit. In reaching
such decisions it is important to consider carefully the benefits and disadvantages of the remedial actions
because some actions can significantly disrupt the affected population or have serious impact on the en-
vironment.

For practical purposes measurable (operational) quantities such as radionuclide concentration or dose
rate are needed to evaluate the effect of remedial measures in relation to radiological protection criteria.
Such quantities are namadtion levelsand they are related to the primary criteriei, avertable dose,

by suitable models for dose assessment from all relevant exposure pathways. Compliance with the action
level would thus ensure compliance with the primary criterion.

2 Justification and optimisation principles in restoration

The system of radiation protection is based on the so-called justification and optimisation principles.

When the subject is protection of the public against radiation exposure from contaminated land the justi-
fication/optimisation procedure is applied to the remedial or protection action for reducing this exposure.

A short review of the justification and optimisation principles is given below.

2.1 Justification

Clean-up of contaminated land will introduce some benefit to the affected populations. The benefit of
undertaking clean-up includes a large humber of components or attribwtbich quantify relative

partial benefitsh,. These partial benefits, depending on the circumstances, can be ‘positive’ benefits,

or advantages, and ‘negative’ benefits, or disadvantages. Without intervention, the attributes, such as
radiation doses - both individual and collective doses - and the anxieties they cause, will represent
disadvantages as shown on the left side of Figure 1. After remediation, the disadvantages will have
been reduced or even eliminated, and new attributes may have been introduced, as shown on the right
side of Figure 1. Some of the new attributes may be advantageous, e.g. the reassurance produced by
the remedial measure; others will be disadvantagengsthe cost of the remedial measures and the
collateral harm they may cause.
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Before remediation After remediation

|

Benefit components Benefit component

dose
anxiety
other

Benefit
o
Benefit

Figure 1. Benefit components, b, of clean-up operations. The left picture shows that the benefit com-
ponents are all negative. The right picture shows that clean-up will reduce (or remove) some of the
negative benefits, introduce new negative benefits (e.g. costs) and positive benefits (e.g. reassurance).
The component 'other' includes negative benefit components such as social disruption.

Clean-up is justified when the net bendliB, is positive:

AB = z b (after clean - up- h( before clean -)p z Ab> 0

The application of the justification principle to clean-up situations requires prior consideration of the
benefit that would be achieved by the clean-up and also of the harm, in its broadest sense, that would
result from it. It is emphasised that justification must consider non-radiological risks as well as ra-
diological risks,e.g chemical risks, and risks from industrial and transportation operations. Each of
the benefit componentb,, has to be expressed in the same units. These units must be in like quanti-
ties or values. For example, since costs are expressed in monetary terms, equivalent monetary values
may be assigned to other parameters. Alternatively, other units of value must be used for example
equivalent years of lost life.

Somedecision-aidingtechniques available for use in carrying out decision analysis have been de-
scribed in detail in ICRP Publication No. 55 [3]. The primary objectives of these techniques are to
identify the various factors influencing the decision, to quantify them, and systematically to examine
the trade-offs between them, so that the process can be made open to the people responsible for the
decision and to public scrutiny.

One decision-aiding technique that is capable of accepting input data of both a quantitative and a
gualitative nature, and which can be used in a wide variety of situations, is multi-attribute utility
analysis. Some of the factors to be used in such analyses are more or less quantifiable. More quantifi-
able factors are the avertable individual and collective risks from exposure to radiation for the mem-
bers of the public and the individual and collective physical risks to the public caused by the clean-up.
Others are the individual and collective risks to the workers carrying out the clean-up, and the mone-
tary cost of the clean-up. The less quantifiable factors, including the reassurance provided by the
clean-up but also the anxiety it causes, and the individual and social disruption resulting, are also
factors relevant to the decision.

In analysing the inputs to the decision, it is hecessary to decide on the relative importance or weight
of each factor. These judgements have to be made irrespective of the decision-aiding technique used.
The resultant decision will be the same provided that the database is the same and the judgements are
consistent. If multi-attribute utility analysis is the technique used, then all the relevant factors can be
directly included in the analysis by deriving or assigning utility functions to them, but weights still
need to be assigned.
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The net benefitAB, of a clean-up operation will depend on several factors (attribetgspvertable
collective doseAS, monetary costs of a clean-up operatidnanxiety of the contaminatiod, reas-
surance by the clean-uR, etc. Thus the net benef{B, is a function of all the relevant parameters:

AB(AS,E,C,AR,.....)

The individual doseE, is often taken as the dose to the average member of the critical group. De-
pending on the clean-up option, collective dose may be reduced with or without changing the speci-
fied individual doseE. Also, the critical group may change depending on the clean-up option. Thus it
may be useful first to examine the effects of various levels of individual dose within a single option
and among all options.

2.2 Optimisation

Normally, there would be a range of justified remediation options for which the net benefit is positive.
The optimum remediation option would be the one for which the net benefit is maximised, as shown
on the left side of Figure 2. Option 1 is the no-remediation option for which the net benefit is zero. In
Figure 2 the options 4 to 8 are all justified because their net benefits are positive. Option 6 is the op-
timum because the net benefit is the maximum. The optimum remediation option does not necessarily
mean the option with the lowest residual annual doses, either individual or collective, because there
are additional considerations for determining the net benefit. This is illustrated in the right side of
Figure 2 where options 7 and 8 entail a lower residual annual dose but give a smaller net benefit than
the optimum option 6. If all remediation options have a negative net benefit, the no-remediation op-
tion would be the preferable.

Justified

L el

optimum

Net benefit

I
I

Residual collective dose

£
Non-justified £ HH
| | | | | | | | | O | | | @ |
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
Remediation option Remediation option

Figure 2. Net benefit of different remediation options and the corresponding residual collective dose,
S, after clean-up. The left picture shows that there is a range of options, both justified and non-
justified. The right picture shows the residual collective dose, S, after clean-up for the five justified
options.

Most of the methods used in optimisation of protection tend to emphasise the benefits and detriments
to society and the whole exposed population. Optimisation of clean-up, whether it is considered in the
context of a practice or for intervention, is essentially an identical process: choosing the course of ac-
tion which results in the maximum net benefit, considering all the relevant factors that influence the
advantages and disadvantages of the clean-up operation.

For clean-up of contaminated land, society usually requires that the same level of protection be pro-
vided regardless of the source of exposure. Therefore, clean-up criteria that do not differ depending
on whether the situation is deemed to fall within the category of practices or intervention are desir-
able, but may not always be possible.

The concept of optimisation of protection is practical in nature. Optimisation provides a basic frame-
work of thinking - that it is proper to carry out some kind of balancing of the resources put into pro-
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tection, and the level of protection obtained. The reduction in dose can only be achieved by the ex-
penditure of some effort and by allocating additional resources. In such cases, it is necessary to decide
whether the dose saving that is likely to result is worth the effort of achieving that saving. This is en-
tirely consistent with the optimisation principle. In the optimisation process, two categories of radio-
logical factors can be distinguished. The first category comprises the factors (attributes) that will al-
ways have to be included in the analytical procedure, particularly the cost of protection and the col-
lective doses. The second category comprises the factors that may not always be necessary, such as
the individual dose distribution, the time distribution of doses, the population receiving the doses, the
possibility of options, etc. When all attributes that need to be considered have been specified, it may
be that some of them cannot be appropriately quantified for inclusion in the analytical procedure. In
this case, these factors will have to be assessed qualitatively, but the results of the qualitative analysis
must be taken into account in reaching the optimum.

3 Techniques for optimisation

Decisions on clean-up in long-lasting exposure situations may well go far beyond purely radiological
protection considerations. Satisfying the justification principle requires that the overall effect of the ac-
tions involved should do more good than harm, taking account of relevant radiological and non-
radiological factors. The decisions can often be limited to considerations of whether or not any of the
range of possible remedial actions will itself result in a net benefit. In reaching such decisions it is im-
portant to consider carefully the benefits and disadvantages because some remedial actions can signifi-
cantly disrupt the exposed population.

Most decisions require multiple criteria to be taken into account. The field of multiple criteria analy-
sis offers a number of approaches which take explicit account of multiple criteria in providing struc-
ture and support to the decision-making process. In case of restoration of contaminated sites there are
several criteria or attributes that need to be considered when choosing an ‘optimum’ restoration strat-
egy. When the performance and costs of all the protection options have been assessed, a comparison is
needed to define theptimumprotection option. When the optimum is not self evident, the comparison

can be carried using a quantitative decision-aiding technique. The result of the application of the quanti-
tative techniques is known as thealytical solution If there are non-quantified, radiological protection
factors to be taken into account, the analytical solutionmotlye the optimum solution, which then will

have to be determined more intuitively. Of the different techniques available three will be described be-
low. These are cost-effectiveness analysis, cost-benefit analysis and multi-attribute utility analysis.

3.1 Cost-effectiveness analysis

In cost-effective analyses only two factors can be included in the quantitative analyses, namely monetary
cost of the different protective measures and the collective dose reduction from those measures. How-
ever, a cost-effectiveness analysis does not result in an optimisation of protection, since it does not in-
volve the trade-off between protection costs and collective dose reduction. A cost-effectiveness analysis
is rather a method to determine the best protection strategy obtainable from fixed resources. Cost-
effective analyses are carried out when a specific dose reduction or the amount of money available for
radiation protection is fixed. In this case, the net benefit will be maximised by either varying the mone-
tary costs with the detriment costs as a constant, or varying the detriment costs with the monetary costs
as a constant.

Cost-effectiveness analyses can therefore only define either the least costly way of achieving a specified
reduction in exposure or the maximum reduction in exposure that can be attained for a fixed cost, but
cannot optimise radiation protection. Cost-effectiveness analyses may, however, alopritre ex-

clusion of available protection options and thus precede and simplify the formal optimisation analysis.
For illustration of the cost-effectiveness methodology the data in Table 1 has been used.
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Table 1. Collective doses and costs of protection for five protection options and for the reference case
without protection. The monetary costs are given in the unit of US Dollars (USD).

Protection option Mon[eltJaSr)[/)]costs Coilri;t::/[;\?]ose
No protective measures 0 0.69
Option 1 10,000 0.56
Option 2 17,000 0.36
Option 3 23,000 0.30
Option 4 32,000 0.20
Option 5 36,000 0.18

It can be seen from the figures in Table 1 that the collective 8odegreases gradually when more effi-

cient protection options with increasing cost, X, are being implemented. This can be seen in Figure 3
where the costs are plotted against collective dose (left-hand picture). Thé&Xi®is shown at the
right-hand picture for each of the protection options 1 - 5.

40000 ——T——T——T—— T
>

100000

4
30000 —

80000 1

60000 1
20000

Cost, X (USD)
N

40000 1

10000

H 0 S 20000
O 1 1 1 1 1 1 1 1 1 \l/ O

0.1 0.2 0.3 0.4 0.5 0.6 0.7 1 2 3 4 5
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Figure 3. Protection options in terms of monetary costs and residual collective dose. The option
marked “0” shown at the left-hand figure is the reference case without any protective action for
which the residual collective dose is 0.69 fan The cost-effectiveness rafi¥/AS is shown at the
right-hand figure, wheredX is the change in cost amtb the change in collective dose, both com-
pared to the reference case. A= it follows thatAX = X;, andAS = $ — Sesiquar

It appears from Figure 3 that protection option 2 is the most cost-effective because this option has the
lowest monetary cost per collective dose reduction.

3.2 Cost-benefit analysis

Cost-benefit analysis involves a balancing of costs in order to establish optimum levels of radiation
protection. Optimisation of protection results in the best available combination of costs of radiation
protection X, and detrimenty, so the sum of the cost® ¢ Y) is minimised. The optimisation process

will therefore maximise the net benefit. The optimisation condition is fulfilled at a value of collective
dose,S» Where the increase in cost of protection per unit collective dose balances the unit reduction

of collective dose:
%X _ %YE
dsam ds o

This way of obtaining the optimisation of protection has also been ddifiedlential cost-benefit
analysis The level of protection defined by the above equation is such that a marginal increase in the
cost of radiation protection is balanced by a marginal reduction in the cost of radiation detriment.
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The principal characteristic of cost-benefit analysis is that the factors entering the analysis are com-
monly expressed in monetary terms. In these circumstances the collective dose is transformed into a
monetary valuation using a reference value of avoiding a unit collective @oBlis quantity can be

related to the risk per unit dodR (about 0.05 cancer SY, and the statistical loss of life expectancy

per radiation induced cancér(about 15 years canc8; with some allowance for loss of quality of

life for non-fatal cancers and severe hereditary effects. The average loss of life expectancy per unit ef-
fective dosel., can thus be calculated to be:

L=RO [years$v]

giving a value oL of approximately one year per sievert.

Within the international radiation protection community it has been argued that a society for protec-
tion purposes should speatileastwhat correspond to the Gross National Product (GNP) per capita
to save a statistical year of lost life and probably somewhat more. Sowdlieghess-to-paystudies

have resulted in values of 200,000 US00,000 USD per saved year of statistical life, correspond-
ing to 8 GNP+4 GNP per capita for rich European countries. Therefore, the vatueaot roughly be

found from the following relation:

GNP[RO<a <10[GNP[RI

For rich European countries the value of GNP per capita is of the order of 25,000 USDwhgah

would give a reference value af between 25,000 USD man3wand 250,000 USD manSv The

Nordic radiation protection authorities have recommended a maximum vatue®fof00,000 USD
manSv' [14]. For illustration of the cost-benefit methodology the data in Table 2 has been used. The
cost and collective dose data are identical to those used in the cost-effectiveness analysis.

Table 2. Collective doses and costs of protection and radiation detriment for five protection options
and for the reference case without protection.

Protection option Monetary costs Collective dose Detriment costs
[USD] [man S\ [USD]

No protective measure 0 0.69 55,200
Option 1 10,000 0.56 44,800
Option 2 17,000 0.36 28,800
Option 3 23,000 0.30 24,000
Option 4 32,000 0.20 16,000
Option 5 36,000 0.18 14,400

In addition to the monetary costs for the different protection options the equivalent monetary cost of
the detrimenty, are presented in Table 2. This cost component is calculated as:

Y =a [Sesidual

whereaq is the equivalent monetary cost of averting a unit collective dose.

The upper left-hand and right-hand pictures in Figure 4 show the protection costs as a function of the
residual collective dos&esiquas @and for each of the protection options. The lower left-hand picture in
Figure 4 shows the detriment costsfor the protection options, including the reference case without
protection. Ana-value of 80,000 USD per manSv has been used for the calculation of detriment cost.
The lower right-hand picture shows for each option the sum of the protection costs and the detriment
costs. It appears that option 2 has the lowest total cost and should therefore be considered as the opti-
mum protection option. This conclusion can also be found by considering the differential cost per unit
reduction in collective dose moving successively through optitmsptioni+1. The numerical value
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of AX/AS exceeds the value @f of 80,000 USD manSVwhen moving from option 2 to option 3,
which appoints option 2 to be the optimum.
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Figure 4. Costs and residual collective dose for different protection options. The option marked “0”
is shown at the left figure and is the reference case for which the residual collective dose is 0.69 man
Sv without any protective action. The protection costs, the detriment costs and the total costs are
shown at the following figures for each of the protection options. The detriment cost, Y, is calculated
asal3 with a value ofr equal to 80,000 USD per man Sv.

The cost-benefit analysis methodology is limited to quantitative comparisons between the protection
costs and the detriment costs. In order to include other relevant factpthie distribution of indi-

vidual doses within the collective dose, it is possible to extend the framework of cost-benefit analysis.
This extension allows different values to be assigned to the unit collective dose through an additional

component of the detriment cost depending on the individual dose levels involved. The extension can
be expressed as:

Y=as+y B 0$

where§ is the collective dose of individual doggsn theith group and3; is the additional value as-
signed to a unit collective dose in title group.

3.3 Multi-attribute utility analysis

The essence ahulti-attribute utility analysisis to use a scoring scheme (or multi-attribute utility
function) for the relevant factors with the property that if the score (or utility) is the same for two op-
tions there is no preference for one or the other. As basis for comparison between options or alternative

strategies, a simplmulti-attribute value function approach can be used. There are two major compo-
nents of such value functions:

» the evaluation of each alternative strategy with respect to the considered attributes, known as
utilities, u
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» scaling factors which reflect the relative importance of each of the attributes, known as the
weights w.

The use of utility functions allows the introduction of factors that are not easy to quantify in monetary
terms as is required in cost-benefit analysis. The utilities and weighting factors can be expressed in an
additive form to give an overall evaluation of each of the alternative strategiesptions:

U, = ]ZlWJ-H,-

Ui is the overall evaluation of optianw; is the weight assigned to the attribjtandu; is the score or

utility of the n factors associated with each of the alternative attributg. The higher the value &f;,

the better the overall ranking of the option. Normally, weighting factors are measured on a ratio scale
and normalised to sum to 1 or 100.

