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ABSTRACT 

This is an interim report of a study to establish a 
risk measure for radioactive waste repositories and to 
generate radiological performance objectives. The problem 
of regulating radioactive waste repositories is reviewed, 
and the difficulties associated with this activity are 
discussed. Risk-benefit analysis as a tool for regulation 
has ueen suggested, and its contribution is assessed. 
Decision analysis as a development of risk-benefit analysis 
is suggested as an alternative approach, in particular, 
employing the concept of expected utility. 

A utility function which describes the possible conse
quences of a radioactive waste repository is discussed in 
some detail, paying particular attention to the public 
concerns which must be addressable through such a function 
and how it is recommended to capture them. A specific 
utility function is developed, and its elicitation from a 
particular subject is described. 

-lie representation of public values in a decision-
analytic approach presents some problems and these are fully 
discussed; recommendations are made as to appropriate methods 
to carry this out. The vexed question of determining an 
acceptable safety limit is studied and recommendations are 
made concerning the most suitable way to determine "how safe 
is safe enough." Finally a brief discussion is given of how 
these concepts may be employed to generate radiological 
performance objectives. 
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SUMMARY 

In determining what to do with radioactive waste, and 
indeed in deciding whether it should be produced at all, it 
is crucial to be able to determine just how hazardous any 
particular scheme for disposal is. To do this, hazard has 
to be defined, and a procedure has to be developed for 
measuring this hazard. 

This is not a novel perception, and many approaches to 
measuring hazard have been employed in the past. Many of 
these have had some shortcomings, however. 

For example: 

(a) Fatalities alone have often been used as a measure 
of hazard. Little attention has been paid to 
health effects o';her than deaths, the circum
stances of those deaths, and the conditions under 
which the mortal dose arose. Public opinion might 
well rate the seriousness of a health effect 
differently, if these circumstances are different. 

(b) Expected fatalities are often used as the measure. 
The public, however, might well view different 
gambles with the same expected value as being of 
different seriousness. For example, a sure death 
may not be considered by the public to be equivalent 
to a 50-50 gamble on two deaths or none, even 
though they have the same expected value. 

In deciding the relative importance of the different 
possible effects of a radioactive waste repository and in 
determining the relative attractiveness of the different 
lotteries which the different repository designs represent, 
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judgments have to be made. Many past approaches have avoided 
the need for such judgments by using expected fatalities as 
the sole criterion. 

However, the real decision among waste disposal options 
ought to include such comparisons, and this is achieved in 
the approach outlined here. There is contention over whose 
judgments should be used; it seems clear that some repre
sentation of public opinion ought to constitute the required 
judgments, but there are several competing methods for doing 
this. The approach outlined here uses several of these 
methods, but each of them depends upon asking questions 
concerning value judgments from members of the public. 

It is widely agreed that an index of hazard for a 
radioactive waste repository ought to depend upon the nature 
and severity of possible consequences and the probabilities 
of those consequences. The approach suggested here has 
these properties, and it is based upon the precepts of 
decision analysis; these can be viewed as an extension of 
the more well-known ideas of risk analysis. 

The index is constructed so that, in the view of the 
person who is providing the judgments, ar.y two repositories 
with the same value for the hazard index are equally unde
sirable, and if another repository has a greater hazard 
index, it is even less desirable. If after construction of 
the index these properties do not hold, either the index has 
been improperly constructed, or else the judgments provided 
are inconsistent and need to be investigated more closely. 

Specifically, the possible consequences of any repository 
are categorized in such a way that all consequences within 
each category are about as bad as each other, but there is 
considerable difference in perceived value between categories. 
A tentative categorization is given in Figures 1 and 2. 
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(These categorizations are different from those in the body 
of the text (Figures 3-1 and 3-2) and reflect the continuing 
development of ideas on this project. Figures 1 and 2 
reflect most recent thinking; one of the key modifications 
has been to represent stochastic health effects much more 
sparsely.) 

There are several important criteria for choosing a set 
of attributes to describe these consequences; for example, 
the attributes must be readily visualizable by the public, 
so that trade-offs can be readily made, and in this exercise 
the description must mesh with the technological modeling 
work being carried out by the Lawrence Livermore Laboratory. 

The next step is to construct a utility function with 
respect to these distinct effects. The technical details of 
this procedure are described in the body of the report; 
it is sufficient here to state that the utility function 
measures the perceived disbenefit of any particular combina
tion of deleterious consequences, supposing that set of 
consequences to occur as the uncertainties unfold. Any set 
of consequences with the same utility would have the same 
perceived disbenefit. The utility function is constructed 
by eliciting trade-off judgments among the distinct effects; 
for example, the seriousness of a fatal cancer is compared 
with that of a permanent loss of fertility, and a numerical 
judgment of how many cases of one effect is as bad as one 
case of the other is elicited from the person whose values 
are being captured. 

Attitudes towards gambles are then established by 
determining the subjects1 preferences between typical risky 
options and then inferring attitudes towards other risky 
options using principles of consistency. For example, the 
relative undesirability of one sure death against a one per 
cent chance of 100 deaths is judged by the subject. At this 
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stage the utility functions from a number of individuals 
within the public are combined to produce a utility function 
representative of public opinion as a whole. 

Finally the hazard index is constructed by determining 
probabilities for each of the possible health effects (from 
technical models coupled to expert subjective judgment) and 
calculating the expected utility by weighting the public 
utility of each consequence by its probability of occurrence. 

It is important to stress that the utility model repre
sents value judgments elicited from the public, while the 
probabilities are determined by technological modeling. 
This separation of probabilities from values is an important 
contribution of decision analysis; expert knowledge of what 
might happen is properly obtained from the experts, but the 
relative importance of these outcomes is judged by the 
public, the proper source of values for social decision 
making. 

This report is concerned principally with the modeling 
and elicitation of values concerning the possible health 
consequences of radioactive waste. The combination of the 
utility function thus created with corresponding probabilities 
(provided by Lawrence Livermore Laboratory) to provide an 
expected utility to be used as a hazard index is outside the 
scope of this report. In reading this report, however, it 
should be borne in mind that the intended use of the utility 
function is to combine it with probability distributions 
over consequences to produce an expected utility; this 
expected utility is the index of hazard. 

Once the index has been constructed in the manner 
outlined above it can be used a) to compare the hazard of 
different proposed repositories and b) to determine whether 
a hazard is acceptable or not. This latter task would be 
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achieved by determining whether the hazard of a proposed 
repository was smaller or larger than a preset limit; this 
limit, representing acceptable risk, would be established by 
some other procedure. A discussion of possible procedures 
is given in Section 5,0. This information can then be used 
to provide general background for guiding the regulation 
procesSr for explicit guidance (e.g., by inclusion in regu
lations), or for formal use in a decision analysis to compare 
disposal options or regulatory options. 
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AN INDEX OF HAZARD FOR RADIOACTIVE WASTE 

I 
1.0 INTRODUCTIOM 

This interim report, written under subcontract 9693603 
for the Lawrence Livermore Laboratory, discusses radiological 
performance objectives for the management of radioactive 
waste. The construction of a utility function to evaluate 
the radiological performance cf a radioactive waste repository 
is described and recommendations are made concerning the use 
of that utility function for determining acceptable radio
logical performance. The remainder of this introduction 
sets the problem in context; a description of the problem of 
nuclear waste and the nature of public attitudes to it is 
followed by a brief review of risk analysis and its appli
cation to the management of radioactive waste. 

<» 

Section 2.0 describes an approach for assessing risk 
based upon the principles of decision analysis, and discusses 
the use of these principles fo: the assessment of the risk 
associated with radioactive waste. Section 3.0 gives an 
explicit account of the utility function being developed 
under this subcontract, together with an account of the 
elicitation of the values of a particular subject. Argu
ments are presented for the choice of this procedure rather 
than any other, in particular in the light of the need to 
use the procedure to assess public opinion in these matters. 
The use of this approach in eliciting public attitudes is 
discussed in Section 4.0, and the difficult issue of deter
mining "how safe is safe enough" is reviewed in Section 5.0. 
Section 6,0 provides a discussion of how the risk measure 
might be used, in particular in determining an acceptable 
level of risk which can be reflected in radiological perfor
mance objectives. These in turn are needed to provide 



guidance in drawing up regulations to guarantee the safety 
of radioactive waste repositories. Finally, in Section 7.0, 
there is a brief account of future work to be done on this 
project. 

Sufficient public concern has been expressed about 
radioactive waste for it now to be well known, indeed 
notorious, that as a consequence of using nuclear power for 
the generation of electricity or for the manufacture of 
nuclear weapons, highly noxious wastes are produced which 
remain dangerous for very long periods. Some means has to 
be devised for ensuring that these wastes do not cause 
unacceptable harm either to man or his environment both now 
and for as long as the wastes remain dangerous, which might 
be hundreds of thousands of years. The determination of how 
to ensure such safety is the problem of radioactive waste 
disposal. The issues are charged with emotion, and widely 
diverging opinions exist within the community as to the 
danger of these wastes and the consequent policies necessary 
for controlling their production and managing their disposa'. 

There are strong voices which argue that the problem of 
waste disposal is so severe that the entire nuclear industry 
should be shut down [l:Ch. 9]. On the other hand cogent 
arguments are put forward that nuclear waste is no more 
hazardous than many other substances perfectly acceptable to 
society 12]; moreover, the argument can be made that doing 
away with radioactive waste entirely by closing down the 
nuclear sector would do far more harm to society than any 
damage caused by the waste itself. Where opinions are so 
diverse, it is difficult to give an account of the problem 
which cannot be accused of bias by people with strong views 
on one side or the other. There are, however, some well 
written accounts of the subject, which explain its complexities 
and pinpoint the problems; the reader can determine whether 
they are fair. They include [3], 14], [5], and [6]. 
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In many areas the Federal Government can determine the 
appropriate way to manage a particular technology merely by 
implementing the consensus of technical judgment in the 
matter. With radioactive waste no consensus exists on 
appropriate designs and safety levels, and it is perhaps for 
this reason that Government regulations concerning the 9 management of radioactive wastes have been so difficult to 
create. Several Government agencies have been involved in 
this work. The Department of Energy, whose function it will 
be to operate a waste repository (if and when one is built) 
has sponsored considerable effort to determine the best 
methods for disposal [7]. 