The aim of scoring is to assign values to each alternative reflecting the contribution to the overall
evaluation from their performance on each end-attribute (sub-attribute). One way of defining the scores
(utilities) is to assign the alternative which does best on a particular attribute a score of 100 (or 1) and to
assign the alternative which does least well a score of 0. All other alternatives are assigned intermediate
scores, which reflect their performance relative to these two end points. A major advantage of this meth-
odology is that the utility functions need not necessarily be linear. For all non-linear utility functions, the
knowledge of at least a third point (in addition to the points 0 and 100 (or 1)) is required to characterise
the single utility functionu(x). Depending on the relative position of the three points, the general shape
can be determined as a linear, concave or convex function, either as increasing or decreasing functions.
Functions of the decreasing type are shown in Figure 5 below.

1.0 T 1.0

0.5

Utility
1
Utility
o
[6)]
T

0.0 . . . 0.0 . 1 .
0 20 40 60 80 100 0 10 20 30 40 50

Attribute Attribute Attribute

Figure 5. Examples of utility functions of the decreasing type. The left figure illustrates a risk neutral
utility function (linear). The middle figure illustrates a risk averse utility function, which decreases
faster nearer the worst consequences being more sensitive to variation at the upper end of the range
of consequences. The right figure illustrates a risk prone utility function which decreases slower at
the upper end thus being less sensitive to variation at the upper end of the range of consequences.

The data used for the cost-effectiveness analysis and the cost-benefit analysis regarding the monetary
costs of protectionX, and for the collective doseS,have been used also for the multi-attribute utility
analysis. The attributes are shown in Figure 6.
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Figure 6. Attributes used in the multi-attribute utility analysis.

The utilities,u, for the attributesnonetary costsindcollective dosdor each protection option have
been determined from risk neutral utility functionéx), wherex describes the value of the attributes
for the different options. For the monetary costs and the collective dose the utility functions has been

determined from:
* monetary costai(x = 0 USD) = 1 andi(x = 36,000 USD) =0
» collective doseu(x = 0.18 man Sv) = 1 ana(x = 0.69 man Sv) =0

The utility functions, uf) can thus be expressed in the following way:

Ugost(X) =1— for0< x< 36000 USD
COS'[( ) 36,000 6’
Ugore(X) =1+ 087X 451 018< x< 069 man Sv
0.69- Q18
and they are shown in Figure 7.
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Figure 7. Utility functions for the attributes ‘monetary costs’ and ‘collective dose’.

The utilities for each attribute and each option have been determined from the utility functions given
above and the utilities are shown in Table 3.
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Table 3. Utilities or scores, u(x), for five protection options and for the reference case without any
protection.

Protection option Monetary costs Collective dose
No protective options 1 0
Option 1 0.72 0.25
Option 2 0.53 0.65
Option 3 0.36 0.76
Option 4 0.11 0.96
Option 5 0 1

The weighting factorsy, have been determined in the following way. If the ranges of the monetary
costs and collective dose are calR{X) andR(S), respectively, the weighting factors can be obtained

by constraining them to the same imposed criterion as for the cost-effectiveness and cost-benefit
analyses described in Sections 3.1 and 3.2 as:

W) _ R
WS a9

and then normalising so tha{X) + w(S) = 1. This gives the valueg(S) = 0.53 andwv(X) = 0.47 for
ana-value of 80,000 USD manSv

The results are shown graphically in Figure 8. It appears that option 2 comes out with the highest
score U, and this protection option would thus be the optimum solution.
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Figure 8. Overall evaluation of five different protection options with values of utilities for the attrib-
utes ‘monetary costs’ and ‘collective dose’ as shown in Table 2 and weighting factors of 0.47 and
0.53 for these attributes, respectively.

The overall scorelJ;, of the different protection options, has been calculated as the sum of the
products of weighting factors and utilities:

2

U, =) wu

(Ui = Weogi Wigog i + Wyosei Wlgosei
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U, =100(0.47 1+ 0.53[D) = 47
U, =1000{0.47[0.72+ 0.53[D.25) = 47
U, =100[{0.47[0.53+ 0.53[D.65) =59
U, =100{0.470.36 + 0.53[D.76) =57
U, =100[{0.470.11+ 0.53[0.96) =56
U, =100{0.47 D + 0.53[1) =53

It should be emphasised that it is the specification of the values of the different factors and attributes
entering the analysis that determines the outcomighe technique used. Therefore, it should be ex-
pected that the optimum results using different optimisation techniques would be the same if the same
values of parameters were used in the analyses.

This important point can be verified by comparing the outcome from the example analyses given in

the preceding sections. The outcome from the cost-benefit analysis and the multi-attribute utility

analysis both appoints the protection option 2 to be the optimum. Although the cost-effectiveness

technique does not present an optimised protection option because it does not involve any trade-off
between collective dose and protection cost, it appears anyway that option 2 is the most cost-effective
giving the highest dose reduction per invested amount of money.

There will, however, be uncertainties on the parameters used to calculate the values of the utility
functions,u, and there will also be uncertainties on the values assigned to the weighting factors,
These uncertainties can be included in the calculations of sthréy, using software that is capable

of building a model for the scored;(x, y, ..) in which uncertainty distributions can be assigned to

the values of each of the attributgsy, .... , that defines the utility functions(x), ui(y), .... , and to

the weighting factorsy, for each of the attributes.

Several software systems for uncertainty analysis and decision-making between competing options are
on the market. One of these systems 4¢3 A from the companyisual Thinking[10]. This soft-

ware system can be used to support the decision-making process. Decisions are modelled using hier-
archical weighted value functions and the system has an extensive facility for visual interactive sensi-
tivity analysis, which enables the decision-maker to explore the implications of changing or priorities
and values.

Another system is Crystal Ball from the comp&gcisioneerind4]. It has the advantage of working

on spreadsheets enabling the development of rather complex models; uncertainties can be assigned to
model parameters and correlations made between them. Crystal Ball provides a statistical picture of
the range of possibilities inherent in the parameter assumptions. Crystal Ball uses a Monte Carlo or a
Latin Hypercube sampling method to generate random numbers within the assigned parameter distri-
butions. The forecast is calculated with its own distribution from a setg#®,000 - 10,000 simula-

tions from which descriptive statistics can be interpreted. Also the sensitivity of the forecast to the
different parameters can be analysed.

4 Application of methodologies to example sites

Decisions on the introduction of remedial measures in long-lasting exposure situations can often be lim-
ited to considerations of whether or not any of the possible remedial actions will result in a net benefit. If
so, the optimum measure can be taken as the one having the largest net benefit. In reaching such deci-
sions it is important to consider carefully the benefits and disadvantages because some remedial actions
can significantly disrupt the exposed population. The analysis should address both radiological and non-
radiological issues. Examination of the first of these will, in principle, be straightforward since it in-
volves only the radiation detriment to be averted and the costs associated with the remedial action (in-
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cluding both the direct cost of the action and costs to affected parties). Examination of the second class
of issues will involve, in addition to consideration of other hazards (such as those associated with chemi-
cal contaminants), economic and social considerations, some of which are beyond the scope of radiation
protection. If it is determined that some remediattojustified on either of the above grounds then the

next step is to optimise the proposed remedial action.

Most decisions require multiple attributes (criteria) to be taken into account. The field of multiple
attribute analysis offers a number of approaches to provide structure and support to the decision-
making process. In case of restoration of contaminated sites there are several attributes that need to be
considered when choosing an ‘optimum’ restoration strategy. The attributes that has been considered in
this study include:

¢ Health attributes
» collective doses to population
» doses to remediation workers
» non-radiological health factors

¢ Economic attributes
 costs of remedial actions (incl. costs of labour and monitoring)
 costs of monitoring of remedial options
« costs of disposal of generated waste (in broad categories)
« loss/gain of taxes due to loss/gain of income

¢ Social attributes
» reassurance of the public
» discomfort, disturbance and anxiety from the remedial action
» loss/gain of income

Model calculations would form the basis for determining whether to carry out remedial actions and to
optimise such actions, subject to any constraints, for protection of individuals that otherwise would be
exposed. The attribute hierarchy to be used for selection of an optimum restoration strategy can be
structured as shown in Figure 9.
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Figure 9. Attribute hierarchy for restoration of a contaminated site.
The major attributes as shown in Figure 9radkation induced health effe¢tsionetary costandsocial
costsand each of these attributes are divided into sub-attributes.

A utility, u, or utility function,u(x), will express the score or utility of a given attribute with vakéor
a given protective option. A risk neutral utility function can in general terms be defined as:

[ X . —x U
u(x) =100+ —""——-I0]
D Xmax - Xmin D

where Kmin; Xmay iS the value range of the attribute considered.

The utilities,u, and weighting factorsy, (see Annex B) will determine the best (optimised) strategy or
option amongst a set of strategies or optiongxpressed by the overall scok$(x), which has its
maximum value at the optimum:

U, (x) = iwj [ () and U, =max(U, (x))
=

The monetary cost¥, of each of the remediation options together with the averted collective dA8ses,
for the affected population and the collective dd&&gy, to the workers implementing the remedial
measures will determine the net benef, of the measures:

29 April 1999 13 Issue 3



RESTRAT - Methodology of Ranking Restoration Options

AB =0 IS - [ (B + 5 X]>0

which should be positive for the option to be justified. All options with a positive net benefit are
therefore justified on economical grounds the optimised option being the one with the largest net
benefit.

4.1 Molse Nete River site

Since 1956, controlled releases of low-level radioactive effluents have been made from nuclear facilities
in the region of Mol in the north-eastern part of Belgium. The Molse Nete River has been contaminated
with the radionuclide&Co, **'Cs,**%u, and*’Am as a result of these discharges into the river. The riv-
erbanks have been contaminated through dredging of bed sediment out of the river. Subsequently, agri-
cultural soils have also been contaminated through the application of the dredged sediment onto agri-
cultural land for the purpose of soil amendment.

The following restoration options for the reduction of population doses have been idgsitified

Discharges into the river stopped (agricultural use still possible)
A. Noremediation

Discharges into the river stopped + Removal of sources (agricultural use still possible)
B.  Soil/sediment removal

Discharges into the river stopped + Separation (agricultural use still possible)
C1l. Physical separation (soil washing of soil/sediment)
D1. Chemical separation (chemical solubilisation)

Discharges into the river stopped + Containment (agricultural use no longer possible)
E1l. Capping soil/sediment

Discharges into the river stopped + Immobilisation (agricultural use no longer possible)
F1. Physical immobilisatiorex-situ
F2. Physical immobilisationn-situ
G1l. Chemical immobilisatiorex-situ
G2. Chemical immobilisationn-situ

4.1.1 Cost of restoration strategies

The following restoration components have been identified for the different remedial options. The
monetary costs of these strategies include the costs of soil/sediment removal (including labour costs),
waste disposal, loss of taxes and monitoring after or without (for option A) restoration. The costs of
the different components are summarised below.

Option A: No remediation

« Monitoring costs of 32 kEUR " in 100 years: 3,200 kEUR

Option B: Soil and sediment removal

« Removal of 6,120 f‘nagricultural soil; removal of 10,200%moil on river banks; removal
of 10,200 m bed sediment

« Excavation and transport costs for 16,320snil: 2,040 KEUR
» Excavation and transport costs for 10,200sediment; 1,530 KEUR
« Waste disposal and transport costs for 16,3%6aift 11,420 kEUR

29 April 1999 14 Issue 3



RESTRAT - Methodology of Ranking Restoration Options

» Waste disposal and transport costs for 10,2b6ediment: 8,160 KEUR
« Monitoring costs of 10 KEUR™ in 100 years: 1,000 KEUR

Option C1: Physical separation by soil washing

« Excavation and transport costs for 16,32Dswil and 10,200 fhsediment prior to treat-
ment: 3,570 KEUR

« Waste disposal and transport costs of contaminated fraction (5230080260 kEUR
« Washing costs for 26,520%ms0il and sediment (incl. labour costs): 9,300 kEUR
« Monitoring costs of 20 kKEUR " in 100 years: 2,000 kEUR

Option D1: Chemical separation

» Excavation and transport costs for 16,320swmil and 10,200 fhsediment prior to treat-
ment: 3,570 kKEUR

« Waste disposal and transport costs of contaminated fraction (53008;260 kEUR
« Separation costs for 26,526 soil and sediment (incl. labour costs): 10,600 KEUR
« Monitoring costs of 20 kKEUR ™ in 100 years: 2,000 kEUR

Option E1: Capping
« Capping of 34,000 fagricultural soil surface, 34,000’miver bank surface and 34,000
m? river bed surface
« Costs of capping of 68,000°rsoil surfaces: 2,720 kEUR
« Costs of capping of 34,000°miver bed sediment: 1,530 kKEUR
« Loss of taxes due to loss of agricultural production at 34,50Q,860 kEUR (100 years)
« Monitoring costs of 32 kEUR™ in 100 years: 3,200 KEUR

Option F1: Physical immobilisatiogx-situ

« Excavation and transport costs for 16,320swil and 10,200 fhsediment prior to treat-
ment: 3,570 KEUR

« Costs of immobilisation of 26,520mso0il and sediments (incl. labour costs): 2,650 KEUR
« Loss of taxes due to loss of agricultural production at 34,300,860 kEUR (100 years)
« Monitoring costs of 32 kEUR " in 100 years: 3,200 kEUR

Option F2: Physical immobilisatian-situ
« Costs of immobilisation of 16,320%msoil (incl. labour costs): 3,260 KEUR
« Costs of immobilisation of 10,200’ mediments (incl. labour costs): 2,550 KEUR
« Loss of taxes due to loss of agricultural production at 34,50Q,860 kEUR (100 years)
« Monitoring costs of 32 kEUR™ in 100 years: 3,200 KEUR

Option G1: Chemical immobilisatiogx-situ

« Excavation and transport costs for 26,5Z0smil prior to treatment: 3,570 kEUR

« Costs of immobilisation of 26,520%so0il and sediments (incl. labour costs): 4,770 KEUR
« Loss of taxes due to loss of agricultural production at 34,300,860 kEUR (100 years)

« Monitoring costs of 32 kEUR " in 100 years: 3,200 kEUR
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Option G2: Chemical immobilisatian-situ

« Costs of immobilisation of 16,320°msoil (incl. labour costs): 3,260 KEUR

« Costs of immobilisation of 10,200’ mediments (incl. labour costs): 2,550 KEUR

« Loss of taxes due to loss of agricultural production at 34,50Q,860 kEUR (100 years)
« Monitoring costs of 32 kEUR ™ in 100 years: 3,200 kEUR

4.1.2 Justified restoration strategies

The economic and radiological data for remediation of the Molse Nete River are shown in Table 4.
The monetary cost¥, of the remediation strategies can be compared to the benefit of the collective
dose reductior)S The net benefit)B, is given as:

AB=a [AS- (0 5, + X + Xase T Xiax ¥ X

ork remedia waste tax monitor)

None of the remedial options are justified on economical grounds alone when only the central esti-
mates of collective dose are used together witl-aalue of 100,000 EURhanSV' [14]. A higher

value ofa (e.g.200,000 EURhanSVv") and more extreme values from the calculated collective dose
distribution €.g.the 95th percentile (see TD6)) would make the options E1, F1, F2, G1 and G2 eco-
nomically justified when the avertable collective dose is taken over 100 years. Similarly, the options
B, E1, F1, F2, G1 and G2 would be economically justified for an integration time of 500 years and

more extreme values of the collective doses. It should be emphasized that the dose assessments are

based on conservative assumptions concerning the habits of the affected population and the usage of
the contaminated sediments. More realistic assumptions would have resulted in much lower doses.

Table 4. Remediation costs and collective doses to population and workers for different restoration
strategies at the Molse Nete River site.

Restoration Ctg”sgs:jﬁaggse ngzgtit\ée Monetary costs of restoration Fract‘io.n Waste
[KEUR] of activity | volume
strategy [man SY workers left on-site ()
100y | 500y| [MAMSV] | Reme- | Monito- | Waste Inc. loss
diation ring disposal | Tax loss
A 16 51 0 0 3,200 0 8 1 0
B 1.6 51 6.110™* 3,570 1,000 19,580 8 0.1 26,520
C1l 4.5 14 1.810° 12,870 2,000 13,260 8 0.3 5,300
D1 1.6 51 1.60107° 13,970 2,000 13,260 8 0.1 10,600
E1 negli. | negli.| 2.610° 4,250 3,200 0 1,63%0 1 0
F1 negli. | negli.| 6.7110°° 6,220 3,200 0 1,63%0 1 0
F2 negli. | negli.| 1.810° 5,810 3,200 0 1,63%0 1 0
G1 negli. | negli.| 6.710° 8,340 3,200 0 1,63%0 1 0
G2 negli. | negli.| 1.810° 5,810 3,200 0 1,63%0 1 0

The individual doses would in average be of the order of83& ™ at the time of decision to intro-

duce remediation (year 1). IAEA has proposed clean-up criteria in terms of individual dose [16]. For
an individual dose range of 0.1 - 1 n&V clean-up is usually needed if a constraint for controlled
practices is applied. Even without the application of a constraint IAEA suggests that for individual
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doses of 0.1 - 1 m& " clean-up might sometimes be needed. Based on these recommendations it can
therefore be concluded that some kind of remediation would be justified for the Molse Nete River
site.

4.1.3 Optimised restoration strategies

Utility functions for the attributemonetary costandradiation doseshave been calculated from the
figures in Table 4 on monetary cost components and residual collective doses after remediation. Lin-
ear (risk neutral) utility functions have been used.

Utility functions for monetary costs
Utility functions have been determined for remediation costs (including labour costs), waste disposal
costs (including transport costs), monitoring costs and loss of taxes due to loss of income:

X
UremedialX) =100E%— 13’97()% for0< x<13,970KEUR

X
u X) =1000H - for 0< x<19580kEUR
Waste( ) %‘ 19,580%

u.. (x) =100 0< x<1360kEUR overl00

Unnonter (X) = 100%

Utility functions for health factors

The following utility functions for the radiological health components have been determined for the
exposed population and workers implementing the remedial actions. Only radiological health factors
are considered for the Molse Nete River site as no heavy metals are found.

OOE for 0< x <1,000KEUR over100y

X
Ugosepop.10lX) = 100[@— 1—6§for 0< x<l16manSv

X
udosepopysoo(x) = 100[@.— 5—1§ for0< x<51manSv

H for0< x<0.0067manSv
0.00670

udose,work(x) =1OOI:B'_
[l

Utility functions for social factors
The utility functionueasfor reassurance would be linked to both the residual dose and the fraction of
activity remaining on the site after the remedial measure has been implemented. However, the residual
dose and remaining activity are not necessarily correlated. A remedial measure that has left all the ac-
tivity on site in a contained form (capping, surface barriers etc.) might give a substantial dose reduc-
tion and thus a low value of the residual doses. Detailed information on how social factors like reas-
surance are linked with individual doses and activity concentration on site is not available. Therefore,
utility functions for 100 years and 500 years integration time have been proposed which gives a low
value only when both sub-utilities have low values:

Ureas 108 ¥) = 100%[@ T e e

Qiose 2 D 1 O O 1[:=Lct|vny E
for0<x<16manSvand0.1<y<1
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ureas,SO((X! y) :100% E@-_AH +£ EB."‘ 01_ y H E

51']103!3 2 0 10- O'lgctivity E
for0< x<51manSvand0.1<y<1

wherey is the fraction of activity remaining on site after the remedial measures has been imple-
mented. The value of the utility functiam,swill be 100 for a residual dose of 0 man Sv and a re-
maining fraction of the initial activity of 0.1 (best strategy) and 0 for a residual dose of 16 (51) man
Sv and a remaining activity fraction of 1.0 (worst strategy).

The utility functionugs,, for disturbance has been related to the volume of soil and sediment waste to
be transported to the waste disposal site:

Ugeg (X) =1000AL - — == for 0< x< 26,520m’
26,520

For the remedial option B the waste volume is 26,520f@n the option C1 it is 5,300 hand for the
option D1 it is 10,600 f No waste is produced for all other options.

The utility functionu,ess for loss of income due to loss of agricultural production facilities can be de-
termined from the specific agricultural production pattern per unit area weighted with the market price
of the production. The income loss has been determined to be aboutf &R It is, however,

very likely that the farmers soon would find other income. The loss is therefore assumed to last only
for two years, which will give the following utility function:

Uppea(X) =100EE1— 6%@ for 0< x < 68KEUR over2 years

Weighting factors for major attributes

The major weighting factors considered in this study include those for monetary costs, health and so-
cial factors as shown in Figure 9. The sum of these weighting factors should respect the following
conditions:

+ W, =1

social —

Wheaitn T W,

economic

The assessment of the weighting factors is discussed in Annex B where conversion/scaling constants
between weighting factors for the major attributes has been expressed as:

Cl = Weconomic 0 W,

Whealth Wdose pop a |:Rdose pop

economic — Reconomic

C — Wsocial ~ rPSy
5= =
Whealth rrad

C, can be determined for a 100 and 500 years integration time for the collective dose from the ranges
of monetary costs and collective doses given in Table 4:

_ (13970+2,000+13260) - 3,200 _ 26,030
1100 100000[{16-0) [10° 1,600

c - (13970+2,000+13260 -3,200_ 26030
1900 100000[{51-0) 107 5100
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The value ofC; is more difficult to assess but a value of 0.2 - 0.3 has been argued for in Annex B. The
weighting factors can be calculated from the scaling constaatde:

1 1

Whealth100 = =0.057 and Wieamso0 = =0.157
1+ 26030 +0.25 1+ 26030 +0.25
1,600 5100
26,030 26,030
WeconomidOO = 261'063%0 = M and WeconomicSOO = 265(.,):;%0 = m
1+— +0.25 1+— +0.25
1600 5100
Wsocial,lOO = 268;; = M’ and WsociaI,SOO = 26 83?(? = m
1+— +0.25 1+— +0.25
1600 5100

Weighting factors for health sub-attributes

The weighting factors for health sub-attributes include those of radiation induced stochastic health ef-
fects to the affected population and workers and non-radiation induced stochastic health effects to the
affected population as shown in Figure 9. The sum of these weighting factors should respect the fol-
lowing conditions:

Wdose pop + Wdosevvork + Wnon—rad =1

The conversion/scaling constaf, for the health attributes can according to Annex B be expressed
as:

Wdosepop = C ERdosepop D] |]rad DC |:Rdosepop
Wdosework = C |:Rdosework [[] []rad DC |:Rdosepop

Wnon—rad,pop = C |:Rnon—rad,pop D] |j‘non—rad

Exposure to heavy metals is not relevant for the Molse Nete River site,ang is therefore zero.
The value ofC can be determined from the collective dose rari@egiven in Table 4 as:
_ 1
C100 -
(16-0) +(0.0067-0)
_ 1
CSOO -
(51-0) +(0.0067-0)

=6.25[10°

=1.96[107?

The weighting factors can be determined from the scaling corGtartte:
Wiosepop10o = 6-25 1072 [{16-0) 01
Wesewor 100 = 6-2511072 [{0.0067- 0) 1O
Wiyosepopsoo = 1-96 107 [(51-0) 1
Wyosework s00 =1.96107% [{0.0067- 0) IO

Weighting factors for economic sub-attributes

The weighting factors for economic sub-attributes include those for cost of remediation, cost of waste
disposal, costs of monitoring and loss/gain of taxes as shown in Figure 9. The sum of these weighting
factors should respect the following conditions:

+w, +w,, =1

W, monitor tax

waste

w

remedia
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The conversion/scaling consta@, for the economic attributes can according to Annex B be ex-

pressed as:
Wremedia = C |:Rremedia
Wwaste = C ERwaste
Wmonitor = C |:Rmonitor
Vvtax = C ER(ax
The conversion/scaling constaf, for the economic sub-attributes can be determined from the cost
ranges in Table 4:
= ! =26200"
(13970-0) +(19580-0) + (3,200-0) + (1,360-0)

The weighting factors can be calculated from the scaling corGtanbe:
=2.62107° [{13970-0) =0.37

Wremedia
W00 = 2.62010°° [{19580- 0) =0.51
=2.62107° [{3,200- 0) =0.084

Wmonitor

W, =2.62[107° [{1,360-0) = 0.036

Weighting factors for social sub-attributes

The weighting factors include those for reassurance, disturbance and loss/gain of taxes as shown in
Figure 9. The sum of these weighting factors should respect the following conditions:

Wdistur + Wreas + Wloss =1

The conversion/scaling constants for the social sub-attributes can according to Annex B be expressed

VV|OSS

as.
w
reas  and C2 —

Cl —__Teas
distur Wdistur

In Annex B it is argued thateas > Wioss > Wyistor and thatC; = 5 - 7 andC, = 2 - 3. From these values

the weighting factors can be calculated as:
Weistur :; %‘-

1+6+25
® 0063

Wieas =7 T~ 5~
1+6+25
25 [10.26

W e —
% 1+6+25
The calculated values of the weighting factors for each of the attributes and sub-attributes are shown

in Table 5.
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Table 5. Weighting factors for attributes and sub-attributes applied in the optimisation of remediation
of the Molse Nete River site. The values in the left of the double columns are for an integration time of
100 years and in the right column for an integration time of 500 years.

Health factors Economic factors Social factors
100 years 500 years 100 years 500 years 100 years 500 years
0.057 0.157 0.929 0.803 0.014 0.039
100 years| 500 years e
Remediation costs 0.37 Reassurance 0.63
Dose population 1 1
Dose workers 0 0 Waste disposal costs 0.51 Disturbance 0.11
Monitoring costs 0.084
Non-radiation - - Loss/gain of income 0.26
Loss/gain of taxes 0.036

It should be emphasized that value setting of weighting factors is the crucial issue of any optimisation
because subjective judgements inevitably will enter the process.

Scores for remediation options
The overall scored);, of the remediation optionishas been determined from the weighted sum of

utilities for each of the attributes considered as shown in Figure 9:
3

U, =ij [,

=1
= Whealth deose pop DLIdose pop + Wdosework |]Jdosework)

tw tw t + W,

tax

+w

monitor

W |j“tax)

remedia

+w

economic H

W,

waste waste remedia monitor

+ Wsocial deistur |]’jdistur + Wreas |]Jreas + Vvloss |]Jloss)

The weighting factors above have all been sampled in a triangular distribution betwéen1155

times the most probable value given in Table 5. Similarly, the values of all the util{igsare de-
termined from the utility functions in which the valuesxadre sampled in a triangular distribution
between 1.5 - 1.5times the central values &fgiven in Table 4. Negative correlation between col-
lective doses and remediation costs has been applied with a correlation coeffici€n8.oThe
evaluation of the different strategies has been made with the forecasting and risk analysis program
CRYSTAL BALL [4]. Latin Hypercube Sampling technique was used and the number of trials was
10,000. The results for the scorek,for the options A - G2 are shown in Figure 10. The error bars
represent the 5% and 95% percentiles of the distributiobs of

BN
80 |- - 80 |- .
. 0 f Fl o« ™l & L b
c I 1 c I 1
S S
5 60 = 5 60 B
o L 1 ] L
2 4} . e a0} .
o o
o o
B 20F s A 20f -
0 0
A B Cl DI E1l F1 F2 Gl G2 A B Cl DI E1l F1 F2 Gl G2
Restoration option Restoration option

Figure 10. Overall evaluation of scores for different remediation strategies for the Molse Nete River
site. The left picture shows the results for an integration time of 100 years for the collective dose and
the right picture for an integration time of 500 years.
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It appears from Figure 10 that there is practically no difference between the scores for an integration
time of 100 and 500 years due to the low weight of the health attributes although the score for option
A is somewhat lower for the longer integration time. The options A, E1, F1, F2, G1 and G2 have
practically an equal score which makes it rather difficult to distinguish which is the optimum. For a
500-years integration time the option E1, capping, has the highest score, and this option can therefore
be considered as the optimum.

4.2 Drigg site

The Drigg site is situated in West Cumbria about nine km south of Sellafield in the UK on the coast of
the Irish Sea. The site is placed just west of the village of Drigg, 300 meters north of the tidal estuary
of the River Esk. Since 1959 the site has been used for the disposal of low-level radioactive waste. It
is operated by British Nuclear Fuel plc (BFNL) for the shallow burial of solid waste, mostly from the
Sellafield site. Several small streams cross the site. The dominating radionuclides giving rise to the
low doses to the local population, mainly from milk consumption™*4es, %**U,*%Pu, and*'Am.

The following restoration options to reduce population doses have been idé¢mtified

A. No remediation

C2. Filtration

D1. Chemical Solubilisation

D2. lon Exchange

D3. Bio-sorption

E1l. Capping

E3. Sub-surface Barrier

F1. Physical Immobilisation, ex-situ

F2. Physical Immobilisation, in-situ

G1. Chemical Immobilisation, ex-situ

G2. Chemical Immobilisation, in-situ
4.2.1 Cost of restoration strategies
The restoration measures fall into two categories, those, which treat solutions, and those, which treat
solids. Water treatment will be an on-going process and is assumed to last 500 years. The monetary
costs of the different restoration options include remediation costs, waste disposal costs and monitor-
ing costs. The costs of the different options are summarised below.
Option A: No remediation

+ Monitoring costs: 100,000&" corresponding to 75,000 kEUR in 500 years

Option C2: Filtration

« Remediation of a total volume of water of abotl0%m® from the Drigg stream; process-
ing of contaminated suspended solids; with a 100% efficient filtration the amount will be
40,000 kda* corresponding to about 25°m™; costs over 500 years (incl. labour costs):
380,000 KEUR

« Costs of removal and disposal of 12,500disposable waste: 31,000 KEUR
« Monitoring costs: 10,000 * corresponding to 750 kEUR in 500 years
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Option D1: Chemical Solubilisation

» Costs of excavation, transport and treatment off-site dil®.5n° solid waste from the
Drigg Trenches: 300,000 KEUR

« Waste disposal costs for 41,008 waste solution: 100,000 KEUR
« Monitoring costs: 10,000 * corresponding to 7,500 KEUR in 500 years

Option D2: lon Exchange

« Costs of removal of 12,500°%solid material by filtration and ion exchange @1® m’
liquid: 1,000 MEUR

« Costs of removal and disposal of 12,500disposable waste: 31,000 KEUR
« Monitoring costs: 20,000 * corresponding to 15,000 kEUR in 500 years

Option D3: Biosorption

« Costs of removal of 12,500°nsolid material by filtration and biosorption processing of

5010° m® liquid: 1,300 MEUR
« Costs of removal and disposal of 12,500disposable waste: 31,000 KEUR
« Monitoring costs: 10,000 * corresponding to 7,500 kEUR in 500 years

Option E1: Capping

« Costs of capping an surface area ofif) 3,500 KEUR
« Monitoring costs: 100,000& " corresponding to 75,000 kEUR in 500 years

Option E3: Sub-surface Barrier

» Costs of establishing a grout curtain with a depth of 10 m: 6,300 kKEUR
« Monitoring costs: 100,000&" corresponding to 75,000 kEUR in 500 years

Option F1: Physical ImmobilisatiomX-sity

» Costs of excavation, transport and immaobilisation of1&sm° solid waste: 55,000 kKEUR
« Monitoring costs: 100,000& " corresponding to 75,000 kEUR in 500 years

Option F2: Physical Immobilisatiomgsitu)

« Costs of immobilisation of 5060° m® solid waste: 190,000 kEUR
« Monitoring costs: 100,000&" corresponding to 75,000 kEUR in 500 years

Option G1: Chemical ImmobilisatiomX-sit)

» Costs of excavation, transport and immobilisation of ®5m® solid waste: 130,000
kEUR

« Monitoring costs: 100,000& " corresponding to 75,000 kEUR in 500 years

Option G2: Chemical Immobilisatiomésitu)

« Costs of immobilisation of 5060° m® solid waste: 55,000 KEUR
« Monitoring costs: 100,000&" corresponding to 75,000 kEUR in 500 years
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4.2.2 Justified restoration strategies

The economic and radiological data for remediation of the Drigg site are shown in Table 6. The
monetary costsx, of the remediation strategies can be compared to the benefit of the collective dose
reduction AS. The net benefi)B, is given as:

AB=a [AS-(a [B

work

+ X + X +X

remedia waste monitor)

None of the remedial options are justified on economic grounds alone when only the central estimates
of collective dose are used together withoavalue of 100,000 EURanSV* [14]. A higher value of

a (e.g.200,000 EURhanSv') and more extreme values from the calculated collective dose distribu-
tion (e.g.the 95th percentile) would make the options E1 and E3 economically justified, but only
when the avertable collective dose is taken over 500 years.

Table 6. Remediation costs and collective doses to population and workers for different restoration
strategies at the Drigg site.

Restoration (:tglﬁgsxgggﬁe Cg(l)l:gtit\c/)e Monetary costs of restoration Fract_iqn Waste
[KEUR] of activity | volume
strategy [man SY workers left on-site (m)
100y | 500y | [MaMSV] | Remedi- | Moni- | Waste
ation toring | disposal
A 49 120 0 0 75,000 0 1 0
Cc2 0.93 3.3 1.5107° 380,000 750 31,000 0.01 12,500
D1 9.9 33 1.71m0° 300,000 7,500 | 100,00( 0.1 41,000
D2 16 51 3.710*° | 1,000,000/ 15,000 31,000 0.2 12,500
D3 13 42 7.110%° | 1,300,000 7,500 31,000 0.1 12,500
E1l 0.43 19 | 5510 3,500 75,000 0 1 0
E3 2.9 11 | 6.910™ 6,300 75,000 0 1 0
F1 4.2 10 2.8107° 55,000 75,000 0 1 0
F2 4.2 10 1.4010° 190,000 | 75,000 0 1 0
Gl 2.9 7.2 1.9107° 130,000 75,000 0 1 0
G2 2.9 7.2 | 9.4a0% 55,000 75,000 0 1 0

The individual doses would be of the order of 1,880@ " at the time of decision to introduce reme-
diation (year 1). IAEA has proposed clean-up criteria in terms of individual dose [16]. For an individ-
ual dose range of 1 - 10 m&V clean-up is almost always needed if a constraint for controlled prac-
tices is applied. Even without the application of a constraint IAEA suggests that for individual doses
of 1 - 10 mS& " clean-up would usually be needed. Based on these recommendations it can therefore
be concluded that some kind of remediation would almost always be justified for the Drigg site.