Recent public symposia sponsored by the Environmental 
Protection Agency (EPA) (whose responsibility includes the 
establishment of environmental protection criteria for 
radioactive wastes) have demonstrated the intense public 
concern that surrounds the problem of the waste; from the 
nuclear industry [8], [9J. 

The Nuclear Regulatory Commission (NRC), under whose 
auspices the current study is being performed, is charged 
with the creatin of regulations to goverr. the disposal of 
wastes and the licensing of waste repositories; in doing so 
it must ensure that the environmental protection criteria 
established by EPA are satisfied. The Lawrence Livermore 
Laboratory is under contract to NRC to provide technical 
information to assist the N."C in its task. It is the purpose 
of this study to address the question of how the hazard 
associated with a repository *nay be measured (in advance of 
its construction as well as '*en it is complete) and how 
that measuring process may be used to guide the drawing up 
of regulations. 

U 
It is clear that the main public concern which necessi

tates that great care be taken in the disposal of radioactive 
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wastes is the hazard (or risk) involved, that is, the possi
bility that radiation releases could occur, harming numbers 
of people. Recently two extensive studies on the nature of 
r?sk have appeared [10], [11]; both have emphasized the need 
to measure tha risk associated with any technology (particu
larly radioactive waste disposal) in making any rational 
decision on the regulation of the risk associated with that 
technology. The crucial problem is how to construct such a 
measuring device. 

This problem is not new. Risk-benefit analysis has 
been practiced for some years as an extension of the ideas 
of cost-benefit analysis to determine how to make rational 
decisions concerning an activity which is beneficial but 
also risky. Starr's 1969 article, is, perhaps, most quoted 
[12], but many other similar risk-benefit analyses of 
nuclear energy have been performed since that time [13]. It 
has been generally agreed for some while that a measure of 
risk should depend both on the probability with which a 
dangerous release of radioactivity might occur and also on 
the seriousness of the consequences. A widely used measure 
of this type has been the expected number of fatalities 
resulting from an activity, i.e., the product of the proba
bility of deaths with the number of deaths [14], [15], More 
recently it has been suggested that this measure does not 
adequately represent public attitudes toward the hazards of 
radiation in that fatalities are not the only deleterious 
consequence of radiation, and in that the public may well 
not be risk neutral as this form for the measure implies. 
(The recent ICBP report on developing an index of harm [16] 
stresses the first of these points.) 

"Risk neutrality" is a property of human judgment. It 
describes the judgment that, for example, a 50-50 gamble 
giving either 2 or 0 fatalities is just as bad as one 
fatality for sure. 
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Several authors [16], [17], [18] have suggested employing 
the concepts of utility theory to construct such an index of 

" hazard, and Barrager and North [20] have gone further and 
indicated how a utility-based hazard index may be used to 
analyze the decisions involved in the disposal of radioactive 
waste. The current study is in the spirit of this latter 

* approach, using the principles of decision analysis to 
assess how much risk a waste repository ought to bear. When 
the construction of a hazard index is set in the context of 
its eventual use, it becomes apparent that many of the 

* modeling decisions taken in the construction of that index 
ought to reflect that end use. This point is discussed 
further in Section 3.0, where a utility function for use as 
a hazard index is constructed. 

t 
Although to be most effective such a utility function 

ought to be constructed bearing in mind the context in which 
it is to be used, in this study the hazard index (utility 

* function) is generated with only a broad understanding of 
how it is to be used. The recommended uses are (a) to 
compare different designs for a repository, (b) to set 
limits on acceptable risk (by one of the methods discussed 

* in Section 5.0), and (c) to assist in the analysis of 
regulatory decisions (which are more complicated than the 
mere comparison of alternative repositories [21]). 
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2.0 DECISION ANALYSIS FOR THE ASSESSMENT OF RISK 

Decision making under uncertainty with multiple con
flicting objectives has long been recognized as a difficult 
area of human activity. Over the last twenty-five years or 
so, however, considerable thought has been given to analytical 
methods for assisting the decision maker, resulting in th p 

philosophy and body of knowledge known as decision analysis 
[22], [23], 124], 125). In this study these concept* are 
applied to the decisions involved in radioactive waste 
management and the assessments of risk that are necessary 
for analyzing those decisions. 

One of the central ideas in decision analysis is the 
need to separate probabilities from consequences. As Lowrance 
points out [10:75], the measurement of the components of 
risk, which includes the probabilities of any consequences 
and the nature of those consequences, is a separate activity 
from the judgment of safety, which involves the human judgment 
of the comparison of different kinds of consequences and 
different, chances of getting those consequences. The former 
activity is objective to some extent (although many of the 
probabilities associated with the possible consequences of a 
radioactive waste repository must necessarily have a subjec
tive element, since they lack any historical precedent); the 
latter activity is solely subjective, being a function only 
of human judgment. 

The decision-analytic approach is to construct an index 
which represents the perceived worth (including risks, cost, 
and benefits) of any available option, which in this case 
would be a particular repository design. The index has the 
property that if any two options have the same index value, 
then the decision maker is indifferent between the two (if 
he denies this, either the index has been improperly 
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constructed or else he misunderstands the implications of 
the judgments he has provided which form the basis of the 

' index). The index is formed by calculating the expected 
value of a utility function; this is done by multiplying the 
utility of any consequence by the probability of occurrence 
of that consequence and then summing over all consequences. 

' The consequence set is designed to be mutually exclusive and 
exhaustive. In order for the index to have the indifference 
property alluded to above, the utility function must incorpo
rate the decision maker's attitude towards risk and his 
judged trade-offs between conflicting attributes of importance. 
Readers interested in the details of how a utility function 
can achieve these goals are referred to one of the standard 
texts in the area (24), [25]. 

I 
In the context of radioactive waste management, each 

possible repository design can be viewed as a lottery since 
it is uncertain what the consequences might be, and, while 
there is a substantial probability that no great harm will 
ensue, there is a non-zero probability of very serious 
consequences. It may well prove to be entirely safe through
out the active life of the waste, preventing any radiation 
exposure reaching the environment; on the other hand there 
is a non-zero probability that radiation deriving from the 
waste may escape and cause cancers or mutations or other 
health effects. This lottery is evaluated by assessing the 
probabilities for each deleterious consequence that is 
considered significant and then using these to calculate the 
expected utility. Of course, this implies that a utility 
function over possible outcomes must first be constructed. 
In the next section o discussion is given of what attributes 
to include in such s utility function and how to construct 
it to ensure that the index has the properties mentioned 
above. 0 
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The procedures of decision analysis are constructed 
with individual decision makers in mind; for example, it has 
to be a single person whose judgments as to risk aversion 
and trade-off among conflicting attributes enter into the 
utility function. Applications of these methods to public 
decisions have been effectively made [26], [27], however; 
and while there are open questions in the theoretical justi
fication for using decision analysis on public decisions, 
the framework has clear advantages in codifying thought and 
identifying areas of public disagreement. In this study the 
approach to including different opinions on risk and the 
relative importance of different consequences is somewhat 
novel. Utility functions are elicited according to an 
agreed structure from a wide variety of members of the 
public. These utility functions are combined to produce 
different indices, each representing the attitudes of 
different combinations of public opinion. The issues of how 
to choose the people whose views are to be elicited and how 
these views may be combined, are discussed in Section 4.0. 
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3.0 A UTILITY FUNCTION FOR THE EVALUATION OF NUCLEAR WASTE 
I 

3.1 Introductory Comments 

* As mentioned in the previous section, the measurement 
of risk and its comparison with benefits for a radioactive 
waste repository will be achieved, in this study, by assessing 
the probabilities for different kinds of consequences sepa-

,| rately from the significance (or utility) of those consequences. 
This section describes the construction of a utility function 
for the possible effects of a depository; at every stage a 
discussion is given of the goals of the modeling exercise, 

,j and a justification is given for the modeling decisions 
taken. Section 3.2 presents a discussion of the issues that 
need to be captured in the evaluation and provides a list of 
the attributes of importance that are recommended for inclusion 

,f in the utility function. In Section 3,3 a structure for the 
utility function is recommended, and there is a discussion 
of the methods for eliciting opinions from any person in 
order that the recommended utility function may properly 

i| represent the value structure of that person. Finally, in 
Section 3.4, an example is given of an application of this 
elicitation methodology to elicit the value structure of a 
particular individual. 

0 
Although fairly definitive positions are taken throughout 

this section, it must be understood that this is an interim 
report in a continuing study. It is planned to carry out 

II the value elicitation procedure presented in this section on 
some scores of people, and there is every expectation that 
as the analysis proceeds, some of the modeling decisions may 
be modified^ It may be determined, for example, that some 

II of the important attributes have been omitted from the 
analysis or that the suggested structure or proposed method 
of elicitation are insufficiently broad to represent properly 
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the attitudes and beliefs of the subjects whose views are 
being elicited. Nonetheless, the expectation is that the 
final recommended procedure will be similar both in structure 
and philosophy to the one presented here. 

J. 2 Public Concerns about Radioactive Waste 

3.2.1 The range of concerns used in this study - In 
constructing a measure to evaluate the consequences of any 
decision, it makes sense to include all the consequences of 
that decision within the measuring device. In this case the 
decision is whether or not to build radwaste repositories, 
where to build them, and of what size and construction. 
Thus, the consequences which must be modeled and measured 
here are the possible effects which might be produced by a 
radioactive waste repository even if only at a very low 
probability. 

The cause of most public concern is the direct 
health effects on humans induced by radiation. Apart from 
the effects caused by high levels of radiation, often 
resulting in death shortly after the exposure, there are the 
feared effects of lower levels of radiation exposure such as 
cancer or increased mutation rates. These are the aspects 
of nuclear energy which create such ? specter in the press 
and the public mind. 

There are, however, several other possible 
consequences of a waste repository. Some writers urge that 
the health of all living creatures is just as important as 
that of man, and thus, that the radiation effects on all 
parts of the biosphere should be considered when evaluating 
the effects of a radwaste repository. While this is a 
minority view, it ought, perhaps, to be recognized if the 
evaluation model is fully to represent public opinion. 
There are other effects not specifically caused by radiation, 
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but which, nonetheless/ are noticeable consequences including, 
for example, the ecological degradation caused by the con
struction of the repository. 