4.2.3 Optimised restoration strategies

Utility functions for the attributemonetary costandradiation dosesave been calculated from the
figures in Table 6 on monetary cost components and residual collective doses after remediation. Lin-
ear (risk neutral) utility functions have been used.

Utility functions for monetary costs
Utility functions have been determined for remediation costs (including labour costs), waste disposal
costs (including transport costs) and monitoring costs:
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wmmmoo=1oo%%———li——é for 0< x<1.300,00kEUR
1300000

X
u X) =1000H - for 0< x<100000kEUR
wase(¥) E@ 1OQOOOE Q

Upnonior (X) = 100[% ﬂ% for 750< x < 75000kEUR over500y
75000- 750

Utility functions for health factors

The following utility functions for the radiological health components have been determined for the
exposed population and workers implementing the remedial actions. Only radiological health factors
are considered for the Drigg site as no heavy metals are found.

Udose ponDo(X) =1OOEB.+ m Hfor 0.43< x<49manSv
' O 49-0430

1.9-x
u X =100EE1+—B for1.9< x<120manSv
dose, poﬁoo( ) [ 120_19|:]

Ugose, work X) =100EE1-%H for 0< x<2.8[10°° manSv
’ O 2800°0O

Utility functions for social factors

The utility functionuessfor reassurance would be linked to both the residual dose and the fraction of
activity remaining on the site after the remedial measure has been implemented. However, the residual
dose and remaining activity are not necessarily correlated. A remedial measure that has left all the ac-
tivity on site in a contained form (capping, surface barriers etc.) might give a substantial dose reduc-
tion and thus a low value of the residual doses. Detailed information on how social factors like reas-
surance are linked with individual doses and activity concentration on site is not available. Therefore,
utility functions for 100 years and 500 years integration time have been proposed which gives a low
value only when both sub-utilities have low values:

043- 1 0.01
Ureaszoo(X, Y) =100 EB. X H EB. —yH H
49-0. 43@059 2 0 10-0.01 [
for 0.43< x<49manSvand0.01<sy <1

Uygassoo(X ¥) = 100%&[ 19-x H %[El L 001y g H

120 1 9 |je‘iose U 1 O 0 Olgctlwty H
for1.9< x<120manSvand0.01< y<1

wherey is the fraction of activity remaining on site after the remedial measures has been imple-
mented. The value of the utility functian..swill be 100 for a residual dose of 0.43 (1.9) man Sv and

a remaining fraction of the initial activity of 0.01 (best strategy) and 0 for a residual dose of 49 (120)
man Sv and a remaining activity fraction of 1.0 (worst strategy).

The utility functionugs,, for disturbance has been related to the volume of soil and sediment waste to
be transported to the waste disposal site:

Uy, (X) =100 for 0< x<41,000m?®
d|stur( ) %‘ 41 OE 1'
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Weighting factors for major attributes

The major weighting factors considered in this study include those for monetary costs, health and so-
cial factors as shown in Figure 9. The sum of these weighting factors should respect the following
conditions:

Wheath T W, W, 1

economic social —

The assessment of the weighting factors is discussed in Annex B where conversion/scaling constants
between weighting factors has been expressed as:
w,

Cl — __economic
Whealth Wdose pop a |:Rdose pop

w

economic — Reconomic

W, Moy

social

C,=

Wheath T

rad

C, can be determined for a 100 and 500 years integration time for the collective dose from the ranges
of monetary costs and collective doses given in Table 6:

_ (1,300000+ 75,000+ 31,000 —0 _ 1,406000
1100 100000[{49- 0.43) [10° 4,857

(1,300000+ 75,000+ 31,000) -0 _1,406000
100000{120-1.9) 107 11810

1,500

The value ofC; is more difficult to assess but a value of 0.2 - 0.3 has been argued for in Annex B. The
weighting factors can be calculated from the scaling constaaide:

1 -3 1 3
Wheaith100 = =3.400"° and Wheatthsoo = =8.3[10
1+M+0.25 1+M+0_25
4857 11810
1406000 1406000
4857 11810
Weconomidoo = =0.996 and WeCOﬂomic500 = =0.990
1+M+0.25 1+M+0_25
4,857 11810
0.25 4 0.25 _3
Wsocial,loo = =8.6010 and Wsocial,soo = =21010
1+M+0.25 1+M+0_25
4857 11810

Weighting factors for health sub-attributes

The weighting factors for health sub-attributes include those of radiation induced stochastic health ef-
fects to the affected population and workers and non-radiation induced stochastic health effects to the
affected population as shown in Figure 9. The sum of these weighting factors should respect the fol-
lowing conditions:

Wdose pop + Wdosework + Wnon—rad =1

The conversion/scaling constafit, for the health sub-attributes can according to Annex B be ex-
pressed as:
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Wdosepop = C [Rdosepop D] []rad DC |:Rdosepop

Wdosework = C |:Rdosework [ﬂ |].rad DC |:Rdosepop

w =C[R 0 x

non-rad, pop non-rad, pop non-rad

Exposure to heavy metals is not relevant for the Drigg siteRajaghqis therefore zero. The value of
C can be determined from the collective dose rarigegiven in Table 6 as:
1

= =2.06107
(49-0.43) +(5.610° - 0)

ClOO

1

= =8.47007°
(120-1.9) + (5.6 10°° - 0)

C:500

The weighting factors can be determined from the scaling corStarte:
Weosepop1oo = 2:06[107% [{49-0.43) 01
Weosemork 100 = 2-06[1072 [{5.6 10°° — 0) 0O
Wiyosepopsoo = 8:47107° [{120-1.9) 01
Wyosework s00 = 8-47[107° [(5.6[10°° - 0) 0O

Weighting factors for economic sub-attributes

The weighting factors for economic sub-attributes include those for cost of remediation, cost of waste
disposal and costs of monitoring (no loss/gain of taxes) as shown in Figure 9. The sum of these
weighting factors should respect the following conditions:

W, =1

remedia W

waste W

monitor
The conversion/scaling consta@, for the economic attributes can according to Annex B be ex-
pressed as:

W =CI[R

remedia

Wwaste =C [Rwaste
Wmonitor = C |:Rmonitor

remedia

The conversion/scaling constaf, for the economic sub-attributes can be determined from the cost
ranges in Table 6:
1

C= =6.78010°"
(1,300,000~ 0) + (L00,000- 0) + (75,000- 750)

The weighting factors can be calculated from the scaling corGtanbe:
w

e = 6.780107 [{1,300000- 0) = 0.882
W, . = 6.801077 [{L00000- 0) = 0.068
W, = 680107 ({75,000~ 750) = 0.050

monitor
Weighting factors for social sub-attributes

The weighting factors include those for reassurance and disturbance as shown in Figure 9. The sum of
these weighting factors should respect the following conditions:
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Wdistur + Wreas =1

The conversion/scaling constant for the social sub-attributes can according to Annex B be expressed
as:
C —_ Wreas
1

Wdistur

In Annex B it is argued thatieas > Wyiswr and thatCy = 5 - 7. From these values the weighting factors
can be calculated as:

1
Wiaistur :m Dw and w,

6
reas :176 D0_86
The calculated values of the weighting factors for each of the attributes and sub-attributes are shown
in Table 7.

Table 7. Weighting factors for attributes and sub-attributes applied in the optimisation of remediation
of the Drigg site. The values in the left of the double columns are for an integration time of 100 years
and in the right column for an integration time of 500 years.

Health factors Economic factors Social factors
100 years 500 years 100 years 500 years 100 years 500 years
0.0034 0.0083 0.996 0.990 0.00086 0.0021
100 years| 500 years L.
- Remediation costs 0.882 Reassurance 0.86
Dose population 1 1
Dose workers 0 0 Waste disposal costs 0.068 Disturbance 0.1
Monitoring costs 0.050
Non-radiation - - - Loss/gain of income -
Loss/gain of taxes -

Scores for remediation options
The overall scored);, of the remediation optionishas been determined from the weighted sum of
utilities for each of the attributes considered as shown in Figure 9:
3
U, = ij [,

=
= Whealth |]Wdose pop |j'udose pop + Wdosework |rludosework)

+ Weconomic quaste |:Ij'lwaste + Wremedia mremedia + Wmonitor |]Jmonitor)

+ Wsocial |]Wdistur |j'udistur + Wreas IjLIreas)
The weighting factors above have all been sampled in a triangular distribution betwéen1155
times the most probable value given in Table 7. Similarly, the values of all the util{gsare de-
termined from the utility functions in which the valuesxadre sampled in a triangular distribution
between 1.5 - 1.5times the central values &fgiven in Table 6. Negative correlation between col-
lective doses and remediation costs has been applied with a correlation coeffici€n8.oThe
evaluation of the different strategies has been made with the forecasting and risk analysis program
CRYSTAL BALL [4]. Latin Hypercube Sampling technique was used and the number of trials was
10,000. The results for the scorek,for the options A - G2 are shown in Figure 11. The error bars
represent the 5% and 95% percentiles of the distributiobls of
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Figure 11. Overall evaluation of scores for different remediation strategies for the Drigg site for an
integration time of 500 years for the collective dose. Identical scores are found for an integration
time of 100 years.

It appears from Figure 11 that the options E1 and E3 have the highest score, closely followed by the
option A. Also the options F1 and G2 have a high and practically an equal score. Therefore, it might
be difficult to pick an optimum solution among the options E1, E3, A, F1 and G2.

4.3 Ravenglass site

The Ravenglass estuary is situated in West Cumbria on the coast of the Irish Sea. It encompasses the
tidal reaches of the River Esk, Irt and Mite and its northern part directly borders on the Drigg site (see
Section 4.2). The principal source of the estuary is the Irish Sea as the rivers contribute only a smaller
part. The sediments are contaminated via the Irish Sea from waste discharges from the Sellafield nu-
clear fuel reprocessing plant. The main radionuclides of the contaminatitfCaé*Pu, and*'Am.

This environment presents some problems considering the use of remediation techniques, as it is both
tidal, dynamic and can be turbulent. The area is within the Lake District National Park and the public
has therefore access to the area. As a consequence of the area characteristics ex-sit techniques will
provide the best options for remediation of the site.

The following restoration options have been identifgd
A. No remediation
B. Source removal
Cl. Soil Washing
D1. Chemical Solubilisation
4.3.1 Cost of restoration strategies
Remediation of the Ravenglass Estuary is primarily directed towards the muddy banks of the mud
flats and salt marshes, which contain the highest levels of activity. The monetary he costs of the re-

mediation options include remediation costs, waste disposal costs and monitoring costs. The cost
components of the different options are summarised below.
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Option A:

No remediation

Option B:

Monitoring costs: 75,000 * corresponding to 52,500 KEUR in 500 years

Source Removal

Remediation of a total volume of about @ m’® sediments from different parts of the
estuary; costs of excavation and transport (incl. labour): 130,000 kEUR

Costs of disposal of 12B0° m® sediments: 780,000 kEUR
Monitoring costs: 4,300&* corresponding to 3,000 kEUR in 500 years

Option C1: Soil Washing

Costs of excavation, transport and soil washing (incl. labour): 520,000 KEUR

Costs of disposal of 2IB0° m® radioactive waste assuming a reduction of the total volume
with 80%: 650,000 KEUR

Monitoring costs: 15,000 * corresponding to 10,500 KEUR in 500 years

Option D1: Chemical Solubilisation

Costs of excavation, transport and treatment (incl. labour): 720,000 KEUR

Costs of disposal of 4B m® liquid radioactive waste assuming a concentratioli 6%
of 10 MBgm® from a total inventory of 4.5 TBq 6f'Cs in the estuary: 1,100,000 kEUR

Monitoring costs: 15,000 * corresponding to 10,500 kEUR in 500 years

4.3.2 Justified restoration strategies

The economic and radiologic data for remediation of the Ravenglass site are shown in Table 8. The
remediation costs include the costs of labour and costs of monitoring. The monetar¥,cofsthe
remediation strategies can be compared to the benefit of the collective dose redigtiim net
benefit,AB, is given as:

AB=qa A\S-(a [B,,, + X + Xaste + X monitor)

remedia waste

None of the remedial options are justified on economic grounds alone when only the central estimates
of collective dose are used together withoavalue of 100,000 EURhanSV' [14]. Not even a higher

value ofa (e.g.200,000 EURhanSVv') and more extreme values from the calculated collective dose
distribution €.g.the 95th percentile) would make any of the options economically justified for any of
the integration times for the collective doses.

Table 8. Remediation costs and collective doses to population and workers for different restoration
strategies at the Ravenglass site.

Restorati CtO”eCt'Vf f_lose C((j)llectltve Monetary costs of restoratior| Fraction of| Waste
estoration| to population oske 0 [KEUR] activity volume

strategy [man Sy workers left on-site | (m?

100y | 500y [man3$v] | Remedi-| Moni- | Waste
ation toring | disposal

A 28 29 0 0 52,500 0 1 0
B 15 15 0.92 130,000 3,000, 780,000 0.05| 1.310°
C1l 23 24 1.01 520,000 10,500 650,000 02| 2.610°
D1 7.7 8.2 2.29 720,000 10,500 1.1110° 0.2 4.310°
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The individual doses would be of the order of 1,ﬁ8®@‘1 at the time of decision to introduce reme-
diation (year 1). IAEA has proposed clean-up criteria in terms of individual dose [16]. For an individ-
ual dose range of 1 - 10 m&V clean-up is almost always needed if a constraint for controlled prac-
tices is applied. Even without the application of a constraint IAEA suggests that for individual doses
of 1 - 10 mS{a* clean-up would usually be needed. Based on these recommendations it can therefore
be concluded that some kind of remediation would almost always be justified for the Ravenglass Es-
tuary.

4.3.3 Optimised restoration strategies

Utility functions for the attributemonetary costandradiation doseshave been calculated from the
figures in Table 8 on monetary cost components and residual collective doses after remediation. Lin-
ear (risk neutral) utility functions have been used.

Utility functions for monetary costs
Utility functions have been determined for remediation costs (including labour costs), waste disposal
costs (including transport costs) and monitoring costs:

X
UremedialX) =1OOE%— 720,000% for 0< x<720,00KEUR

X
u X) =1000H-———H for0< x<1100000kEUR
wase(¥) E@ MOQOOOE 1100

3,000- x

Unonitor (X) =1000FL+ —>———=__ 1 for 3,000< x < 52,500kEUR over500y
52,500- 3,000

Utility functions for health factors

The following utility functions for the radiological health components have been determined for the
exposed population and workers implementing the remedial actions. Only radiological health factors
are considered for the Ravenglass site as no heavy metals are found.

7—X

Udose, popoo(X) :1OOIIB.+ 7'—Hfor 7.7< x<28manSv
’ o 2 70

8.2- XZQ for 8.2< x<29manSv

udose, p0|5,00(x) = 100[@- +

Ugose. word X) :100EB.— LH for 0< x<2.29manSv
’ 0 2290

Utility functions for social factors

The utility functionueasfor reassurance would be linked to both the residual dose and the fraction of
activity remaining on the site after the remedial measure has been implemented. However, the residual
dose and remaining activity are not necessarily correlated. A remedial measure that has left all the ac-
tivity on site in a contained form (capping, surface barriers etc.) might give a substantial dose reduc-
tion and thus a low value of the residual doses. Detailed information on how social factors like reas-
surance are linked with individual doses and activity concentration on site is not available. Therefore,
utility functions for 100 years and 500 years integration time have been proposed which gives a low
value only when both sub-utilities have low values:
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ureas,lO((X1 y) =1OOE% EB- Lilhts H 1 EB-+ MH

28=7.70wse 2 O 1.0-0.050 4y
for 7.7 < x< 28manSvand0.05s y <1
{x,y) =100LC EB.+ 8'2_XH Eﬂ 005~ yH

O 29-82[0we 2 O 1.0-0.050y
for8.2< x<29manSvand0.05<s y<1

T 1]

reas 50

[

wherey is the fraction of activity remaining on site after the remedial measures has been imple-
mented. The value of the utility functian,sis 100 for a residual dose of 7.7 (8.2) man Sv and a re-
maining fraction of the initial activity of 0.05 (best strategy) and O for a residual dose of 28 (29)

mariSyv and a remaining activity fraction of 1.0 (worst strategy).

The utility functionugsy,, for disturbance has been related to the volume of soil and sediment waste to
be transported to the waste disposal site:

udiswr(x)zlooE%— X E for 0< x < 430000m?
430000

Weighting factors for major attributes
The major weighting factors considered in this study include those for monetary costs, health and so-
cial factors as shown in Figure 9. The sum of these weighting factors should respect the following

conditions:

+w, =1

social

Wheath T W,

economic

The assessment of the weighting factors is discussed in Annex B where conversion/scaling constants
between weighting factors has been expressed as:

W, w

C — economicD economic — Reconomic
. = =

Whealth Wdose pop a |:Rdose pop

C — Wsocial ~ rPSy
5= =
Whealth rrad

C, can be determined for a 100 and 500 years integration time for the collective dose from the ranges
of monetary costs and collective doses given in Table 8:

_ (1.100° + 720000+ 52,500 -0 _ 1.87[10°
M7 1000000{28-7.7) 10 2,030

_ (1.110° + 720000+ 52,500 -0 _ 1.87110°
107 100000{29-8.2) 107 2,080

The value ofC; is more difficult to assess but a value of 0.2 - 0.3 has been argued for in Annex B. The
weighting factors can be calculated from the scaling constaaide:

1 1
W = =1.08[10° and w, =
health100 1.87 D.OG = health 500 1.87 EI_OG

1+————+025 1+————+025
2,030 2,080

=1.1110°3
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1.87010° 1.87010°
WeconomicLOO = 2103(? D&gg and Weconomic500 = 2108(? DM
1870110 187010
1+W+0'25 1+W+0.25
Wsocial,lOO = 1 87?3.202 = 271—|j'0_4 and WsociaI,SOO = 1 87?3.205(: = LW
1+———+025 1+———+025
2,030 2,080

Weighting factors for health sub-attributes

The weighting factors for health sub-attributes include those of radiation induced stochastic health ef-
fects to the affected population and workers and non-radiation induced stochastic health effects to the
affected population as shown in Figure 9. The sum of these weighting factors should respect the fol-
lowing conditions:

+ Wdosework + Wnon—rad =1

Wdose pop

The conversion/scaling constafit, for the health sub-attributes can according to Annex B be ex-
pressed as:

Wdosepop = C [Rdosepop D] []rad DC |:Rdosepop

Wdosework = C |:Rdosework [ﬂ |].rad DC |:Rdosepop

w =C[R 0 x

non-rad, pop non-rad, pop non-rad

Exposure to heavy metals is not relevant for the Ravenglass site,@nd is therefore zero. The
value ofC can be determined from the collective dose rarigegiven in Table 8 as:
_ 1 _
ClOO - -
(28-7.7) +(2.29-0)
1
Ceoo = =0.
(29-8.2) +(2.29-0)

0.044

043

The weighting factors can be determined from the scaling corGtarte:
Wyose pop10o = 0-044[(28~-7.7) 00.90
Wiosework 100 = 0-044[(2.29-0) 00.10
Wyosepopsoo = 0-043[(29-8.2) 10.90
Wosework 500 = 0-043[(2.29-0) J0.10

Weighting factors for economic sub-attributes

The weighting factors for economic sub-attributes include those for cost of remediation, cost of waste
disposal and costs of monitoring (no loss/gain of taxes) as shown in Figure 9. The sum of these
weighting factors should respect the following conditions:

W, =1

remedia W,

waste W,

monitor

The conversion/scaling constants for the economic sub-attributes can according to Annex B be ex-
pressed as:
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W =CI[R

remedia

Wwaste =C [Rwaste
Wmonitor = C |:Rmonitor

remedia

The conversion/scaling constaf, for the economic sub-attributes can be determined from the cost
ranges in Table 8:
1

C= - =5.3510""
(720000~ 0) + (1.1[10° - 0) + (52500~ 3,000

The weighting factors can be calculated from the scaling corGtanbe:
w,

media = 5-3501077 [{720000- 0) = 0.385
W, .0 = 5.350107" [{1.110° - 0) =0.588

W, =5.35[10"" [{52,500- 3,000 = 0.026

monitor

Weighting factors for social sub-attributes
The weighting factors include those for reassurance and disturbance as shown in Figure 9. The sum of
these weighting factors should respect the following conditions:

Wdistur + Wreas =1

The conversion/scaling constant for the social sub-attributes can according to Annex B be expressed
as:
C —_ Wreas
| = —eas
Wdistur

In Annex B it is argued thateqs > Wyistor and thatC; = 5 - 7. From these values the weighting factors
can be calculated as:

distur :i D%" and Wieas =74 D0_86
1+6 1+

The calculated values of the weighting factors for each of the attributes and sub-attributes are shown
in Table 9.

Table 9. Weighting factors for attributes and sub-attributes applied in the optimisation of remediation
of the Ravenglass site. The values in the left of the double columns are for an integration time of 100
years and in the right column for an integration time of 500 years.

Health factors Economic factors Social factors
100 years 500 years 100 years 500 years 100 years 500 years
1.0810°° 1.1110°° 0.999 0.999 2.7110* 2.7910™
100 years| 500 years L.
- Remediation costs 0.385 Reassurance 0.86
Dose population 0.90 0.90
Dose workers 0.10 0.10 Waste disposal costs 0.588 Disturbance 0.14
Monitoring costs 0.026
Non-radiation - - - Loss/gain of income -
Loss/gain of taxes -
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Scores for remediation options
The overall scored);, of the remediation optionishas been determined from the weighted sum of
utilities for each of the attributes considered as shown in Figure 9:
3
U, = ij [,

=1

= Whealth |]Wdose pop |j'udose pop + Wdosework |rludosework)

+ Weconomic quaste |juwaste + Wremedia |juremedia + Wmonitor |]Jmonitor)
+ Wsocial |]Wdistur |j'udistur + Wreas IjLIreas)

The weighting factors above have all been sampled in a triangular distribution betwéen1155

times the most probable value given in Table 9. Similarly, the values of all the util{gsare de-
termined from the utility functions in which the valuesxadre sampled in a triangular distribution
between 1.5 - 1.5times the central values &fgiven in Table 8. Negative correlation between col-
lective doses and remediation costs has been applied with a correlation coeffici€n8.oThe
evaluation of the different strategies has been made with the forecasting and risk analysis program
CRYSTAL BALL [4]. Latin Hypercube Sampling technique was used and the number of trials was
10,000. The results for the scorek,for the options A - D1 are shown in Figure 12. The error bars
represent the 5% and 95% percentiles of the distributiobls of

100

=
%) | |
2 80
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P
= S
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O
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Figure 12. Overall evaluation of scores for different remediation strategies for the Ravenglass site for
an integration time of 500 years for the collective dose. Identical scores are found for an integration
time of 100 years & 10" means that the actual value is 10 times lower).

It appears from Figure 12 that option A has the highest score. The scores for options B and C1 are
both significantly lower score than for option A. Due to the highest total costs for option D1 this op-
tion has the lowest score. The 'no remediation' option A is thus the optimum solution for the
Ravenglass site and also the cheapest. There is no difference between the scores for the two different
integration times due to the low weight of the health attributes.

4.4 Ranstad site

The Ranstad Tailing site is situated in the southern part of Sweden, in the Billingen-Haggum district
about 20 km south of the city of Skévde. The tailings have been produced from a former uranium
processing plant of the Swedish AB Atomenergi, which operated the uranium from a nearby open pit
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mine. The mill tailing consists of crushed alum shale from which uranium has been extracted by
leaching. The contaminants are maifif) in addition to significant levels of manganese and nickel.

In order to remediate a mill tailing different restoration techniques can be considered. In the case of
the Ranstad mill tailing site three different categories of remediation techniques has been looked
upon; containment, immobilisation and separation. Containment is a good alternative in order to re-
duce the amount of infiltrating water and the entrance of oxygen into the tailing. It is the percolating
water together with oxygen that governs the weathering processes in the tailing. If the weathering pro-
cesses stops then the amount of contaminants leaching from the tailing will be strongly reduced.

For the Ranstad tailing site two different types of capping have been considered. The first one con-
sisting of 0.5 m of moraine, as it was on the tailing before the remediation started, and another one
consisting of 1.6 m of different soil types, as was actually performed 1991-92.

Immobilisation is a technique where the aim is to reduce the mobility and solubility of contaminants.
This can be done either by injecting solidifying material in the tailing, physical immobilisation, or by
injecting immobilising reagents, chemical immobilisation. Since these methods would reduce the
leakage from the tailing considerably they have been included in this study.

Separation techniques are useful in order to separate the contaminants from the tailing to a concen-

trated solution. Both physical and chemical separation can be used for this purpose. Even though such

methods are not likely to be used when large amounts are to be separated, due to high costs, these
techniques has been considered for the Ranstad tailing site.

The following restoration options have been identifted

A. No remediation
C1l. Soil washing
D1. Chemical Separation

E. Containment
El. Capping 0.5 m
E2. Capping 1.6 m

F2. Physical Immobilisation, in-situ

G2. Chemical Immobilisation, in-situ
4.4.1 Cost of restoration strategies
The following restoration components have been identified for the different remedial options [5]:
Option A: No remediation

Option C1: Physical Separation (soil washing)

» Costs of remediation (incl. labour): 640,000 KEUR
» Costs of waste disposal (incl. transport): 38,000 KEUR

Option D1: Chemical Separation (solubilisation)

» Costs of remediation (incl. labour): 730,000 kKEUR
» Costs of waste disposal (incl. transport): 38,000 KEUR
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Option E1: Containment, capping 0.5 m

» Costs of remediation (incl. labour): 9,500 kKEUR

Option E2: Containment, capping 1.6 m

» Costs of remediation (incl. labour): 16,000 kEUR

Option F2: Physical Immobilisatiomnésitu)

» Costs of remediation (incl. labour): 23,000 kEUR

Option G2: Chemical Immobilisatiomésitu)

» Costs of remediation (incl. labour): 32,000 kEUR

4.4.2 Justified restoration strategies

The economic and radiological data for remediation of the Ranstad site are shown in Table 10. The
remediation costs include the costs of labour and the waste disposal costs include transport costs. The
monetary costsx, of the remediation strategies can be compared to the benefit of the collective dose
reduction AS. The net benefi)B, is given as:

AB=q DS (X g+ X

remedia waste)

None of the remedial options are justified on economic grounds alone when only the central estimates
of collective dose are used together withoavalue of 100,000 EURhanSV' [14]. Not even a higher
value ofa (e.g.200,000 EURhanSVv') and more extreme values from the calculated collective dose

distribution €.g.the 95th percentile) would make any of the options economically justified for any of
the integration times for the collective doses.

Table 10. Remediation costs and collective doses to population and workers for different restoration
strategies at the Ranstad site.

Collective dose| Collective intake of met-

Restoration| to population als to population Mo?:;?ga?%sr,]ts of Efrzc(::ttllc\)/n \mif;(z
strategy [man S¥ [manikg] [KEUR] ity left (m?)
on-site
100y [ sooy| 100y [ 500y | meme wase
Manganese/Nickel

A 0.59 24 12/0.88 22/58 0 0 1 0
C1 0.23 9.4 6.3/0.35 13/22 640,000 38,000 0.4 4.510°
D1 0.13 5.5 5.1/0.23 10/12 730,000 38,000 0.2| 1.510
El 0.37 15.0 7.9/0.56 16/35 9,500 0 1 0
E2 0.19 8.1 4.4/0.31 9.4/18 16,000 0 1 0
F2 0.051 1.8 1.3/0.11 3.8/4.0 23,000 0 1 0
G2 0.034 1.1 0.73/0.07% 2.9/2.5 32,000 0 1 0

The individual doses would in average be of the order QfSME " at the time of decision to intro-
duce remediation (year 1). IAEA has proposed clean-up criteria in terms of individual dose [16]. For
an individual dose range of 10 - 1p@vid’ clean-up is sometimes needed if a constraint for con-
trolled practices is applied. Without the application of a constraint IAEA suggests that for individual
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doses of 10 - 10QSvia* clean-up would rarely be needed. Based on these recommendations it can
therefore be concluded that remediation would probably not be justified for the Ranstad site.

4.4.3 Optimised restoration strategies

Utility functions for the attributemonetary costandradiation doseshave been calculated from the
figures in Table 10 on monetary cost components and residual collective doses after remediation. Lin-
ear (risk neutral) utility functions have been used.

Utility functions for monetary costs
Utility functions have been determined for remediation costs (including labour costs) and waste dis-
posal costs (including transport costs):

X
x) =100 for0< x<730,00KEUR
remedla( ) E@‘ 73Q000E

X
uwaste(x) 2100%_ m% for 0< x<38000kEUR

Utility functions for health factors

The following utility functions for the radiological health components have been determined for the
exposed population and workers implementing the remedial actions. Both radiological and non-
radiological health factors are considered for the Ranstad site as the heavy metals nickel and manga-
nese would expose the population through contaminated foodstuffs.

U moaso(X) =100+ 20347 X Heor 00345 x < 0.59manSv
’ [0 0.59-0.0347]

11-x

4 H forl.1< x<24manSv

l"Idose, p0|5,00(x) = 100[@ +

Unon-raaz00(X) =1OOEEL MH for 0.81< x <12.9 mankg nickel+ manganese
O 129-0.810

Unon-ragsoo(X) = 100[@& %@ for 5.4 < x < 80mankg nickel+ manganese

Utility functions for social factors

The utility functionussfor reassurance would be linked to both the residual dose and the fraction of
activity remaining on the site after the remedial measure has been implemented. However, the residual
dose and remaining activity are not necessarily correlated. A remedial measure that has left all the ac-
tivity on site in a contained form (capping, surface barriers etc.) might give a substantial dose reduc-
tion and thus a low value of the residual doses. Detailed information on how social factors like reas-
surance are linked with individual doses and activity concentration on site is not available. Therefore,
utility functions for 100 years and 500 years integration time have been proposed which gives a low
value only when both sub-utilities have low values:

realeO(X y) loo%ﬁ 0034~ x H %EB- 02~ y H E

0.59-0.0340},., 0 10-020qmF
for 0.034< x<0.59manSvand0.2<sy <1

29 April 1999 38 Issue 3



RESTRAT - Methodology of Ranking Restoration Options

reasSOO(X y) 100% EB-"' ll X H 1 EB. 02 y H H

4 1 1Qjose 1 O O 2 |lctlvny E
forl.1< x<24manSvand0.2<y<1

wherey is the fraction of activity remaining on site after the remedial measures has been imple-
mented. The value of the utility functian,sis 100 for a residual dose of 0.034 (1.1) man Sv and a
remaining fraction of the initial activity of 0.2 (best strategy) and O for a residual dose of 0.59 (24)
man Sv and a remaining activity fraction of 1.0 (worst strategy).

The utility functionugg,, for disturbance has been related to the volume of waste to be transported to
the waste disposal site:

udiswr(x)zlooE%— X E for 0< x < 450000m?
450000

Weighting factors for major attributes

The major weighting factors considered in this study include those for monetary costs, health and so-
cial factors as shown in Figure 9. The sum of these weighting factors should respect the following
conditions:

+Ww, =1

social

Wheaith T W,

economic

The assessment of the weighting factors is discussed in Annex B where conversion/scaling constants
between weighting factors has been expressed as:

W, ic = W,

C — economch economic — Reconomic
. = =

Whealth Wdose pop a |:Rdose pop

C — Wsocial ~ rPSy
5= =
Whealth rrad

C, can be determined for a 100 and 500 years integration time for the collective dose from the ranges
of monetary costs and collective doses given in Table 10:
(730000+38000 -0 _ 768000

1000000{0.59-0.034 10 587

1100 —

_ (730000+38000 -0 _ 768000
Y% 1000000(24-1.1) 10 2,290

The value ofC, is more difficult to assess but a value of 0.2 - 0.3 has been argued for in Annex B. The
weighting factors can be calculated from the scaling constaatde:

1

Wheatth100 =
1+ 768000

=7.64010° and W,.ms00 = 1 =29700°

+0.25 14768000 1o
58,7 2290
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768000 768000
587 2,290
WeconomicLOO = = 1_ and WeconomicSOO = = _0996
14 168000 o5 14 768000 55

587 2,290

0.25 . 0.25 .,
Wsocial,lOO = =1.91010 and WsociaI,SOO = =7.43[10

1+ 768000+ 0.25 1+ 768000+ 0.25
587 2,290

Weighting factors for health sub-attributes

The weighting factors for health sub-attributes include those of radiation induced stochastic health ef-
fects to the affected population and workers and non-radiation induced stochastic health effects to the
affected population as shown in Figure 9. The sum of these weighting factors should respect the fol-
lowing conditions:

+w =1

Wdose pop non-rad,pop

The conversion/scaling constafit, for the health sub-attributes can according to Annex B be ex-
pressed as:

Wdosepop = C |:Rdose pop D] |]‘rad DC |:Rdosepop
w =C[R e

non-rad, pop non-rad, pop non-rad

The conversion/scaling constaf, can be determined from the collective dose ranggegjven in

Table 10 as:
1
ClOO s
(0.59-0.039
1
Cooo =7~
(24-1.1)

01.80

J0.044

The weighting factors can be calculated from the scaling corGtanie:
Wyosepop10o = 1-80(0.59-0.034) =1.0
Wiose pop.500 = 0.0440(24-1.1) = 10

The risk factor for ingestion of manganese and nickgl,.q iS at present unknown and the weighting
factor for exposure to manganese and nickgl, .4 has therefore not been determined.