This study restricts attention, however, to the 
health effects en humans. If our evaluation measure is held 
to be a measure of all possible consequences of a radwaste 
repository, then the restriction to human health effects is 
an approximation justified by the overwhelming importance 
most people assign to the health effects over the other 
effects mentioned above. Moreover, if the measure is to be 
used to compare different repository designs, then the 
ordering of repositories is unlikely to be affected by the 
exclusion of consequences other than those on human health. 
Alternatively, the evaluated measure can be considered 
merely a measure of the possible human health consequences 
of a radwaste repository and treated as such. 

As mentioned above, and expanded in Section 5.0, 
one of the uses of the risk measure is to determine just how 
safe a repository ought to be. One of the ways to do this 
is to elicit from the public what amounts of money individuals 
are prepared to pay in order to reduce the hazard. This is 
not really a consequence of a repository, but it is a value 
judgment similar to the judgments necessary to discriminate 
among health effects. So, later in this section, in a 
discussion of the best way to tap public opinion, the trade
offs between risk and cost of risk reduction are also included. 

3.2,2 Criteria for choosing attributes for a utility 
function - When analyzing a complex social problem with 
quantitative methodology such as that used in this study, it 
is necessary to employ modeling judgment in determining 
which issues to allow for explicitly and which to take into 
account only implicitly. Ideally, of course, all issues 
would be explicitly addressed; but the reason for constructing 
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a model is to simplify the real world so that all its 
significant parts are represented while creating sufficient 
simplicity for analysis to be possible. In this case the 
object is to include sufficient attributes of importance 
that all issues of concern to the public can be addressed 
within the framework constructed, while retaining sufficient 
simplicity for elicitation of the judgments and analysis to 
be feasible. 

There are two criteria here which guide the 
modeling judgment. First, it should be possible to address 
all the issues on which there is significant difference of 
public opinion; and second, one should include those aspects 
of the problem which are significantly impacted by the 
decision options. The first criterion is used extensively 
in the next section, but at this stage in the project, it is 
not very easy to use the second criterion since the possible 
uses of the risk measure have not been fully investigated. 
If the measure is to be used to compare different technical 
options for waste management, then the factors which distin
guish between systems should be highlighted. If, on the 
other hand, the measure is to be used to explore the risk 
benefit trade-offs, then the perceived risks of the system 
should be accentuated in the attribute selection process. 
Because of the current uncertainty about the use of the risk 
measure that is constructed here, this second criterion is 
not used nuch in what follows. Nonetheless, it remains true 
that an important determinant of attribute choice is the 
intended use of the resultant utility measure, arid as this 
project proceeds, this will become an important consideration 
in the development of the measure. 

3,2,3 The categorization of the causes of a dose - It 
is apparent that the perceived evil of a radiation dose in 
the public mind depends on the circumstances in which the 
dose is received. For example, a cancer caused by an 
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unplanned radiation release received by a worker at a nuclear 
power plant is felt to be less unacceptable than one received 
by a member of the general public; this is presumably because 
the worker knew the risk he was taking and chose to do so, 
while the citizen received his dose of radiation entirely 
involuntarily [28], [29]. 

From a study of the literature, there appear to 
be three significant contingencies which in the public nind 
affect the perceived evil of a given health effect. These 
are 

(i) whether or not the effect was borne by an 
individual who received any benefit from the 
activity which produced the waste; 

(ii) whether or not the risk was undertaken 
voluntarily; 

(iii) whether the dose which produced the health 
effect was received as a consequence of a 
relatively short-lived, but acute exposure, 
or as a consequence of a long-lived, low-
level, chronic exposure. 

To reflect this public concern, the possible 
health effects of a radwaste depository are categorized 
according to these distinctions, as indicated in Figure 3-1; 
but a little explanation is needed to describe why this 
categorization sufficiently captures the concerns noted 
above. 

The first issue is one of equity. Somehow 
injustice can be said to have occurred if the risk of poten
tial health effects is carried by people who have not received 
any benefit from the activity which produced the waste 
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[30:894]. Why, one can ask, should the people of New 
Mexico or Washington State, say, be asked to bear the risk 
associated with a radwaste repository when the nuclear 
electricity produced along with the waste is consumed, at 
best by the entire country or, at worst and most likely, by 
the residents of highly populated areas greatly distant from 
the repository site? This issue is of crucial importance in 
determining the distribution of repositories and their size; 
but in evaluating the risk associated with a given repository 
at a given location, it need not be explicitly addressed 
since the effect will not vary with the design and structure 
of potential repositories. Spacial equity is a function of 
the distribution of waste rather than of a particular reposi
tory. It is not included, therefore, in the categorization 
of Figure 3-1. 

Temporal equity is different, however, and it 
has been explicitly addressed in this structure. There is 
considerable public concern over the morality of creating a 
hazard which remains dangerous for hundreds of thousands if 
not millions of years. Have we a right, it is argued, to 
expose our descendants to a danger just in order that we may 
have more electric power now? On the other hand, many 
people take the view that future generations (at least those 

•I Note that this modeling judgment depends on the assumption 
that the purpose of the utility function is to distinguish 
between alternative designs for a repository rather than to 
address the larger question of the distribution of repositories 
around the country. An evaluation measure is most effective 
if it is constructed with its end use in mind. Note further 

O that in this study the measure evaluates the hazard associated 
with a repository rather than that associated with a given 
unit of a waste (a megawatt-year electric, for example) or 
the entire hazard of the total waste in the country or 
indeed the world. Different measuring devices would be 
needed for each; the choice of the repository as the appro-

<> priate level of evaluation is determined by the intended use 
of the risk measure, namely, to distinguish between techno
logical options for the construction of a repository and of 
setting acceptable levels for the risk a repository induces. 
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100,000 years from now) are likely to be so different from 
us that they will either have found cures or even preventa
tive measures for radiation-induced diseases or else will be 
primitive enough not to care if a few extra cancers are 
caused by radiation, In order that this difference of 
opinion can be reflected in the utility function/ health 
effects deriving from radiation releases from radwaste prior 
to the sealing of the repository are considered separately 
from post-sealing effects. There might, of course, be 
subtle differences in judged evil among effects caused at 
different times in either the pre-sealing or post-sealing 
phases. Modeling judgment indicates, however, that these 
differences are not nearly as significant as the differences 
among the pre- and post-sealing risks. A typical pre-
sealing risk would be the possible but unlikely exposure of 
workers to radiation releases during the thirty years or so 
that it would take to fill a repository. The post-sealing 
risks concern the possibility that after thousands of years 
some of the waste material, still radioactive, might escape 
from the repository and cause radiation damage to nearby 
inhabitants. 

The second significant contingency which seems 
to affect public opinion in this matter is whether or not 
the risk is accepted voluntarily. The fact that society is 
prepared to allow higher risks if the individual at risk is 
happy to accept that risk was noted by Starr [12] and was 
explicitly addressed by Fischhoff et al. [28]. In the pre-
sealing phase workers will be employed in the emplacement 
process, and these will be at risk much as nuclear power 
plant workers are currently at risk. On the other hand 
there is the possibility—although it would only arise from 
a highly unlikely unplanned incident—of a radiation release 
to the general public during the pre-sealing phase. The 
categories in Figure 3-1 under "Pre-sealing" reflect these 
different possible risks. In the post-sealing phase no 
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occupational risk will be incurred, since it is the Govern
ment's intention to plan not to depend upon institutional 
safety measures like security guards, even though they may 
well be provided for the indefinite future. It could be 
argued that if a compensation scheme is established to 
reimburse residents of an area where a repository is located 
for the risk they bear, then these residents are accepting 
the risk voluntarily. It is, however, not clear that any 
compensation scheme will be introduced, so in this study 
this issue is not pursued further; any voluntary risk will 
be assumed to be occupational. 

The third contingency concerns the time distri
bution of any radiation release. In the news media and 
maybe also therefore in the public mind, a traffic accident 
in which twenty people die is of more concern than twenty 
accidents in each of which one person dies. On the other 
hand many people have the view that each of these events is 
as bad as the other. Fischhoff et al. [28], explicitly 
addressed this "catastrophic vs. chronic" issue since they 
recognized it to be an important determinant of public 
attitudes, in this study it is handled by the categorization 
of Figure 3-1. The occupational pre-sealing risk is a risk 
both of a low-probability event with significant consequences 
(an accident during deposition giving rise to a radiation 
release) and also a continual exposure to very low levels of 
radiation. (Although the repository may well be designed 
for zero planned release, even to the workers, there is the 
possibility that some designs might imply the kind of exposure 
experienced and considered acceptable in nuclear plants.) 
Involuntary exposures during the pre-sealing phase if they 
occurred would all be due to an unplanned accident; no 
conceivable design for a radwaste repository would lead to 
planned involuntary exposure during the pre-sealing phase. 
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In the post-sealing phase any release of radio
activity would be unplanned, but there are two distinct 
modes of release which are worth distinguishing since they 
are likely to occur with quite different probabilities 
(although both would be very small), and their effects would 
have a very different time distribution. The first of 
these, indicated in Figure 3-1 under the head "Post-sealing," 
would be the breach of the repository caused by some cata
strophic event, such as an earthquake, a meteorite impact, 
or some similar events In this case it is conceivable— 
although very unlikely—that a quantity of radioactive 
material could be released into the atmosphere. Public 
reaction would be similar to that experienced if a core 
melt-down were to occur in a reactor. 

The second possibility is that eventually water 
would seep into the repository, breach the containers, 
dissolve the (highly insoluble) glass (in which form the 
waste would be stored), and transport the radioactive 
materials through the rock formations into aquifers and 
eventually into a river. Thus a large population would be 
exposed to continuous low-level radiation. This effect 
could be produced very slowly over hundreds of thousands of 
years, or it might be hastened by an earthquake as in the 
first kind of escape. Nonetheless, the effect would be to 
produce over a long period a chronic low level of exposure. 
While many people might judge that the evil of some health 
effect did not depend on whether the post-sealing exposure 
was acute or chronic, it seems that public opinion could be 
divided on this issue. Therefore, the distinction is left 
in the utility structure of Figure 3-1, at least for the 
time being. 