Weighting factors for economic sub-attributes

The weighting factors for economic sub-attributes include those for cost of remediation and costs of
waste disposal (no loss/gain of taxes and no costs of monitoring) as shown in Figure 9. The sum of
these weighting factors should respect the following conditions:

W, +w, =1

remedia waste

The conversion/scaling consta, for the economic sub-attributes can according to Annex B be ex-
pressed as:

w =CI[R

remedia

Wwaste = C ERwaste

The conversion/scaling consta@, can be determined from the cost rangegjiven in Table 10 to
be:

remedia
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C= 1
(730000- 0) + (38,000- 0)

=1.3010°

The weighting factors can be calculated from the scaling corGtanbe:
w

remedia — 1.30 D'O_G |17:?’(:):0(:)(:)_ O) = %
W, . =1.30107° ({38,000- 0) =0.05

Weighting factors for social sub-attributes
The weighting factors include those for reassurance, disturbance and loss/gain of taxes as shown in
Figure 9. The sum of these weighting factors should respect the following conditions:

Wdistur + Wreas =1

The conversion/scaling constant for the social sub-attributes can according to Annex B be expressed
as:
C — Wreas
1
Wdistur

In Annex B it is argued thateqs > Wyistor and thatC; = 5 - 7. From these values the weighting factors
can be calculated as:

distur :i D%" and Wieas =74 D0_86
1+6 1+

The calculated values of the weighting factors for each of the attributes and sub-attributes are shown
in Table 11.

Table 11. Weighting factors for attributes and sub-attributes applied in the optimisation of remedia-
tion of the Ranstad site. The values in the left of the double columns are for an integration time of 100
years and in the right column for an integration time of 500 years.

Health factors Economic factors Social factors
100 years 500 years 100 years 500 years 100 years 500 years
7.6410° 2.9m0°3 1.0 0.996 1.9110° 7.4310*
100 years| 500 years L.
- Remediation costs 0.95 Reassurance 0.86
Dose population 1 1
Dose workers - - Waste disposal costs 0.05 Disturbance 0.14

Monitoring costs -
Non-radiation - - - Loss/gain of income -
Loss/gain of taxes -

Scores for remediation options
The overall scored);, of the remediation optionishas been determined from the weighted sum of
utilities for each of the attributes considered as shown in Figure 9:
3
U, = Z w; [
J=1
= Whealth |]Wdose pop |j'udose pop + Wnon—rad IjLInon—rad)
+ Weconomic quaste |juwaste + Wremedia []Jremedia)

+ Wsocial |1Wdistur |]J W, |]J

distur reas reas)
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It has not been possible to determine the risk factors for ingestion of manganese and nickel, and con-
sequently no value for the weighting factegen.ae has been determined. The weighting factors above
have all been sampled in a triangular distribution between 1 B5times the most probable value

given in Table 11. Similarly, the values of all the utilitias), are determined from the utility func-

tions in which the values of are sampled in a triangular distribution between'1-.3.5times the

central values ok given in Table 10. Negative correlation between collective doses and remediation
costs has been applied with a correlation coefficierOd8. The evaluation of the different strategies

has been made with the forecasting and risk analysis program CRYSTAL BALL [4]. Latin Hypercube
Sampling technique was used and the number of trials was 10,000. The results for th&Jséares,

the options A - G2 are shown in Figure 13. The error bars represent the 5% and 95% percentiles of the
distributions ofU;.

100 —_—— 100 —_ = =
2 80f — 2 80 —
o L o L |
g8 eof - g eof S -
— —_ x
2 | 2 |
o 40F o . o 40p f
3 ’ S 3 |
0 20 - — 0 20 —

: ] :

A Cl1 DI E1 E2 F2 G2 A Cl1 DI E1 E2 F2 G2
Restoration option Restoration option

Figure 13. Overall evaluation of scores for different remediation strategies for the Ranstad site for an
integration time of 100 and 500 years for the collective dose. The left picture shows the results for an
integration time of 100 years for the collective dose and the right picture for an integration time of
500 years (% 100" means that the actual value is 100 times lower).

As can be seen from Figure 13, option A has the highest score. The options E1, E2, F2 and G2 have
all a more or less equal score, not significantly lower than that of option A. The options C1 and D1
both have a low score due to high remediation and waste disposal costs. The 'no remediation' option A
can thus be considered as the optimum solution for the Ranstad site and also the cheapest. There is no
significant difference between the scores for the two different integration times except for option D1.

45 Lake Tranebéarssjon

The location of the Lake Tranebarssjon site is approximately 5 km east of the Ranstad tailing site. It is
a former uranium mine (open pit mining) which was in operation between 1965 and 1969. The lake

has been existing only since 1990, when the mine was flooded by water. Its dimensions are 2000 m
length, 100-200 m width, and 15 m depth, giving an open area of 250°000 m

The Lake Tranebarssjon is not considered to be a radiological problem even though the Swedish Ra-
diation Protection Agency have decided tf&Ra should be measured four times a year at the outlet

of the lake. During the last three years the radioactivity has not exceeded 10 .nSuge there is a

lack of information in order to restore a lake this study has focused on the restoration of the outgoing
water from the lake.

The following restoration options have been identified [5].

A. No remediation
C2. Physical separation (filtration)

D3. Biological separation (biosorption)
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4.5.1 Cost of restoration strategies
The following restoration components have been identified for the different remedial options:

Option A: No remediation

Option C2: Physical Separation (filtration)
» Costs of remediation (incl. labour): 400,000 kKEUR

Option D3: Biological Separation (biosorption)
» Costs of remediation (incl. labour): 700,000 kKEUR

4.5.2 Justified restoration strategies

The economic and radiological data for remediation of the Lake Tranebarssjon site are shown in Ta-
ble 12. The remediation costs include the costs of labour. The monetaryX;astshe remediation
strategies can be compared to the benefit of the collective dose redd&idme net benefitdB, is

given as:

AB =a ms_ xremedia

None of the remedial options are justified on economic grounds alone when only the central estimates
of collective dose are used together withoavalue of 100,000 EURanSV' [14]. Not even a higher

value ofa (e.g.200,000 EURhanSVv') and more extreme values from the calculated collective dose
distribution €.g.the 95th percentile) would make any of the options economically justified for any of
the integration times for the collective doses.

Table 12. Remediation costs and collective doses to population and workers for different restoration
strategies at the Lake Tranebarssjon site.

_ Collective dose | Collective intake of Monetary costs| Fraction of
Restoration|  to population | metals to population| of restoration | activity left
strategy [man Sy [mankg] [KEUR] on-site

100y | 500y | 100y | 500y
Manganese/Nickel
A 0.069 0.27 1.6/1.4 4.4/5.9 0 1
Cc2 0.0081| 0.033| 0.72/0.28 2.4/1.Q 400,000 0.1
D3 0.002 | 0.0089| 0.59/0.1L 2.2/0.5p 700,000 0.03

The individual doses would in average be of the order ofSM& " at the time of decision to intro-

duce remediation (year 1). IAEA has proposed clean-up criteria in terms of individual dose [16]. For
an individual dose range of 10 - 1f@vi@ "’ clean-up is sometimes needed if a constraint for con-
trolled practices is applied. Without the application of a constraint IAEA suggests that for individual
doses of 10 - 10QSvia " clean-up would rarely be needed. Based on these recommendations it can
therefore be concluded that remediation would probably not be justified for the Lake Tranebarssjon
site.

4.5.3 Optimised restoration strategies

Utility functions for the attributemonetary costandradiation doseshave been calculated from the
figures in Table 12 on monetary cost components and residual collective doses after remediation. Lin-
ear (risk neutral) utility functions have been used.

Utility functions for monetary costs
A utility function has been determined for remediation costs (including labour costs):
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X
x) =100 ——H for0< x<700,00KEUR
remedla( ) E@‘ 700’000%

Utility functions for health factors

The following utility functions for the radiological health components have been determined for the
exposed population and workers implementing the remedial actions. Both radiological and non-
radiological health factors are considered for the Lake Tranebarssjon site as the heavy metals nickel
and manganese would expose the population through contaminated foodstuffs.

0.002- x
u x) 21000+ — 292X _H¢or 0.002< x< 0.06amanSv
cos,popoo) 0 0.069-0.0020

0.0089- x
u X =100EEL —H for 0.008% x<0.27manSv
dose, p0|5,00( ) 0.27-0. 0089

0.70—x
u X =1OOEB. —H for 0.70< x < 3.0 mankg nickel+ manganese
non—raleO( ) D 3 O _ 0 70 g g

Unon-radsoo(X) = 100[El %’H for 2.75< x<10.3mankg nickel+ manganese
|:| -

Utility functions for social factors

The utility functionueasfor reassurance would be linked to both the residual dose and the fraction of
activity remaining on the site after the remedial measure has been implemented. However, the residual
dose and remaining activity are not necessarily correlated. A remedial measure that has left all the ac-
tivity on site in a contained form (capping, surface barriers etc.) might give a substantial dose reduc-
tion and thus a low value of the residual doses. Detailed information on how social factors like reas-
surance are linked with individual doses and activity concentration on site is not available. Therefore,
utility functions for 100 years and 500 years integration time have been proposed which gives a low
value only when both sub-utilities have low values:

realeO(X y) 100%@ 0002 X H EEB 003 yH H
0.069-0.0020y,, 2 O 1.0-0.03 gy [

for 0.002< x< 0.069manSvand0.03sy <1

reasSOO(X y) 100% [B- O 0089_ H %[@ O 03 y H E

0.27 - 0.0089 . 1.0~ 0.03 iy [
for 0.008% x<0.27manSvand0.03s y<1

wherey is the fraction of activity remaining on site after the remedial measures has been imple-
mented. The value of the utility functian,sis 100 for a residual dose of 0.002 (0.0089) man Sv and

a remaining fraction of the initial activity of 0.03 (best strategy) and O for a residual dose of 0.069
(0.27) man Sv and a remaining activity fraction of 1.0 (worst strategy).

The utility functionugs, for disturbance has been related to the remediation costs:

X
Ugor (X) =1000H-———H for0< x<700000kEUR
dlstur( ) E% 700’000% Q

Weighting factors for major attributes

The major weighting factors considered in this study include those for monetary costs, health and so-
cial factors as shown in Figure 9. The sum of these weighting factors should respect the following
conditions:
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+ Wsocial =1

Wheaith T W,

economic

The assessment of the weighting factors is discussed in Annex B where conversion/scaling constants
between weighting factors has been expressed as:

Cl = Weconomic 0 W,

Whealth Wdose pop a |:Rdose pop

economic — Reconomic

C — Wsocial ~ rPSy
5 = =
Whealth rrad

C, can be determined for a 100 and 500 years integration time for the collective dose from the ranges
of monetary costs and collective doses given in Table 12:
(700000-0) _ 700000

1000000{0.069- 0.002 107 6.7

Cl,lOO -

(700000- 0) _ 700000

100000[{0.27-0.0089 [10°° 26.1

Cl,SOO -

The value ofC; is more difficult to assess but a value of 0.2 - 0.3 has been argued for in Annex B. The
weighting factors can be calculated from the scaling constaatde:

1 -6 1 -
Whealth100 = =9.5700° and Weaunsoo = =3.7310
1+ 70Q000+ 0.95 1+ 70Q000+ 025
26.1
700000 700000
- 6.7 - - 26.1 -
Weconomicto0 = —];0 and Weconomicsoo — _];0
1+ 799990, 655 14709900 455
: 26.1
0.25 -6 0.25 5
Wsocial,lOO = = —239 a0 and social,500 = =9.32[10
1+ 799990, g5 14 799000, 455

Weighting factors for health sub-attributes

The weighting factors for health sub-attributes include those of radiation induced stochastic health ef-
fects to the affected population and workers and non-radiation induced stochastic health effects to the
affected population as shown in Figure 9. The sum of these weighting factors should respect the fol-
lowing conditions:

+w 1

Wdose pop non-rad, pop =

The conversion/scaling constafit, for the health sub-attributes can according to Annex B be ex-
pressed as:

Wdosepop = C |:Rdose pop D] Ijrrad DC |:Rdosepop
w =C[R 1N

non-rad, pop non-rad, pop non-rad

The conversion/scaling constaf, can be determined from the collective dose ranggegjven in
Table 12 as:
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ClOO = ; = 149
(0.069- 0.002)

C500 = ; = 38
(0.27-0.0089

The weighting factors can be calculated from the scaling corStanie:

Wose pop.100 = 149 []0.069— 0003 = ]i)
Wyose pop,500 = 3.8[10.27-0.0089 =1.0

The risk factor for ingestion of manganese and nickgl,aq iS at present unknown and the weighting
factor for exposure to manganese and nickgl, .4 has therefore not been determined.

Weighting factors for social sub-attributes
The weighting factors include those for reassurance and disturbance as shown in Figure 9. The sum of
these weighting factors should respect the following conditions:

Wdistur + Wreas =1

The conversion/scaling constant for the social sub-attributes can according to Annex B be expressed
as:
C — Wreas
1
Wdistur

In Annex B it is argued thateqs > Wyistor and thatC; = 5 - 7. From these values the weighting factors
can be calculated as:
1 6
Wy = —— 0J0.14 and w,,,, =—— [10.86
1+6 — 1+6 —

The calculated values of the weighting factors for each of the attributes and sub-attributes are shown
in Table 13.

Table 13. Weighting factors for attributes and sub-attributes applied in the optimisation of remedia-
tion of the Lake Tranebjarssjon site. The values in the left of the double columns are for an integra-
tion time of 100 years and in the right column for an integration time of 500 years.

Health factors Economic factors Social factors
100 years 500 years 100 years 500 years 100 years 500 years
9.5710° 3.7310° 1.0 1.0 2.3910° 9.3210°
100 years| 500 years L.
- Remediation costs 1 Reassurance 0.86
Dose population 1 1
Dose workers - - Waste disposal costs Disturbance 0.14

Monitoring costs -
Non-radiation - - - Loss/gain of income -
Loss/gain of taxes -

Scores for remediation options
The overall scored);, of the remediation optionishas been determined from the weighted sum of
utilities for each of the attributes considered as shown in Figure 9:

29 April 1999 46 Issue 3



RESTRAT - Methodology of Ranking Restoration Options

3
U, = ij [y,
J:

= Whealth |]Wdose pop IjJJdose pop + Wnon—rad IjLInon—rad)
+w [

economic

+ Wsocial deistur [j.l.l

remedia

+w__. [l

distur reas reas)

It has not been possible to determine the risk factors for ingestion of manganese and nickel, and con-
sequently no value for the weighting facten.e has been determined. The weighting factors above
have all been sampled in a triangular distribution between 1 B5times the most probable value

given in Table 13. Similarly, the values of all the utilitias), are determined from the utility func-

tions in which the values of are sampled in a triangular distribution between'1-.3.5times the

central values ox given in Table 12. Negative correlation between collective doses and remediation
costs has been applied with a correlation coefficierOd8. The evaluation of the different strategies

has been made with the forecasting and risk analysis program CRYSTAL BALL [4]. Latin Hypercube
Sampling technique was used and the number of trials was 10,000. The results for th&Jséares,

the options A - D3 are shown in Figure 14. The error bars represent the 5% and 95% percentiles of the
distributions ofU;.

100 100
@ 8o - @ 8o .
S i ] S i ]
g 60 - g e60f -
S * S *
() 40 |- <b * [ 40 |- —
S . = 5 i
O x Q i)
0N 20} . 0 20 =~ -
i ﬁ I .
0 0 =1
A c2 D3 A c2 D3
Restoration option Restoration option

Figure 14. Overall evaluation of scores for different remediation strategies for the Lake Tranebérs-
sjon site. The left picture shows the results for an integration time of 100 years for the collective dose
and the right picture for an integration time of 500 years 10" and "x 10™ means that the actual

value is 10 and 18 times lower).

As can be seen from Figure 14, option A has the highest score. The options C2 and D3 both have a
significantly lower score than that of option A due to high remediation costs. The 'no remediation' op-
tion A can thus be considered as the optimum solution for the Lake Tranebarssjon site and also the
cheapest.