3,2.4 The categorization of the consequences of a 
dose - Thus far, the possible health effects of a radwaste 
depository have been categorized according to the circumstances 
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in which a dose arises rather than the consequences of a 
given dose. In fact it seems that differences in public 
opinion tend to center on the former rather than the latter; 
nonetheless, it seems necessary to distinguish the different 
health consequences of radiation exposure, for two reasons. 
First, in eliciting the judgments that will enable trade
offs between pre- and post-sealing risks to be made and 
reflected in coefficients in the utility function, it will 
be psychologically more accessible to focus on a particular 
health e'fect (such as a cancer of a particular type) rather 
than to focus on exposure or dose of radiation. Second, 
there appear to be differences of opinion on the relative 
significance of different health effects, and these ought to 
be addressable by using the utility structure. 

In the remainder of this section a tentative 
categorization of health effects is described. However, the 
appropriateness of this list is not proven yet, since it 
might transpire that some included effects are insignificant 
(either because their probability of occurrence is low or 
because their severity is judged to be negligible in compari
son with other effects); there might also be some health 
effects omitted which should be included. A category of 
health effectB which has not been included here is the 
psychological damage inflicted by worrying about the dangers 
of radioactive waste. It may be necessary to include this 
at a later stage in the project. A final position on which 
health effects to include in the utility function will be 
determined by an assessment of the probabilities and an 
investigation of public opinion on the relative severity of 
the effects. 

The most widely used and definitive discussion 
of the health effects of radiation is the 1972 report of the 
National Academy of Sciences Advisory Committee on the Bio
logical Effects of Ionizing Radiation [31]. The International 
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Commission on Radiological Protection (ICRP) has also 
produced authoritative recommendations [32], [161. It is 
apparent from these documents that the health consequences 
of radiation exposure are many and varied; there is also 
considerable uncertainty about the long-term consequences of 
radiation since there is so little data on which to base any 
estimates. Despite this there is a fairly obvious way to 
categorize these effects, and such a categorization is given 
in Figure 3-2. 

The first distinction is between "stochastic" 
and "non-stochastic" effects [32:2]. It is not certain that 
a given "stochastic" effect will be produced by a radiation 
dose; what is clear is that the probability that any indi
vidual will incur the effect increases with the dose level. 
A "non-stochastic" effect on the other hand will surely 
occur if the dose level is high enough. For each "non-
stochastic" effect there is a threshold of radiation dose 
below which the effect will not be observed. This threshold 
effect may also be an aspect of "stochastic" effects (in 
that the probability of incurring the effect would be zero 
below some given level). The current hypothesis assumed by 
the EPA [33:32], however, is that no such thresholds exist 
for stochastic effects, although this position is open to 
challenge [34], 

ICRP recommendations suggest that non-stochastic 
effects should be avoided by requiring that exposures do not 
exceed the threshold limits on these effects. This might 
suggest that the hierarchy in Figure 3-2 should not contain 
any reference to non-stochastic affects. However, in the 
analysis of a radwaste repository, it has to be accepted 
that there will be a non-zero, though very small, chance of 
an accident resulting in a release severe enough to cause at 
least a few non-stochastic effects. It may be that the 
contribution of these health effects to the overall risk 
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measure (i.e., the expected utility) is very small or negli
gible since the probabilities of these effects are so small. 
If this is so, it will become apparent when the measure is 
used for assessing the risk of a particular repository; non-
stochastic effects cannot be neglected in advance. 

The non-stochastic effects included in Figure 3-2 
are instant deaths (caused by such intense radiation that 
direct damage to vital organs ensues leading to death within 
a matter of days), cataracts (produced by radiation of the 
order of hundreds of rents delivered over a short period 
[31:179] and impairment of fertility (either permanent or 
temporary, depending on the extent of the exposure). 

Stochastic nEfeuLs J ^ — - - to be the more signifi
cant contributors to the deleterious effects of radiation. 
The ICRP [32:2] categorizes these as either "somatic" (if 
they become manifest in the exposed individual herself) or 
"hereditary" (if they affect her descendants). This dis
tinction is particularly sharp. (ICRP #27 [16] includes a 
third category, namely, the effects of fetal irradiation. 
This will not be specifically addressed here, but as the 
work develops it might become necessary to address it.) The 
somatic stochastic effects are, most notoriously, cancers 
(in particular leukemia, thyroid, bone, skin, breast, and 
lung cancers [31, Chapter VII, Appendix II], but there is 
also the somewhat curiously named "non-specific life short
ening." There is a little evidence that exposure to low 
levels of radiation induces the earlier onset of various 
age-related diseases; the evidence is rather strong in rats 
and mice, and there is some evidence that the effect also 
occurs in man [31:174]. Rather than categorizing somatic 
effects according to the nature of the disease, it seems 
more accessible, in terms of the psychological judgments of 
relative evil that must be made, to categorize these effects 
according to whether or not they are fatal, whether the 

22 



amount of healthy life lost is long (more than twenty years) 
or short (less than twenty years), and whether the accompanying 

*- debilitating illness is short (less than five years) or long 
(more than five years). This categorization is very tentative 
(perhaps more so than the rest of the structure in Figure 3-2); 
it is quite possible that during the course of trial elici-

* tations, a radical restructuring of this part of the measure 
will be necessary. It did prove adequate, however, in the 
trial elicitation reported in Section 3.4 below. 

* Observe at this point, now that the bottom of 
the hierarchy has been reached, that a modeling decision has 
been taken to measure the health effects in terms of the 
numbers of cases of the different kinds of effects. This is 
not the only possible measure (one could, for example, use 
"total years of life shortening" as a measure); the ones 
chosen, however, provide a straightforward and comprehensive 
system for measurement. Notice also that rather than cate
gorize years of healthy life lost and years of serious 
illness as continuous variables, we have provided two ranges 
for each of these variables. This should give sufficient 
flexibility to explore whether in the public mind a long 
illness is worse or better than a short illness, and whether 
it is worse for young men or for old men to die of cancer 
unnecessarily. The years of healthy life lost is, of course, 
an uncertain variable even in any particular case, but it is 
closely related to the age of the victim and is, arguably, 
more accessible psychologically than age itself as a quali
fying variable. 

La9t, hereditary effects must be categorized. 
Very much less is known about these effects than is known 
about somatic effects; the knowledge that radiation exposure 
increases the mutation rate in biological populations was 
not discovered until 1927 [31:42]. Much study has now con
firmed that such effects exist, but there remains considerable 
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uncertainty as to the relationship between exposure and 
mutation rate in humans, largely because so little data on 
exposure exists, but also because radiation-induced mutations 
are indistinguishable from naturally occurring mutations 
(see 31:Ch. V for an extensive discussion of this problem). 
Little is known about the subtle effects on well-being that 
might be the consequence of some difficult-to-observe 
mutations, and so it is difficult to categorize hereditary 
effects. A simplistic approach, adopted here, is to identify 
two categories of mutations: severe mutations, leading to 
abortions or the birth of severely abnormal individuals 
needing constant care; and minor mutations, leading to 
noticeable but innocuous side effects. 

Considerable uncertainty surrounds hov; many of 
these effects will be produced by a given population exposure. 
Based on the data in the BEIR report, however, probabilistic 
estimates can be made which can be folded in with the proba
bility distributions over population exposure to give 
probability distributions over the numbers of these kinds of 
effects in the different categories specified in Figure 3-1. 
Although outside the scope of this particular study, it will 
be essential to assess these probabilities before the hazard 
index can be used. 

It must be reiterated that this structure may 
not prove to be the best, either for distinguishing among 
different possible repositories or for effectively capturing 
public opinion on the deleterious consequences of radioactive 
waste. At this stage in the project, however, it appears to 
constitute a useful framework. 

3.3 The Construction of a Utility Function and Its Elicitation 

3,3.1 Attributes of the utility function - The discussion 
in the previous section has led to a list of attributes of 
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importance over which the utility function i9 to be con
structed. There are five categories for the circumstances 
in which the dose (and the consequent health effects) arise, 
and these are indexed by the letter i as set out below: 

i=l: effects caused by a dose in the pre-sealing 
phase to workers due to an accidental release; 

i=2: effects caused by a dose in the pre-sealing 
phase to workers due to routine release; 

i=3: effects caused by a dose in the pre-sealing 
phase to the general public due to an acci
dental release; 

i=4: effects caused by a dose in the post-sealing 
phase due to an incident leading to a high-
level but short-lived exposure; 

i=5: effects caused by a dose in the post-sealing 
phase due to f.he slow leaching of radioactive 
waste into water supplies. 

For each of these routes to a health effect there is a 
vector of effects, x., as indicated by the structure in 
Figure 3-2. These are defined as follows: 

x...: number of fatal illnesses resulting in more 
than twenty years of healthy life lost, death 
occurring after less than five years of 
serious illness; 

x.,: number of fatal illnesses resulting in more 
than twenty years of healthy life lost, death 
occurring after more than five years of 
serious illness; 
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x..: number of fatal illnesses resulting in less 
than twenty years of healthy life lost, death 
occurring ^fter less than five years of 
serious illness; 

x.,: number of fatal illnesses resulting in less 
than twenty years of healthy life lost, death 
occurring after more than five years of 
serious illness; 

x. 5: nutnbei of non-fatal illnesses giving less 
than five years of serious disability; 

x. g: number of non-fatal illnesses giving more 
than five years of serious disability; 

x- 7; total number of severe mutations (to all 
generations) produced by radiation exposure 
in category i; 

x.„: total number of minor but noticeable mutations 
(to all generations) produced by radiation 
exposure in category i; 

x._; total number of immediate deaths caused by 
radiation exposure in category i; 

x. ,n: total number of cataracts caused by radiation 
3- / -LU 

exposure in category i; 

x. ,,: total number of cases of reduced fertility 1,11 
caused by radiation exposure in category i. 

Each of these attributes is measured as the number of cases 
of a particular type and refers to the entire pre-sealing or 
post-sealing phase. They also include all cases induced by 
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the waste, no matter what their geographic location is, 
although it is expected that if an incident were to occur, 
most of the affected people would live close to the reposi
tory. 

As well as these fifty-five attributes, a fifty-
sixth is needed, namely, the cost of constructing and operating 
the waste repository. One of the ways to approach the 
question of acceptable risk, as discussed in Section 5.0, is 
to trade off risk against the cost of reducing that risk. 
Cost can be measured in several ways, and two obvious methods 
would be to state the cost of a repository in millions (or 
billions) of dollars or to state it in terms of the extra 
cost per kilowatt-hour of nuclear electricity, Here the 
latter expression is used since it is expected that subjects 
will be able to relate more easily to the latter cost; many 
people find it difficult to understand the meaning of a 
billion-dollar cost borne by the Federal Government. Thus, 
we have the extra attribute: 

y: the extra cost (in mill/kilowatt-hour) due to 
the construction of the repository. The cost 
is assumed to be distributed throughout the 
electricity-generation industry. 