5 Summary and conclusions

Five European sites contaminated as a result of the operation of a practice at the site have been
studied. Various remediation options have been envisaged with respect to the optimisation of the
protection of the populations being exposed to the radionuclides at the sites. The example sites being
studied are:

* Molse Nete River in Belgium the riverbanks of which have been contaminated with the
radionuclides®°Co, **'Cs, #%u, and?*Am from discharges from the research centre
SCKesCEN in Mol

» Drigg waste disposal site in West Cumbria on the coast of the Irish Sea used for shallow
burial of solid waste, mostly from the Sellafield site; the dominating radionuclides are
137cs, 4, 2%Pu, andAm
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» Ravenglass estuary in West Cumbria on the coast of the Irish Sea has been contaminated
via the Irish Sea from waste discharges from the Sellafield nuclear fuel reprocessing plant;
the main radionuclides of the contamination’af€s,*%Pu, and**Am

» Ranstad tailing site in the southern part of Sweden; the tailings have been produced from a
former uranium processing plant of the Swedish AB Atomenergi, and the contaminants are
mainly>*U in addition to significant levels of manganese and nickel

* The Lake Tranebéarssjon site which is a former open pit uranium mine; the contaminants are
the same as for the Ranstad tailing site nafi&ly manganese and nickel

The optimisation of protection of the exposed populations at these sites is a process of selecting
among justified remediation options for the maximum net bengfita comparison of options. The
avertable collective dose is only one component of the net benefit. Other components include the
monetary costs of the remedial measure, reassurance provided by the remedial measures, the anxiety it
causes, and the resulting individual and social disruption. The collective dose is calculated from the
distribution of all exposures of the entire population and it cannot, alone, be a general indicator of
justification, nor does justification or collective doses provide information on the exposure of the
critical group.

Limiting members of the public from being exposed inequitably is accomplished by constraining the

individual dose to the average member of the critical group. Such a critical group may, or may not, be
different for various remediation options. Furthermore, the relationship of a dose constraint to

avertable collective dose and to justification is a complex one that is potentially different for the

various remediation options and also for different contamination situations.

Multi-attribute utility analyses and cost-benefit analyses have been used to illustrate how to arrive at
an optimum remediation strategy among a number of different strategies. In addition, the recommen-
dations from the IAEA on individual dose levels above which remediation normally is justified, have
been addressed. The applied attributes include monetary costs of the remedial measures, the collective
dose to the clean-up workers, the collective dose to population, and social factors like reassurance and
disturbance. Linear utility functions, so-called risk-neutral utility functions, have been used and un-
certainties included in terms of value distributions of the attributes. The weighting factors assigned to
the different attributes have been determined by use of scaling factors in terms of weighting factor ra-
tios, and their values were sampled around a most probable value. The ranking of different remedia-
tion options at the five European example sites is summarised in Tables 14 and 15.

The ranking of the different remedial measures suggested for the example sites using multi-attribute
analysis with utility functions allows the inclusion of factors that are not easy to quantify in monetary
terms as is required in cost-benefit analysis. Notwithstanding this advantage of the multi-attribute
method there are difficulties with the determination of weighting factors for the different attributes.
Without any terms of reference for the weighting between attributes, value settings by a decision-maker
could lead to ‘optimised’ results that might be useless because of a subjective bias of the decision-maker
in the selection of weighting factors. Therefore, the outcome of any multi-attribute analysis, including
the present study, should be judged very carefully in the light of the values assigned to the weighting
factors before any firm conclusions could be drawn.

Two different methods have been used in this study to determine the weighting vadiansattributes

at the same hierarchy level given in the same emgtmonetary costs, the weighting between the differ-

ent attributes have been related to their value raRyésy, the relationW/R); = (W/R, = W/Rs; = ....C.

The weighting of attributes at the same hierarchy level for which the units are different, as they are for
the social attributes, has been determined by assigning a value to the ratio of their weighting factors as
Wol Wy =Cp, wa/ wy =G, ... Wiy Wy = C1.
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Different remediation measures have been evaluated for the five example sites. The evaluation has been
based upon (a) justification of the measures by trade-off between avertable collective dose and monetary
costs, (b) compliance with the recommended clean-up criteria from the IAEA [15], and (c) optimisation

of scores for the different remediation measures by use of multi-attribute utility analyses. The overall re-
sults of the evaluation are summarised in the table below.

It should be emphasized that some attributes were not evaluated in detail at all the example sites. Es-
pecially some of the economic attributes have been difficult to determine. However, the potential dose
savings by the suggested remedial measures are rather moderate and the overall picture is expected to
remain robust with more realistic economic attributes, also because the dose estimates are on the con-
servative side.

None of the remedial measures considered for each site are justified from a cost-benefit point of view
based on central estimates of collective dose and monetary costs. If more extreme values of collective
doses are included in the cost-benefit analyses some of the remedial measures considered for the sites of
Molse Nete River and Drigg would be justified. For the sites of Ravenglass, Ranstad and Lake Trane-
barssjon no remedial measures are justified on economic grounds, not even if more extreme values of the
collective doses are included.

Site

Justification by cost-benefit

Compliance with IAEA criteria

Optimised strategy

Molse Nete River

‘No remediation' has the highe
net benefit (0) on central est
mates; some options are justifig
on extreme values of doses

S'Remediation usually needed (constrai
);jor sometimes needed (no constraint)
grounds of annual individual doses

ntNo remediation' (100 years
ofapping soil and sediment (5(
years);

Drigg

‘No remediation' has the highe
net benefit (0) on central est
mates; some options are justifig
on extreme values of doses

S'Remediation almost always needed (c
);jstraint) or usually needed (no constrai
on grounds of annual individual doses

bn-
ntCapping

Ravenglass

‘No remediation' has the highe
net benefit (0) on central estimat
and also on extreme values

doses

S'Remediation almost always needed (c
traint) or usually needed (no constrai

e
Clon grounds of annual individual doses

bn-
ntNo remediation’

Ranstad

‘No remediation' has the highe
net benefit (0) on central estimat
and also on extreme values

doses

S'Remediation sometimes needed (c
traint) or rarely needed (no constrai

e
Clon grounds of annual individual doses

bn-
nt)No remediation’

Lake Tranebarssjon

‘No remediation' has the highe
net benefit (0) on central estimat
and also on extreme values

doses

S'Remediation sometimes needed (c
traint) or rarely needed (no constrai

e
Clon grounds of annual individual doses

bn-
nt)No remediation’

S o

The individual doses to critical groups without remedial measures being introduced at each of the exam-
ple sites have been compared to the IAEA criteria for clean-up of contaminated land. If it is assumed that
a dose constraint for controlled practices would be applied to the outcome of the remediation process at
the sites, some remediation might be needed at all sites.

Multi-attribute analyses on ranking different remediation options at each example site nearly all give the
result that 'no remediation’ is the best optian having the highest score. The reason is the dominating
weight of the economic attributes compared to the health and social attributes. The rather low collective
doses and the potential for only low collective dose savings by remediation together with relatively high
economic costs of the remedial measures are the cause of the low weights given to health and social
factors. In addition, the low health and social weights are responsible for an only marginal difference
between the scores for the situations where collective doses have been determined for a time period of
100 and 500 years.
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Annex A. Quantification of risk from exposures to carcinogens

For the purpose of risk assessment, health effects from exposure to contaminants are generally divided
into two categories.

o effects for which the probability of development is proportional to the dose (somatic and ge-
netic effects) and for which it is assumed that exposure to even very low doses presents a
non-zero risk (no threshold for effects)

o effects that only occur above a given threshold level of dose (somatic effects)

In the case of exposure to ionising radiation, the two types of effect are also referred to as stochastic
and deterministic effects.

Non-threshold substances include genotoxic carcinogens and mutagens; threshold substances include
non-genotoxic carcinogens and substances causing toxic effects other than cancer and genetic effects.
USEPA classifies agents as carcinogenic and non-carcinogenic which can cause some confusion be-
cause non-genotoxic carcinogens are assumed to cause effects only above a certain threshold dose.

A.1 Risk from exposure to ionising radiation

During the past decade, new information about the carcinogenic effects of radiation has come from
epidemiological studies of Japanese atomic bomb survivors; patients irradiated therapeutically for an-
kylosing spondylitis and other conditions; workers exposed to radiation in various occupations; and
populations residing in areas of high natural background radiation. New data have also come from
long-term studies of the carcinogenic effects of irradiation in laboratory animals and from experi-
ments on neoplastic transformation in cultured cells. The new data have been summarised in reports
from NAS/BEIR [1] and UNSCEAR [2].

In many areas of hazard assessment, specific meanings of thaskarke avoided and preference is
given to words, which more directly indicate the relevant quarmtity probability, consequengeand
mathematical expectatioof the consequence. This leaves the wiskl free to be used in the every-

day meaning and makes it possible to include in the risk concept a number of factors which, in addi-
tion to those more readily quantifiable, influence decisions on risk acceptance.

With this wider meaning of the wordisk is a concept rather than a quantity. The ICRP has in its
1990 recommendations decided to abandon its practice of always strictlyrigkingth the specific

meaning of probability and attempts to use instead the more direcptebability. This should re-

duce the ambiguity when describing the probabilities and consequences of an event and makes it eas-
ier to communicate with regulatory agencies and others who deal with non-radiation risks as well. For
example, the concept oeath probability rates used by the ICRP rather therortality rate The

reason is that the rates will be integrated and the integral to be used by the ICR&tisbtitable

lifetime probabilityof death, related to theverage individualrather than the observed or expected
number of deaths per 100,000.

The ICRP is mainly concerned with two quantifiable risk quantities:

o P; which is theprobability of each harmful effedt e.g.lethal or curable cancer or severe he-
reditary effects;
o W which is theconsequenc# the effect occurs. The consequence can be described in a variety
of ways, indicating the severity of the effect and its distribution in time.
Themathematical expectatiasf consequence, identical to the average consequence, is:

W=y Ry
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This quantity is sometimes used in the effort to express the magnitude of the "risk".

A radiation dose will involve a risk commitmente. a commitment of an increased cancer death
probability rate in the future, after a minimum latent period that may be from a few years in the case
of leukaemia to tens of years for other malignant conditions. Any change in the age-specific death
probability rate would therefore occur later in life, when the risk of death from other causes is also
higher. The risk committed by a radiation dose at a given age can therefore not be added to the back-
ground risk at the same age.

Theattributable lifetime probability of deatinom radiation exposure has been used by the ICRP, and
radiation risks have been expresseghén cent per sievertHowever, our total probability of death,
which is 100%, cannot be increased. The introduction of a new risk source will not change our life-
time probability of death but only the distribution of the probable causes of death. Any increment that
a new risk source causes, is an increment taleath probability rateat any given age, provided that

the person is alive at that age, a conditional probability rate.

A defined exposure scenario may adtbaditionalsource-related increment of probability rate, to the
background rate. The rate is conditional, because it will be expressed only if the individual is alive at
the ages for which it is defined. From this incrementy@aconditionalprobability rate can be calcu-

lated when a reference time (age) has been def;ngdhe age at the onset of the exposure period.
The attributable lifetime probability of death from the source under consideration must therefore be
calculated from the unconditional incremental death probability rate, taking account of the probability
of reaching each age by considering the likelihood of dying from other causes as well as from radia-
tion. The unconditional incremental probability rate is obtained as the product of the conditional in-
cremental probability rate and tiserrvival probability, modified by the incremental radiation risk.
Figure A.1 shows the variation of the attributable probability of death with age at the time of exposure
[11]. The substantially higher risk for the youngest age group is notable. However, it must be recog-
nised that most of this higher risk will be expressed first at high ages.

0.15

0.10

0.05

Lifetime risk,r(T) [SV']

0 20 40 60 80 100
Age at time of exposurd, (years)

Figure A.1. The attributable lifetime probability of death from a single radiation dose at various ages
at the time of exposure.

The lifetime risk function in Figure A.1l is the calculated average for both sexes. In this function the
BEIR Committee have reduced the contribution from leukaemia by a dose rate effectiveness factor
(DDREF) of 2 (using a linear-quadratic response) whereas for solid tumours a linear response was
used,.e. no DDREF-reduction. For high dose, high dose rate the leukaemia contribution should there-
fore be doubled.

The attributable lifetime risk due to a chronic exposure starting at a givem, aga be calculated by
proper integration of the risk functiaiiT), the probability of survival at a given age and the chronic
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dose function. A lifetime dose of 1 Sv starting at age 0 will thus result in an average lifetimggrisk,

of fatal cancer of about 0.05 SvThe average loss of life expectancy per unit lifetime dose can be
calculated as the product of the average lifetime rigk,and the average loss of life expectancy per
cancer]:

r.q 0 =0.05cancefBv " [15yeardtancer’ = lyearBv "

The collective loss of life expectancy from a given collective d8gg.can be calculated as:
Liag =Siag Oag O

rad rad rad

The collective exposuré&,q, can be expressed over many generations as long as the age distribution
of the exposed population does not deviate significantly from the one which has been used to deter-
mine the average lifetime riskgg.

A.2 Risk from exposure to toxic chemicals

Non-radiological health effectg,g.from exposure to chemical contaminants can in principle be de-
scribed in the same way as the exposure to radiation as far as stochastic effects are concerned. The
attribute for non-radiation exposures should be expressed in a risk scale in order to determine the total
expected detriment from the exposure to non-radiological carcinogens. The attributable lifetime risk
from an individual lifetime exposure to a specific chemical contaminant can be calculated by a proper
lifetime integration of the exposure, the risk per unit exposure of the contaminant as a function of age
and the survival function as a function of age. The available information on risk factors for exposure

to non-radiological carcinogens is scarcer than for exposure to ionising radiation.

Non-threshold effects
For relatively low intakes of toxic chemicals most likely to occur from environmental exposures, a
linear dose-response relationship can be assumed for estinfkating,

Rchem =1 day |]‘chem

whereR:hemis the probability of developing canceéf,y is the exposure in terms of a chronic daily in-
take averaged over 70 years and per kg body madd tiig ") andr...mis the average lifetime risk

per unit exposure (myd®g). For general risk assessments, cancer risks from various exposure path-
ways are assumed to be additive.

The average loss of life expectancy per unit lifetime exposure can be calculated as the product of the
average lifetime riskR.nemy and the average loss of life expectancy per cahcer,

Ripem [years/m@‘lj

The average loss of life expectancy per cari¢és,about 15 years, irrespectively of the kind of expo-
sure that has caused the cancer. The collective loss of life expectancy from a given collective expo-
sure (mafingd™) of a single non-radiological carcinog&,.m; can therefore be calculated as:

Lchemi = Schemi |:Rchemi D]

The total collective loss of life expectancy from a collective exposure to several different non-
radiological carcinogen&em; in can thus be calculated as:

Lchem :I EE Schemi |:Rchemi

The collective exposure integr&n.m can be expressed over many generations as long as the age
distribution of the exposed population does not deviate significantly from the one which has been
used to determine the average lifetime rifkem
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Threshold effects

Deterministic effects from exposure to ionising radiation are rarely of concern in the case of contami-
nated land. The potential for threshold effects (somatic effects) from exposure to non-genotoxic
chemical substances is evaluated by comparing the exposure level with a reference threshold level for
the given health effect. A reference level is defined in terms of ingestion@gser air concentra-

tion, C,e, below which deterministic health effects are very unlikely. If the exposure level exceeds the
reference levels there may be concern for potential deterministic effects. A toxic hazard quotient,
THQ, has been defined by the USEPA as:

or THin

ref ref

THQ=

whereE is the exposure level in terms of ingestion or inhalation. The exposure period at which the
reference level®, and C have been determined should also be used for the exp&surége
greater value ofHQ, the greater the level of concern ought to be.

In the case of chronic exposure (exposure over a lifetime) a chronic hazardGhtlerpay be de-
rived from the ratio of chronic daily intakés,, to the chronic levels of ingestion dofk.;, or air
concentrationCy, as:

CHI :—CDI or CHI :—CDI

ref ,chron ref ,chron

Additivity of the CHI for multiple pathways can be considered to be appropriate under certain condi-
tions.

A.3 Risk from a combined radiological and chemical exposure

Combined exposure to radiation and chemical carcinogens should be expressed in a common risk scale
in order to determine the total expected detriment from that exposure. The different issues and risk con-
cepts to be addressed in a combined exposure to ionising radiation and toxic chemicals have been pre-
sented at a workshop on the effects of residues from uranium mining [3].

Some assumptions are needed in order to assess the impact of a combined exposure of ionising radia-
tion and toxic agents like heavy metals. Two of the more important assumptions are:

» the lifetime cancer risk, is linearly related to the exposukg,also known as thiénearity
hypothesisvhich can be expressedrdg) = klE, and

* no synergetic effects exist between exposures to radiological and non-radiological carcino-
gens,i.e. the total lifetime risk of a combined exposuregpf+ E; + E3 + ...... can be de-
scribed by the sum of risks (&, +E; + Es + ... ) =k [Ey + kol + kelEz + ...

With these assumptions the total effect of a combined collective exposure to ionising radiation and
toxic heavy metals and chemicals can be described as a total collective loss of life expectancy:

LIotaI = I‘rad + Lcheml + Lchem2 + LchemS T = I‘rad + Z Lchemi

The relative contributions to the total collective loss of life expectancy from a combined exposure are
given by the ratiog; /Ligta.