3.3.2 The structure of the utility function - For each 
individual whose values are being sought a von Neumann-
Morgenstern utility function has to be elicited which we 
shall write as u(x., x,, x. f x., x,, y). The elicitation of 
such a function would be exceedingly time-consuming unless 
some properties of the subject's value structure could be 
used to simplify the structure of the utility function. 
Conditions on the value structure which allow various simpli
fications to be made are set out in some detail in Keeney 
and Raiffa [25]. In order to ensure a valid representation 
of a subject's value structure, one should test that these 

• 27 



conditions are satisfied for each subject whose utility 
function is sought. In this case, however, there are various 
simplifying conditions which appear to be generally true, 
and they will be assumed to apply to each subject in what 
follows. (When eliciting the utility function from members 
of the public later in this project, the validity of the 
conditions will be tested in each case). It should be noted 
that it is important in this project to simplify the elici-
tation procedure 'and therefore, by implication, the utility 
structure) as far as possible, maintaining a good representa
tion of the subject's value structure. Thus, even if some 
of the conditions which ensure the validity of the simplifica
tions assumed below are not quite satisfied, their assumption 
will often be a very good approximation. 

The first assumption is that the utility over 
health effects is separable from that over money and that 
they are additive, i.e., 

u ( * l ' *2' -3' ^ 4 ' -5' y > = plV£l' -2' -3' U' -55 + ^ 2 U 2 ( i r ) ' 

This is justified if preferences among the x's do not depend 
on the level of y, and attitudes towards risk over y are 
independent of the levels of the x's. This seems to be a 
good approximation. 

The next task is to simplify u ^ Here two 
possible simplifications could be made. It might be possible 
to write u, as an additive combination of utility functions 
for each attribute separately; this method requires risk 
aversion and properties of decreasing (or increasing) marginal 
disutility to be separately assessed for each variable. An 
alternative is to capture these qualities only once by first 
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assessing a value function over the consequences and then 
assessing a utility function over this value measure. This 
method is adopted here; it is the method used by the Stanford 
school of Decision Analysis [35]. It is also discussed in 
[25:Ch. 5]. A value function is a technical term in this 
context, and it is often held to have the following two 
important properties: 

(i) Any combination of attributes that yields the 
same number for the value function is con
sidered equally undesirable by the subject. 

(ii) If a change in attributes changes the value 
by a factor k, then the consequences are k 
times as bad. 

In this study a value function, v(x,, x-, x,, 
x., x-) will be constructed which only satisfies the first 
of these properties. Without any loss of generality then, 
the utility function over health effects can be expressed as 

Ujfxj, x 2, x 3, x 4, x 5) = u hlv(x l f x 2, x 3, x 4, x 5)] 

where u h(.) is the subject's utility function with respect 
to the value measure v, and it will reflect attitudes to 
risk (and therefore changing marginal utility). 

Now v(.) has to be evaluated. The only con
straints on it are that whenever any combination of attributes 
is held to be equally bad, the same value of v(.) is obtained. 
The next assumption made here is that 
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v (il« 2.2' -3' -4' -5 J = v l ( - l } + v 2 ( - 2 } + v3 (2l3 ) + V 4 ( x 4 ' + v5 {*5>' 

One of the implications of this expression is that the 
equivalence (in terms of perceived evil) of two different 
combinations of attributes in the set x. does not depend on 
the actual levels of all the other attributes, so long as 
those levels remain constant. This implication (and others 
like it) seem to be consistent with the judgments of the 
subjects already tested, and therefore this assumption is a 
reasonable one, at least for the time being. 

Next a similar assumption is made about the 
value functions v., namely, that 

V i ( x i l *i,U] = vil { xil J + Vi2 ( xi2> + ••' + Vi,ll ( xi,ll ) 

The justification for this assumption closely parallels the 
one given above. 

Now all the value functions are assumed to be 
linear, so that 

v. . (x. .) = k. .x. .. 
13 13 13 13 

With this assumption the value function can be written 
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5 11 
v(x,, x,, x,, x., x,) = L I k^x^. -1 -2 -3 -4 -5 . a l j = 1 i] i] 

Once again the justification for this assumption comes from 
two directions; it greatly simplifies elicitation and, with 
the subjects so far studied, provides a very good approxi
mation to the subjects' revealed value structure. 

Last, the subjects so far assessed have felt 
that trade-offs between different health effects did not 
depend on the circumstances in which the dose arose. Thus, 
if one cancer were as bad as three severe mutations when the 
dose arose through voluntary routine pre-sealing exposure, 
that relationship also held if the dose arose in any other 
category. This implies that the coefficients k•. can be 
written as the product of two sets of coefficients {a.}, 

kij " V B j 

Then we find 

5 11 
v(x,, x,, x,, x,, x,) = I a. I B,x... -1 -2 -3 -4 -5 i = 1 l j = 1 ] i] 

All these simplifications now imply that the 
elicitation procedure involves the following steps: 
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(i) assess the sixteen parameters a., ..., a,.; 
B^, •••/ 0ii (in fact one of the a's and one 
of the <3's (Oj, Bj, say) can be arbitrarily 
set to unity since the value function is 
arbitrary with respect to scale); 

(ii) assess the scalar utility function u h(v); 

(iii) assess the scalar utility function u,(y); 

(iv) assess the cost/(increase in safety) trade
off coefficients u., u-. 

Although a considerable amount of elicitation is needed 
here, the problem of assessing utility functions for a large 
sample of people is now a tractable one. 

3.3.3 Techniques of elicitation - Elicitation in 
decision analysis is still more an art than a science, but 
certain observations have a generality that is culled from 
experience. The object of elicitation is to produce from a 
subject a set of numerical measures such that the utility 
function obtained by using these measures to calculate its 
parameters properly represents the subject's value structure. 

To achieve this goal it is important to obtain 
some cross-checks on the parameters. There are many ways in 
which questions could be asked of the subjects, for example, 
to evaluate (5,. First, a direct assessment could be made of 
how many cases of fatal cancer to young people with only a 
few years of illness prior to death would be as bad as one 
such case with a long illness prior to death. Then, alter
natively, 63/62 a n d £3 c o u ^ be separately assessed by 
asking similar trade-off questions and combined to obtain 
another estimate of 0,. Many cross-checks of this kind can 
be carried out, and it is part of the art of decision 
analysis to determine which to use and in what circumstances. 
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A second important aspect of elicitation is to 
| design the questioning so that hypothetical judgments are 

avoided wherever possible or, at the very least, so that 
comparisons are required between outcomes that are reasonably 
close to the possible outcomes of the system. In this case, 

I this will involve, for example, asking whether a one-in-a-
million chance of a fatal cancer is better or worse than a 
one-in-a-million chance of a severe mutation rather than 
asking which of the consequences is worse. Although norma-

f tively one judgment implies the other, the first judgment, 
being more closely related to the likely properties of a 
radwaste repository, is more likely to give a valid represen
tation of the subject's value structure than is the latter. 

t It is also important to attempt the elicitation by using 
values for the variables x. • which are in the range of 
possibility; this will ensure that the error produced by any 
of the approximations made in the last section is minimized. 

f 
A final observation concerns the choice of a 

typical variable to use when making higher level trade-off 
judgments. Once the (5's have been elicited, it is simplest 

f to concentrate on just one of the health effects (indexed by 
j) in order to make trade-offs among the circumstances of 
dose needed to elicit the a's. Similarly, in assessing the 
utility function u. (v), it is more straightforward to allow 

I v to vary through just one of the variables x. . rather than 
to change the values of several of them together. These 
choices of representative variables to aid in elicitation 
should be such that the variable looms large among the 

'I effects and that subjects can think about it clearly. In 
this study x.,, the number of fatal illnesses (mainly cancer) 
contracted by young people with death following after a 
short illness, will be used as the typical variable to 

0 compare and make trade-offs between the origins of the dose; 
and x,,, the number of such illnesses arising from pre-
eealing accidents exposing the general public, will be used 
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as the variable to elicit risk preferences expressed in the 
utility function u. (.). 

3.4 An Example Elicitation 

In developing this structure for a utility measure to 
be used in assessing the risk of a radwaste repository, the 
study team elicited the values' of one of their number, who 
shall remain anonymous. Despite the warnings about the need 
to cross check elicitations mentioned in the previous section, 
such cross-checks were not carried out here for reasons of 
time. The intention is, nonetheless, to make such cross
checks in elicitations carried out during the rest of this 
project. 

Table 3-1 gives the equivalence judgments made by the 
member of the study team. In each case entries on the same 
line are viewed to be equally bad, and the levels of all 
other variables are the same for both pairs in the comparison. 
These indifference judgments can now be used to determine 
the ct's and B's. For example, the first indifference judgment 
in Table 3-1 implies that 

5Bj = 13B 3. 

On setting 6, = 1 we derive B, = .38. Similar arguments 
lead to the other parameters, and they are set out in Table 
3-2. 

Risk attitudes were elicited by assessing the function 
u. . In this case the variable x,- was used. Attitudes 
toward risk with respect to this variable were assessed by 
asking for equivalences between gambles at given odds and 
sure outcomes: 
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x u = 5, x i 3 = 0 Xil s °' xi3 = 1 3 

x.2 = 5, X. 4 = 0 Xi2 = °' xi4 = 1 3 

x n = 10, x i 2 = 0 *il = *' xi2 " 8 

Xi5 = 7' xi6 = ° x.5 = 0, x.6 = 4 

*il = 1' xi5 = ° Xil = °' Xi5 = 3 0 

Xil = 1 9' xi7 = ° Xil = °« Xi7 = 1 5 

x i ? = 7, x.8 = 0 Xi7 = °' Xi8 s n 

X i 9 = 20, x n * 0 x.g = 0, x n = 19 

xi,10 = 1 0 0' xi9 = ° Xi,10 - °' xi9 = l 

Xi,ll = 2 0 0' xi9 " ° *i,ll = °' Xi9 = 1 

x n = 5, x 3 1 = 0 x n = 0, x 3 1 = 3 

X » i — •!•» " p i — Xll = °' X21 = * 
x 4 1 - 1, x 5 1 = 0 X41 = °' X51 = 1 

x u = 1, x 4 1 = 0 Xll = °' X41 = 1 

TABLE 3-1 
EQUIVALENT LEVELS OF VARIABLES FOR A MEMBER OF THE STUDY TEAM 
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a l « 2 a 3 °4 a 5 

1.0 1.0 1.67 1.0 1.0 

h h h h h h h h h ho hi 
1.0 1.25 .38 .48 .03 .06 1.27 .81 .9H .01 .005 

TABLE 3-2 
PARAMETERS OF THE VALUE FUNCTION OBTAINED BY USING 

THE ENTKIES IN TABLE 3-1 
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(ij a gamble giving a 50-50 chance of ten severe 
mutations or none was viewed as being just as bad 
as four severe mutations for sure; 

(ii) a gamble giving a 301 chance of ten severe mutations 
and a 70* chance of no mutations was viewed as 
being just as bad as one severe mutation for sure. 

This information (once again without ihe essential 
cross-checks) allows the utility function to be constructed. 
The zero and unity values of the utility function are arbitrary 
since it is unique only up to a positive linear transformation. 
It is convenient to choose x, ? = 10 to have utility 1 and 
x, ? = 0 to have utility zero, all other attributes being 
zero. (This choice implies of course that increasing utility 
denotes worse consequences. It would perhaps be more appro
priate to refer to the index as a disutility function, but 
this pedantry will be avoided here.) Since 6_ = 1.27 and 
a, = 1, we conclude that uh(12.7) = 1, u.<0) = 0. The 
judgments above imply further that u, (5.08) = .5, u^fl.27) -
.3. This utility function is sketched in Figure 3-3. 

Now the utility function for health effects may be 
written 

5 11 
V2Ll» *2' 53' 54» 55> = V . ^ ai ^ V i j ' 

where in-), { M are given by Table 3-2 and u h(.) by Figure 
3-3. 

Finally the trade-off against cost must be explored. 
The subject felt that over the range of money involved he 
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was not perceptibly risk averse so that the utility function 
over y could be taken to be linear. (Lapp [3:87] indicates 
that even if the cost of a repository should be as large as 
$1 billion, the cost per kilowatt-hour would be only about 
.006 cents; our subject felt he would be prepared to play 
the averages given that the stakes involved were so low 
compared with the cost of electricity.) On this basis the 
overall utility function can be written: 

u ( i l ' £2' -3' W -5^ = \ ( - l ' 5.2' -3' £}' -5* + u 2 y ' 

(Since the scale of the utility function is arbitrary we can 
set n, = 1.) Finally the subject assessed that he would be 
prepared for all electrfcity users to pay up to one thousandth 
of a cent extra on each kilowatt-hour in order to save a 
life. This may be interpreted as (x... = 1, y = 10 , all 
other attributes zero), being equivalent to all attributes 
equalling zero. 

i.e. uh(1.67) + .001u2 = 0 

ot V2 2. _ 3 2 ° 

The utility function is now fully specified, it must 
be stressed, however, that the elicitation procedure outlined 
here is still in the development stage, and there are many 
weaknesses which could be attacked. For example, the units 
in which y has been expressed here may not be the most 
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accessible to subjects. As the project proceeds, and more 
trial elicitations are held, it is expected that both the 
form and the elicitation procedure (but more likely the 
latter) will be changed in the light of experience as to the 
most reliable (yet straightforward) method for representing 
values. 

To move from this stage to the hazard index, probability 
distributions for the variables x,, x,, X,, x., x-, and y 
are assessed; these will result from other technological 
modeling being carried out by Lawrence Livermore Laboratory. 
The product of probability and utility is summed over all 
possible values of these variables, and the resulting expected 
utility is the index of hazard. 
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4.0 THE REPRESENTATION OF PUBLIC OPINION 
€ 

4.1 The Combination of Disparate Value Judgments 

I As mentioned at the end of Section 2,0, the procedures 
of decision analysis were devised to provide a rational 
prescription for a decision maker acting alone. The appli
cation of these procedures to group decision making is 

f somewhat problematic, although it is clear that as an 
organizing principle the framework of decision analysis 
provides a very helpful aid to systematic thought even if 
the decision must be taken by a group or, in the limit, by 

,r the nation as a whole. These remarks apply, in particular, 
to the utility function derived in the previous section. It 
is clear that this measure is specific to the subject whose 
judgments have been used to determine the parameters. The 

(• significant question then, is how a diversity of different 
judgments, one set for each subject elicited, may serve to 
illuminate public opinion as to which of the different 
repository designs could be employed. 

C 
Three essentially distinct procedures could be adopted: 

(a) The values from each subject could be used to 
( create a separate hazard index, one for each subject. 

Different repository options would then he compared, producing 
an ordering over them which would represent the relative 
desirability of these options as viewed by each subject (so 

C long as the structuring and elicitation procedures had been 
properly carried out). It is quite possible that wide 
differences of opinion on the specific trade-off questions 
might not lead to much difference of opinion as to the 

C summary ordering of the different possible repository designs. 
If this were the case, it would offer a fairly clear indi
cation of public opinion on what should be done, even though 



there was no clarity over whv_ it should be done. If, on the 
other hand, considerable variations in perceived desirability 
of the various options emerged, then this particular approach 
would not be very illuminating. 

(b) A second approach would be to encourage public 
agreement on the input judgments by eliciting each trade-off 
as a consequence of public discussion and using some averaging 
scheme if irreconcilable differences of opinion persisted. 
With this method a "social" trade-off for issues such as the 
relative importance of a cancer and a serious mutation would 
be established and used to construct the hazard measure. 
One problem with this approach would be that the derived 
index might not reflect the judgments of any particular 
subject; it is not clear that the ordering produced could be 
held to reflect public opinion. More seriously, the mechanism 
whereby the "social" trade-offs were obtained might well be 
very arbitrary; there is no non-controversial criterion for 
determining how to do this. 

(c) In the third approach the utility function derived 
for each subject would be combined in some way to yield a 
summary utility function which was representative of public 
opinion. A separate study is being undertaken to recommend 
an appropriate and justifiable way to carry out euch a 
combination. This will demonstrate that there are combination 
methods which will produce a summary utility function with 
the property that, if this summary utility is used to determine 
a public hazard index and the repository design is selected 
on this basis, the result will be the same as that which 
would emerge from due political process. There are many 
reservations that could be made about this method of repre
senting public opinion, but it seems to be a more justifiable 
way of producing a ha2ard index that reflects public opinion 
than either of the others mentioned above. 
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4.2 The Choice of Subjects 
( 

Once a method for combining public opinion (of the type 
outlined in (c) above) has been selected, two questions have 
to be answered: what shall be claimed of the "social" 

C hazard index that results, and which people shall be selected 
as subjects for the elicitation of values? The answer to 
the second question is, clearly, closely related to the 
answer to the first, and indeed, both are related to the 

( choice of combination method. 

It will be assumed here that the combination method 
suggested in (c) above can be arguably held to replicate the 

C decision making that would emerge if the group involved in 
giving values could, by compromise or bargaining, make 
decisions jointly. Then the following are three possible 
interpretations of the resulting hazard index, together with 

* implications for how the subjects should be chosen. 

(a) Perhaps the most apparently fair approach would be 
to construct an index (i.e., a utility function) in which 

t the views of each V. S. citizen were equally representative. 
In this mode, and ideally, utility functions for each citizen 
would be elicited and combined to produce an index arguably 
representative of public opinion. Since resources would not 

* permit this approach, it could be approximated by selecting 
a sample of citizens representative of the spread of public 
opinion. The insights of statistical sampling theory suggest 
that the least costly way to achieve an accurate representa-

* tion of opinion here would be to construct a stratified 
quota sample. The stratification would be according to 
well-defined differences of opinion and would be such that 
within strata, opinion would be fairly homogeneous, but 

* between strata there would be marked differences. 

There are at least three kinds of error that could 
arise in a procedure of this kind: 

t 
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(i) The method used to combine public opinion may not 
represent what would happen if the public were 
free to bargain. 

(ii) The sample selected may not be truly representative 
of the public. 

(iii) The elicitation procedure (outlined in Section 
3.0) may not properly measure the values and 
beliefs of the subject elicited. 

There is little that can be done about error (i) since, 
although the error might exist, there is no way of knowing 
if it does, since a comparison with free bargaining cannot 
be attempted. The combination method used in this project 
will, however, have a strong justification. 

Of errors (ii) and (iii), tie latter is likely to be 
just as significant (if not more so) than the former, since 
the elicitation technique of Section 3.0, while being the 
best approach to uncovering subjects' utility functions that 
is currently available, is still liable to severe inaccuracy 
on occasion. Thus there is more need for efforts devoted to 
ensuring accurate elicitation from subjects than to minimizing 
sampling error so long as no gross inaccuracies are introduced 
by the sampling scheme employed. 

Elicitation error is likely to be minimized if the 
subjects are well informed in the subject matter. For this 
reason the subjects chosen in the stratified quota sample 
will be limited in this project to knowledgeable and interested 
persons where possible. It will also be possible to elicit 
values from an expert in the views of a particular stratum 
of society rather than from an actual member of the strata; 
this possibility may be used in the study since it could 
give a more accurate representation in certain circumstances. 
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The choice of strata remains an open issue and will be 
I discussed in the final report. 

(b) In a democracy such as the u. s., decisions are 
made by the political process, while it would be fine to 

t imagine that democracy ensured that the views of each indi
vidual was of equal significance in determining public 
policy, the fact of the matter is that certain groups have 
greater power and influence than others. With respect to 

f nuclear waste disposal, both the nuclear industry (incorpo
rating both equipment manufacturers and utilities) and also 
the environmentalist lobby have considerably more influence 
over government thinking than other segments of society, of 

I course a policy which bends more to those who are more 
concerned is not necessarily inequitable; in many small 
decisions the strong preferences of a minority are often 
allowed to overpower the weak preferences of a majority to 

f the satisfaction of the group as a whole. (For example, if 
a group of five people have to choose between a seafood 
restaurant and a pizza house for lunch, the strong aversion 
of one member to the former might well overpower the mild 

I preference of the other four in the same direction.) 