When both deterministic and stochastic health effects involved difficulties are encountered. Several
possible approaches have been discussgdyy USEPA, CRARM (Commission on Risk Assessment

and Risk Management) and WHO. However, a general consensus on a unified approach on the com-
bination of stochastic and deterministic health risks does not yet exist.
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Annex B. Assessment of weighting factors

A structured approach to optimisation of protection is important to ensure that no important aspects
are overlooked and to record the analysis for information and for assessment by others. Reduction of
exposure and doses can normally only be achieved by the expenditure of some effort and by allocating
additional resources. In such cases it is necessary to decide whether the likely dose saving is worth the
effort of achieving that saving. An important step is to identify all options generally aimed at reducing
doses and then select those, which deserve further consideration. In order to compare the performance
and costs of the options, different quantitative decision-aiding techniques are available. One of these
techniques is the multi-attribute utility analysis, which has evolved form several disciplines including
psychology, engineering and management science. The essence of this technique is to use a scoring
scheme (or a multi-attribute utility function) for the relevant factors (attributes) with the property that

if the score is the same for two options there is no preference for one or the other. The option having
the highest score is considered to be the best (optimum) amongst those considered in the analysis.

The use of utility functions allows introduction of factors, which are not easy to quantify in monetary
terms as is required in cost-benefit analysis. The utilities and weighting factors can be expressed in an
additive form to give an overall evaluation of the “total utility” for each of the alternative strategies or
options,i:

U, = ,lejqj

whereU; is the total utility of option, w; is the weight assigned to the attribjtandu; is the utility of

the n factors associated with each of the alternatives attributej. The determination of weighting

factors is a very difficult task. Different decision-makers might come up with rather different sets of
weighting factors for the same attribute. Therefore, there is a need for a systematic assessment of
weighting factors and a simple scaling method is proposed in the following sections.

B.1 Weighting factors for major attributes

The primary or major attributes considered in this study ared¢bromic thehealth relatedand the

social attributes, which are difficult to determine as they are ‘measured’ in different units. The meth-
odology used here is to establish conversion/scaling constants between the weighting factors that can
be expressed as:

W . W .
economic — social —

—EE=C, and —%=C,
Wheatth Whealth

The sum of the weighting factors for the major attributes should be 1:

Weconomic+ Wsocial + Whealth =1
which would determine the weighting factors as:
1 C C
W, =——  and w =t and w.__. =2
health 1+ Cl + C2 economic 1+ Cl + Cz social 1+ Cl + C2

The value ofC, can be determined from the following ratio if the population is exposed only to ion-
ising radiation:

w )
Cl — economic |:|

Whealth Wdose pop a |:Rdose pop

The parameterByqse aNd Reconomicdenote the range of the collective doses to the affected population
and the range of monetary costs, including the equivalent cost of the collective dose to the workers

W,

economic — Reconomic
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engaged in the remediation, over the remediation options, respectively. If the affected population is
exposed also to non-radiological carcinogeng, heavy metals, the total detriment in terms of col-
lective loss of life expectancy from cancers attributable to the combined exposure could be described
in the following way (see Annex A).

Let the collective radiological and non-radiological exposure integrals to the affected population be:

Srad [man[SV] ! Shon—rad,l [manl:kg] ! Snon—rad,2 [manl:kg] yrereees Snon—rad,n [manl:kg]
The collective loss of life expectandy, from the combined exposure can be calculated as:
L=l |:{rrad [Srad + rnon—rad 1 |:Snon—rad,l + rnon—rad,Z |:Snon—rad,Z T + rnon—rad,n [Snon—rad,n}

| is here the statistical loss of life expectancy per cancer (approximately 15 years)sahd risk

factor per unit exposure integral of Sv or kg for the non-radiological exposure. If society is willing to
spend an amount of money equal to the GNP (or even several times the GNP) per capita to avert a loss
of one year of life expectancy €| [T, [GNP) the value of the paramet€s can be calculated as:

— Reconomic
I |:qsl\”:”]rrad D?rad + z rnon—rad,i |:Rnon—rad,i)

1

Rad @andRyonrag,i @re here the ranges of the collective radiation dose and collective non-radiological
exposure integrals for each non-radiological carcinogewver all the different remediation options.

The social factors considered in this studydisturbancereassurancendloss/gain of incomdt is
assumed that the dominating social factor is reassurance because of its more or less permanent nature.
Furthermore, it is assumed that the reassurance and radiation health factors are linked in the following
way. Adecreasingeassurance can be interpreted amareasinganxiety and thuan increasing risk

of psychological harm. Alecreasingdose level can also be taken to result inngneasingreassur-

ance and the risk of psychological harm would consequenthrdgortional to the level of residual
dose,i.e. the larger the residual dose the larger the risk of psychological harm in the affected popula-
tion. The risk of radiation induced stochastic (somatic) health effegtds proportional to the resid-

ual dose (0.05 SV). If it were possible to determine the risk of psychological effects per unit residual
dose s, in terms of loss of life expectancy the scaling fad@ay could be determined as:

W, Fosy

social

C,=

Wheath T

rad

as reassurance is assumed to be the dominating social factor.

Intuitively, the value ofC, would be expected to be less than one and probably significantly less than
one. However, the experience gained after the Chernobyl accident was that socio-psychological fac-
tors were given much higher weight than radiation factors, which indicates that the v@usafld

be higher than one. However, this value judgement will completely depend on the specific situation.
In a non-accidental situation like remediation of the example sites with small exposures of the af-
fected population the social factors would probably be given far less weight than in a major accidental
situation like Chernobyl. Consequently, the value of the scaling f@stisr in this study assumed to

be less than ¥.9.0.2 - 0.3.

B.2 Weighting factors for health sub-attributes

Health sub-attributes in relation to site restoration include health effects from exposure of the popula-
tion and workers to both radiological and non-radiological carcinogens as well as from accidents due
to the remedial measures at the site. The health attributes considered hererauiatam induced
stochastic health effects the affected population and workers amh-radiation induced stochastic
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health effect$o the affected population. The conversion/scaling constants for the health attributes can
be expressed as:

W

Wdosepop _ Wdosework _ "'non-rad,pop __ C
L

L L B

dose pop dosework non-rad, pop

whereLgose pop Ldosework @NALnon-rad popiS the range of the collective loss of life expectancy from radia-
tion exposure of the population, from radiation exposure of the work force and from non-radiological
exposure of the population, respectively. The sum of the weighting factors for the health sub-
attributes should be 1:

Wdose pop + Wdosework + Wnon—rad =1

which would determine the scaling consta)tas:
1

C=

L +L +L

dose pop dosework non-rad, pop

As the range of collective loss of life expectaricyis given as the product of the range of collective
exposureR, the risk per unit exposurg, and the loss of life expectancy per cantethe weighting
factors can be determined as:

Wdose pop =C [Rdosepop [l] []rad ocC |:Rdose pop
Wdosework =C [Rdosework [[] |]rad uc IIRdosepop

Wnon—rad =C |:Rnon—rad,pop [ []non—rad
The value of .4 is approximately 1 year per sievert.

B.3 Weighting factors for economic sub-attributes

Economic sub-attributes include th@onetary costs of the remediation operationluding labour
costs, themonetary costs of waste disposatiuding the transport of the wastess/gain of taxeso
society due to loss/gain of income amdnetary costs of monitoring the remedial opticHse con-
version/scaling constants for the economic sub-attributes can be expressed as:

W W, W

remedia — “"“waste — "“monitor _

Rremedia Rwaste Rmonitor Rtax

whereR is the cost range of the given sub-attributeyer all the different remediation options. The
sum of the weighting factors for the health sub-attributes should be 1.:

Wtax —

+ W, +w,, =1

monitor tax

w

remedia

+ W,

waste
which would determine the scaling consta@)tas:
1
Rremedia+ Rwaste + Rmonitor + Rtax
The weighting factors can then be determined as:
=C[R

C=

W,

remedia

Wwaste = C ERwaste

remedia

Wmonitor = C |:Rmonitor

Vvtax = C ER(ax
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B.4 Weighting factors for social sub-attributes
The social sub-attributes considered in this study inctedesurancgedisturbanceandloss/gain of
income The conversion/scaling constants for the social sub-attributes can be expressed as:

W wW,
reas :Cl and loss =C2

Wdistur Wdistur

The sum of weighting factors should be 1:

Wdistur + Wreas + Wloss =1
which would determine the weighting factors as:
C C
Waistor =7 T~ .~ and reas — —1 and Wioss = —
1+C, +C, 1+C, +C, 1+C, +C,

It is assumed that reassurance is given a considerably higher weight than the weight given to loss/gain
of income due to permanent nature of reassurance. Furthermore, it is assumed that the weight given to
disturbance is considerably lower than the weight given to loss/gain of income due to the transitional
nature of the disturbance. Although loss/gain of income also is transitional, its duration would
probably be longer than that for disturbance. The following hierarchy of the weighting factors for the
social sub-attributes is assumed:

W,

reas > Wloss > Wdistur

and it is proposed here thaf=5 - 7 andC, = 2 - 3.

Further research studies are needed before qualified value settings of weighting factors for social sub-
attributes can be done. Such research should be performed in close collaboration between experts in
the fields of radiation protection and social and psychological sciences.
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Annex C. Sensitivity calculations for Molse Nete River

The best (optimised) strategy or option amongst of set of strategies expressed by the overall score,
Ui(x), depends on the utility functiong(x), and weighting factony, for each utility. Sensitivity cal-
culations have been made in which different distributions have been assigned to the utilityxyalues,
and the weighting factorsy. In addition, correlations between utility values have been assumed. Five
different cases have been investigated:

(1) Uniform distribution function of utility values of the attributes between 1.3 - 1.5x the
central value ok; triangular distribution function of weighting factoss, between 0 and 1
with central value ofv as the most probable value; no correlations between utility values.

(2) Uniform distribution function of utility values of the attributes,between 1.3 - 1.5x the
central value ok; uniform distribution function of weighting factons, between 1.3 - 1.5x
the central value of; no correlations between utility values.

(3) Uniform distribution function of utility values of the attributes between 1.3 - 1.5x the
central value ok; triangular distribution function of weighting factors, between 18-15
x the central value of; central value ofvthe most probable value; no correlations between
utility values.

(4) Triangular distribution function of utility values of the attributeshetween 1.3 - 1.5x the
central value ok; central value ok the most probable value; triangular distribution function
of weighting factorsy, between 1.3 - 1.5x the central value of; central value ofv the
most probable value; no correlations between utility values.

(5) Triangular distribution function of utility values of the attributeshetween 1.3 - 1.5x the
central value ok; central value ok the most probable value; triangular distribution function
of weighting factorsw, between 13 - 1.5x the central value of; central value ofv the
most probable value; negative correlation between the collective dose and costs of remedia-
tion (r = — 0.8).

Sensitivity ranking of the assumptions made in the calculations for the five different cases has been
estimated. The results of the calculations are shown in Tables C.1 - C.5 and in Figures C.1 - C.5.

In all the cases except for Case 1 the sensitivity of the scores A - G2 is dominated (> 10%) by the
weighting factors for health, economics, monitoring costs, waste disposal costs, remediation costs and
social factors. Changing the variation range of the weighting factors (o) KV&entrai 1.5 X Weentra]

from [0;1] had a dramatic influence on the scores, both regarding their value and the uncertainty band.
Less dependence was observed on the type of distribution function assigned to the weighting factors
(uniform or triangular distribution). Changing the distribution type from uniform to triangular for the
utility values of the attributes did result in a more narrow uncertainty band of the scores as would
have been expected. Introducing a negative correlation between remediation costs and collective dose
did not change the uncertainty bands but resulted in more precise (smooth) distributions of each of the
scores, except of course for option A for which there is no remediation costs.

Based on the conclusions from the sensitivity analysis, a triangular distribution has been used for both
utility values and weighting factors for all the example sites. The triangular probability distribution of
each utility value has been taken to be (0, maximum, 0) for utility va>kue$,(1.51 X Xcentrah Xcentral

1.5 % Xeentra). The triangular probability distribution of the weighting factors has been taken to be (O,
maximum, 0) for weighting factor values, of (1.51 X Weentrat Weentrar 1.5 X Weentra). The weighting

factors are truncated at O when the valuexbena€Xxceeds 1.
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CASE 1

Table C.1. Distribution functions for attributes and weighting factors and sensitivity ranking of the
assumptions being most important in the calculations of scores A - G2 for the Molse Nete River site.

Distribution function for

Distribution function for

Sensitivity to scores A - G2

All remaining parametes

attributes weighting factors Assumption Sensitivity
Monitor costs weight 44%
Health weight 41%
Worker dose weight 41%
Uniform distribution Triangular distribution Economic weight 29%
1.5 -1.5x central between 0 and 1 and cen-Reassurance weight 21%
values in Table 4 tral values in Table 5 as|_Population dose weight 21%
most probable values | Disturbance weight 16%
Income loss weight 13%
Waste disposal costs weigh 12%
Remediation costs weight 11%
Tax loss weight 10%
Social weight 3%
< 2%
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Figure C.1. Distribution functions of the scores for remediation options at the Molse Nete River site
for CASE 1. The central value and the 5 - 95 percentiles for each of the options are shown in the
lower right picture.
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CASE 2

Table C.2. Distribution functions for attributes and weighting factors and sensitivity ranking of the
assumptions being most important in the calculations of scores A - G2 for the Molse Nete River site.

Distribution function for
attributes

Distribution function for
weighting factors

Sensitivity to scores A - G2

Assumption Sensitivity
Health weight 67%
Economic weight 60%
Monitor cost weight 32%
Uniform distribution Uniform distribution | Waste disposal costs weigh 20%
1.5"- 1.5x central 1.5"- 1.5x central Remediation costs weight 13%
values in Table 4 values in Table 5 Social weight 7%
Reassurance weight 5%
Remediation costs B 3%
Income loss weight 3%
Income loss B 2%
All remaining parameters < 2%
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Figure C.2. Distribution functions of the scores for remediation options at the Molse Nete River site
for CASE 2. The central value and the 5 - 95 percentiles for each of the options are shown in the
lower right picture.
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CASE 3

Table C.3. Distribution functions for attributes and weighting factors and sensitivity ranking of the
assumptions being most important in the calculations of scores A - G2 for the Molse Nete River site.

Distribution function for

Distribution function for

Sensitivity to scores A - G2

All remaining parameter

attributes weighting factors Assumption Sensitivity
Health weight 68%
Economic weight 57%
Monitor costs weight 32%
Uniform distribution Triangular distribution | Waste disposal costs weigh 18%
1.5"-1.5x central 1.5'-1.5x central | Remediation cost weight 14%
values in Table 4 values in Table 5 Social weight 10%
central value in Table 5| Reassurance weight 6%
most probable value Income loss weight 3%
Tax loss F2 2%
<2%
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Figure C.3. Distribution functions of the scores for remediation options at the Molse Nete River site
for CASE 3. The central value and the 5 - 95 percentiles for each of the options are shown in the
lower right picture.

29 April 1999 68 Issue 3



RESTRAT - Methodology of Ranking Restoration Options

CASE 4

Table C.4. Distribution functions for attributes and weighting factors and sensitivity ranking of the
assumptions being most important in the calculations of scores A - G2 for the Molse Nete River site.

Distribution function for
attributes

Distribution function for
weighting factors

Sensitivity to scores A - G2

Assumption Sensitivity
Health weight 67%
Economic weight 58%
Monitor costs weight 32%
Triangular distribution |  Triangular distribution | Waste disposal costs weigh 20%
1.5"- 1.5x central 1.5"- 1.5x central Remediation costs weight 12%
values in Table 4 values in Table 5 Social weight 7%
central value in Table 4| central value in Table 5| Reassurance weight 5%
most probable value most probable value Tax loss weight 4%
Income loss weight 3%
Remediation costs F2 2%
All remaining parameters <2%
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Figure C.4. Distribution functions of the scores for remediation options at the Molse Nete River site
for CASE 4. The central value and the 5 - 95 percentiles for each of the options are shown in the
lower right picture.
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CASE 5

Table C.5. Distribution functions for attributes and weighting factors and sensitivity ranking of the
assumptions being most important in the calculations of scores A - G2 for the Molse Nete River site.

Distribution function for

Distribution function for

Sensitivity to scores A - G2

attributes weighting factors Assumption Sensitivity
Health weight 68%
Economic weight 57%
Triangular distribution | Triangular distribution | Monitor costs weight 32%
1.5 - 1.5x central 1.5 - 1.5x central Waste disposal costs weigh 18%
values in Table 4 values in Table 5 Remediation costs weight 12%
central value in Table 4| central value in Table 5 Social weight 7%
most probable value most probable value Reassurance weight 50
) Income loss weight 3%
Collective doses are cort .
related to remediation Tax loss weight 3%
costs = - 0.8) Income loss G1 3%
Monitor costs G2 2%
All remaining parameters <2%
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Figure C.5. Distribution functions of the scores for remediation options at the Molse Nete River site

for CASE 5. The central value and the 5 - 95 percentiles for each of the options are shown in the
lower right picture.
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