It makes sense, therefore, to also consider a group in 
which interest groups on both sides of the nuclear issue are 

'I over-represented. Such a polarized group will also be 
constructed in this study. On one side will be represen
tatives of organizations opposed to nuclear power, and, in 
particular, to the creation of radioactive waste; on the 

<• other side will be representatives of the nuclear industry, 
in particular, those who are confident that radioactive 
waste can be safely disposed of in geological repositories. 

• (c) Xet a third approach is to recognize that for many 
people opinions are formed by listening to the views of 
other people whom they respect. Indeed, there is a large 

• 
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section of the population who hold that on technological 
issues such as the disposal of radioactive waste, decisions 
ought to be left to the knowledgeable or indeed, to the 
expert. It makes sense therefore to construct a third group 
composed of prestigious subjects whose views could well be 
held to be influential on public opinion. It is envisaged 
that some difficulty will be experienced in assembling such 
a group, but the current intention is to attempt to do so. 

The plan, then, is to elicit views which can be assem
bled into three distinct social utility functions and thus, 
three distinct hazard indices. These will be a representative 
group, a polarized group, and a prestigious group. It may 
well be that for the purpose for which the index is to be 
used, namely to distinguish between repository designs, 
similar implications will be obtained from each index in 
which case clear-cut guidance will be available. Alter
natively, the implications may be contradictory, indicating 
that the NRC must determine which representation of public 
opinion they wish to use in determining the meaning of 
public safety. 
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5.0 SETTING AN ACCEPTABLE LIMIT ON HAZARD 

5.1 Introduction 

As mentioned above, the hazard index can be used in 
several ways. So far this report has given more attention 
to its use in distinguishing between different technological 
options than its use in addressing how safe a radioactive 
waste repository ought to be. Although this latter question 
is somewhat oblique to the main thrust of this study, it is 
discussed in this section, since its resolution is fundamental 
to the practical derivation of radiological performance 
objectives. Six different approaches to this problem are 
described in the next six subsections. In the last subsec
tion, 5.8, the general issues involved in determining 
acceptable levels of safety are discussed, and recommendations 
are made as to appropriate methods to use in determining 
acceptable limits for the hazards associated with radioactive 
waste. 

5.2 Acceptable Risk by Expressed Preferences 

This is essentially the method used by Fischhoff et al. 
[28]. As Slovic and Fischhoff point out [36:34], 

The most straightforward method for determining 
what people find acceptable is to ask them. The 
appeal of the expressed preference method is 
obvious. It elicits current preferences thus 

if being responsive to changing values. It also 
allows for widespread citizen involvement in 
decision making and that should be politically 
acceptable. It has, however, some possible 
drawbacks which seem to have greatly restricted 
its use. For example, people may not really know 

it what they want; the attitudes and behavior may be 
inconsistent; their values may change so rapidly 
as to make systematic planning impossible; they 
may not understand how their preferences will 
translate into policy; they may want things that 



are unattainable in reality; and different ways 
of phrasing the same question may elicit different 
preferences. 

In the context of nuclear waste management, we could 
determine an acceptable risk by some public survey of what 
risks people are prepared to accept. Slovic and Fischhoff's 
point that this method does allow for involvement of the 
public is clearly an important advantage of the method; 
however, their criticisms are very valid, and in particular, 
it must be emphasized that public attitudes and behavior may 
be inconsistent. The only sensible answer to the question, 
"How safe is safe enough?", is that it depends what one has 
tc give up to get the safety. Without knowledge of the 
alternatives to a risky waste management depository that one 
would have to sacrifice in order to make it safe, one cannot 
make a sensible decision on what level of safety one is 
prepared to tolerate. Despite this very valid criticism of 
the method of expressed preference, it would afford an 
answer if all other methods failed. 

5.3 Acceptable Risk by Revealed Preference 

In [36] Slovic and Fischhoff contrast the method of 
expressed preference with the method of revealed preference. 
While people may not be able to express what risks they are 
prepared to accept, one can, it is argued, observe what 
risks people do in fact accept and infer from that what 
level of risk is inherently acceptable. They quote Starr 
[12] who compared curves relating fatalities ?er year to 
their probability of occurrence for various different kinds 
of technologies. The argument is that risks of the kind 
Starr analyzes are risks that people are prepared to live 
with. If it can be shown that the risks of a radioactive 
waste repository are comparable to or safer than the risks 
of accepted technologies (as indeed a simple comparison 
of fatalities and probabilities would seem to indicate), 
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then a good basis exists for determining acceptable risk. 
C The same approach is used in the Rasmussen report [14] where 

the risks from reactor core melt down are compared with 
risks accepted in other technological areas. The implication 
is drawn that since the fatality- against probability-curve 

f is significantly below curves from other activities such as 
motor vehicle accidents, then reactors are safe enough. As 
Slovic and Fischhoff 136:34] point out however, there are 
several drawbacks to this method of revealed preference. 

« 
It assumes that past behavior is a valid pre
dictor of present preferences, which is perhaps a 
dubious assumption in a world where values might 
change quite rapidly; it is politically quite 

- conservative in that it enshrines economic and 
social arguments; it makes strong and not always 
supported assumptions about the rationality of 
people's decision making in the market place; it 
may underweigh risks to which the market responds 
sluggishly like those with a long lead time. 

£ 
To this list one may also add the objection to method 

5.2 above, namely that in accepting a risk, society trades 
off that risk in each instance with a benefit. An acceptable 

( risk in one context with one kind of benefit (for example, 
the use of motor cars) is rather different from an acceptable 
risk in another context with very different kinds of benefits 
(for example, the benefits of nuclear power). Moreover, the 

t consequences in Starr's approach are largely limited to 
fatalities. While it has been shown in Section 3.0 that it 
is possible to construct a utility function over health 
effects which reduces all of the deleterious consequences of 

t nuclear waste to equivalent fatalities, it is not obvious 
that Starr's approach could be easily extended to measure 
the risk of differing technologies since the deleterious 
consequences apart from deaths are so varied. Moreover, a 

* technique of this kind will not easily be able to handle the 
equity issues (namely, that the benefits are received by 
different people from those who bear the risks) and the 
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involuntary nature of some risks against the voluntary 
nature of other risks. So once again, while the method of 
revealed preferences is informative, it has severe drawbacks. 

5.4 Acceptable Risk by Comparison with Background Radiation 

Any additional radiation produced by the unplanned 
leakage of radioactive material from a repository is addi
tional to the radiation which naturally exists and to which 
man is exposed anyway. The level of planned release of 
radioactivity from the nuclear power program is estimated to 
be considerably lower than the natural level caused by 
cosmic rays and naturally radioactive ore deposits. Indeed, 
the difference in natural exposure between states such as 
Colorado and Louisiana is several orders of magnitude larger 
than the planned release levels from the entire nuclear fuel 
cycle [31:19J. 

A reasonable approach to acceptable levels of risk 
(and, therefore, by implication acceptable levels of safety) 
might be to ensure that the radiation levels produced by 
nuclear power are no more than a small fraction of naturally 
occurring levels. (This thinking is reflected to some 
extent in the ICRP report on hazard indices [16:15], where 
allusion is made to the concept of the doubling dose, the 
amount of radiation necessary to produce twice as many 
genetic mutations as naturally occur.) One criticism of 
this procedure is that while routine and planned radiation 
releases might be handled in this manner, associated with 
the nuclear fuel cycle is the possibility that very large 
releases of radioactivity may occur, albeit at very low 
probability. If the limits on radiation release were made 
independent of the probabilities with which the release 
might occur, the whole fuel cycle might have to close down. 
It may be, of course, that this is the public will, but in 
order to determine if this is so, the hazard index and 
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limitations placed on it ought to have the possibility of 
relating a consequence to both its severity and its proba
bility. Criteria of this kind have recently been recommended 
both by the Lawrence Livermore Laboratory and by the NRC in 
internal memoranda. 

A more significant criticism of determining nuclear 
safety by comparison with background radiation is that any_ 
increase in radiation hazard is bad and can only be accepted 
if the associated benefits are large enough. (Methods based 
on this risk-benefit concept are discussed in Sections 5.6 
and 5.7 below.) A rejoinder to this attack is that the 
nuclear industry merely redistributes naturally occurring 
radiation by mining uranium and processing it and, if any
thing, reduces the total potential for irradiation in natural 
materials by using them to generate power. This is somewhat 
simplistic, however/ since plutonium and the actinides 
produced by the fuel cycle (the principal cause of concern 
in radioactive waste) represent a concentration and persis
tence of radiation risk considerably more significant than 
the uranium ore from which they were derived, at least for 
hundreds, if not thousands of years. 

In summary, then, there are arguments to support a 
comparison with background radiation as a standard tor 
acceptable risk, and there are many people who will accept 
this approach. There are important objections, however, and 
it does not appear that this method would be generally 
acceptable. 

5.5 Acceptable Risk by Implication from Accepted Nuclear 
Hazards 

The question of acceptable safety for activities that 
involve radioactivity is not a new one and has already been 
addressed in the framing of Federal regulations (see, for 
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example, 10 CFB, Part 20 [37]). Although these standards 
are always open to revision, they are accepted by the 
community as reasonable protection against the hazards of 
radiation. The reason that they cannot be used to form a 
basis for the control of risks associated with radioactive 
waste is that the latter involves low-probability, high-
consequence events and risks that will persist for hundreds 
of thousands of years; both these factors in the public mind 
seem to need different kinds of risk limitations. Since the 
utility function constructed in Section 3.0 relates health 
effects now and in the future, voluntary with involuntary 
exposure, local with widespread exposure, and so on, it is 
possible to relate the accepted limit on sure voluntary low-
level exposure to the other kinds of exposure to determine 
acceptable levels of these other kinds of risks. It is 
possible to infer appropriate limits on long-term risk, for 
example, from the accepted limit to voluntary workers in 
power stations by determining what value on the hazard index 
corresponds to the latter risk and by using it to imply a 
limit on the former risk. 

This approach has the advantage of relating acceptable 
nuclear risk in a new kind of nuclear activity (the geologic 
disposal of high-level waste) to accepted nuclear risk; it 
is more justifiable than a comparison with other non-nuclear 
technologies, as described in Section 5.3. 

The main shortcoming of this approach is shared with 
all the methods suggested so far, namely, that a determi
nation of acceptable risk r.hould be related to the available 
benefits associated with that risk. The BEIR report [31] 
quite clearly recognizes that a greater risk is acceptable 
if a greater benefit is forthcoming. The following paragraphs 
are from [31:2-3]. 
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No exposure to ionizing radiation should be 
permitted without the expectation of a 
commensurate benefit. 
The public must be protected from radiation 
but not to the extent that the degree of 
protection provided results in the substitu
tion of a worse hazard for the radiation 
avoided. Additionally, there should not be 
attempted the reduction of small risks even 
further at the cost of large sums of money 
that spent otherwise would clearly produce 
greater benefit. 

Guidance for the nuclear power industry 
should be established on the basis of cost-
benefit analysis, particularly taking into 
account the total biological and environ
mental risks of the various options available 
and the cost effectiveness of producing 
these risks. The quantifying of the 'as low 
as practicable' concept and consideration of 
the net effect on the welfare of society 
should be encouraged. 

t 
Clearly then the BEIR repurt supports an attempt to 

relate acceptable risk to the benefits produced by radioactive 
waste, and methods of this kind are discussed in Sections 
5.6 and 5.7. Nonetheless, it seems that at least in the 
nuclear community there is an acceptable level of routine 
exposure. Thus, if intractable problems are uncovered in 
attempting a proper cost-benefit analysis, it might be 
possible to produce a much more acceptable limit by relating 
the generally accepted dose levels for voluntary, chronic 
and certain exposure to the other kinds of risk via a utility 
function and the appropriate probabilities. 

5.6 Acceptable Risk by Comparison with the Cost of Safety 

In Section 3.0 a utility function was structured 
including both hazard and cost as attributes. To choose the 
best balance between cost and safetj, the disposal technology 
should be chosen which maximizes this expected utility. 
This is clearly the "right" technique to use for wastes that 

a) 

f) 



already exist. In this case the hazard must be endured 
unless society is prepared to pay to have it removed. The 
only question is how much society is prepared to pay to have 
it removed. Using this approach for new waste, however, is 
less than satisfactory since the cost of providing an 
adequate level of safety in the disposal of the wastes of 
the nuclear fuel cycle is only part of the overall costs and 
benefits—and a minor part at that. Making a proper comparison 
is the method suggested in Section 5.7. There are other 
problems with this current method, however, 

For example, very little is known about the exact costs 
of possible different waste management systems. If regula
tions are going to be set solely so that an.-optimal social 
balance of costs against safety is achieved, it is necessary 
to know in detail the nature of the technological options 
that exist. But there is, in fact, great uncertainty about 
these. It is possible to treat these technological options 
as exogenous and uncertain and set a limit on safety in the 
light of these, but then there would be a danger that no 
system could exist which would produce those safety limits. 

Then again, technology might change; what constitutes 
the best achievable combination of safety and cost at one 
stage may be far short of the optimum at another stage. 
However, this problem is going to exist for any scheme that 
attempts to use risk-benefit analysis to come up with the 
appropriate level of safety. 

5.7 Acceptable Risk by Comparison with Alternatives 

Some writers in this area argue strongly for acceptable 
risk to be established by comparison with the alternatives 
to accepting that risk? the alternatives might be a reliance 
on coal, or other forms of energy which are non-nuclear, or 
on conservation. It can well be argued that the only sensible 
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way to answer the question, "How safe is safe enough?", is 
( that it depends on what disbenefits must be suffered if a 

very high level of safety is demanded. The utility function 
over health effects should, perhaps, include the health 
effects of a coal economy or of a conservation economy; the 

( options available should be compared, and the problem of the 
hazard of radioactive waste should be set in the context not 
only of the entire nuclear fuel cycle, but also of the many 
ai.d varied technological alternatives to nuclear fuel. 

C 
Once again, there are several problems with this 

approach. First, it has the same difficulties that the 
method in Section 5.6 has, namely, that knowledge of the 

I technical possibilities is somewhat slender and also that 
any limit based on currently available options may quickly 
become out of date. More serious objections lie in the 
complexity of the comparison task. First, once safety 

I hazards are compared with alternatives, it is necessary to 
compare the safety of the whole nuclear enterprise with the 
alternative enterprise (a coal-based economy, for example). 
It is possible to treat the safety aspects of the rest of 

£ the nuclear fuel cycle as exogenous to the problem; however, 
it is unlikely, at least within the scope of the present 
project, that believable numerical estimates for the safety 
of the nuclear waste part of the cycle can be derived. The 

C difficulty in deriving such estimates stems from the very 
large number of rather uncertain estimates about the rest of 
the fuel cycle and about the alternative energy possibilities 
that would have to be inserted in the model, 

I 
There is a further problem here: it seems to be very 

unlikely that the Government will make the decision whether 
or not to be in the nuclear industry on the basis of any 

41 sort of cost-benefit analysis. It seems very likely that 
Congress will determine whether or not there will be an 
expanding nuclear industry and whether, for example, the 
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U, S. will start reprocessing nuclear waste again indepen
dently of any decision on what to do with the wastes. Given 
that decision, it will then be up to the NRC to regulate for 
the safety of nuclear installations. If this is the scenario 
carried out, then future waste must be treated in exactly 
the same manner as existing waste, namely, as a necessary 
evil whose safety can be controlled by the expenditure of 
more resources on reducing hazard. 

5.8 Conclusions 

No matter which of the approaches described in Sections 
5.2-5.7 is adopted, it is necessary to employ a ha2ard 
measure, and the one recommended in this study is described 
in Section 3.0. To use this, it is essential to have good 
estimates for the probabilities for the different kinds of 
harm described by the 55 attributes of Section 3.3.1. At 
this stage in the project such estimates are not yet avail
able, so the resulting hazard index is not currently in a 
usable form. When the probabilities are forthcoming, it 
will be possible to explore which of the options for deter
mining acceptable risk outlined above are potentially the 
most sound. 

There are, however, certain observations that can be 
made. It is clear that if it were possible to effect a 
valid risk-benefit analysis, this would be the most satis
factory method cf determining acceptable risk. The problems 
involved with risk-benefit analysis on the scale required 
here (as outlined in Sections 5.6 and 5.7), however, suggests 
that the validity of such an analysis would always be in 
doubt. This implies that an approach which involved a more 
obviously valid methodology, such as those of Sections 5.2-
5.5, would be more generally acceptable and defendable than 
that of risk-benefit analysis, despite being less rational. 
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The final report of this study will contain a discus
sion of the best approaches to acceptable risk in the light 
of experience gained in eliciting utility functions and 
discussing the issues involved with many people who are 
knowledgeable and experienced in the area. 

o 
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6.0 RADIOLOGICAL PERFORMANCE OBJECTIVES 

The main thrust of the project of which this study is a 
part is to provide NRC with information to assist them in 
drawing up regulations to govern the safety of radioactive 
waste repositories. So far in this report attention has 
been primarily given to the use of the hazard index for 
comparing the safety of different repositories; in this 
section a discussion is given of how the hazard index may be 
used to establish performance objectives to guide in the 
writing of regulations. 

In drawing up regulations, the NRC needs objectives to 
work toward. The regulations will most likely be very 
specific; but in formulating them, the NRC will ensure that 
if they are fulfilled, the goal of adequate radiation protec
tion will be achieved. 

Once acceptable safety has been determined (perhaps by 
one of the methods outlined in Section 5.0), the hazard 
index can be used to provide a radiological performance 
objective. As it has been constructed here, the hazard 
index is the expected utility of a radioactive waste reposi
tory. It is obtained by taking the utility function over 
all health effects, multiplying by the probability of 
getting any particular combination of health effects, and 
summing over all contingencies. The risk of a repository 
is acceptable if its hazard (expected utility) falls below a 
given limit; any repository whose hazard is greater than 
this limit would be rejected. This then is the radiological 
performance objective: 

"Construct regulations such that the hazard (measured 
according to the hazard index) of any repository 
allowed, falls below a given limit." 
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Note that this objective implies that all the different 
( kinds of hazards associated with a repository are assessed 

at the same time, and an overall judgment is made as to 
whether the repository (as a whole) does or does not give 
rise to acceptable hazard. There is room in this approach 

j for hazards to be traded off against each other; for example, 
it allows for a repository with a very safe long-term behavior, 
but rather more hazardous behavior during the deposition 
phase than some others, to be constructed, so long as the 

i overall hazard index is below the required level. 

A performance objective that allows such trade-offs, is 
efficient in that it allows technological developments to be 

$ used in repositories which reduce one kind of hazard at the 
expense of a small increase in another, but is somewhat 
complex to use. It may be necessary to have subsidiary 
performance objectives for the various kinds of risk. For 

ij example, suppose y. and y, are the values obtained for pre-
and post-sealing risk, so that, from Section 3.3.2, 

1 3 11 
y, = E a. I 3.x. . 

1 i=l aj=l J V 

I 
5 11 

and y 2 = U . I B.x. . 
' i=<J l j = l ] 1 3 

1 
Then, setting aside the cost attribute ior the moment, the 
expected utility of a repository is 

i * / f (?!« y2) V y j + y2> d y x

d y 2 w 
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where f(y,,y2} i-s the probability density function for the 
variables y, and y 2, A radiological performance objective 
of the type described above would be: 

I < I c (2) 

Suppose now that one attempts to establish separate conditions 
on pre- and post-sealing risk which will ensure that (2) is 
satisfied. In particular, imagine that pre-sealing risk is 
required to be below a given limit, and post-sealing risk to 
be below some other limit, no matter what the level of the 
other risk is. Since un(»J might well be a concave function 
{see Figure 3-3, which is almost concave), this can be 
ensured if the conditions are satisfied when the risks from 
the other phase are assumed to be zero. The question then 
is whether the constants l l c and 1_ in the expressions 
below can be adjusted to ensure that (2) holds. 

I x = / f iyvy2) u h ( V l ) d y l d y 2 < l l c (3) 

h = ' i lh'h] W dhdh I he (A) 

The answer is that they can if u,(.) is convex. In that 
case, u. (x + y} < u^U) + Ujjyh Hence 
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( 

I = / f ( y r y 2 ) u h ( V l + y 2 ) d y ^ 

< / £(yj_ + y 2 ) t u h ( y i ) + u h (y 2 ) ]dy 1 dy 2 

1 1 + I 2 

So long as I, c + I 2 c <_ I „ , then, (2) will be satisfied. 

This is just an example demonstration of how the overall 
radiological performance objective expressed in (2) can be 
broken down into separate radiological performance objectives 
for different kinds of risk, namely (3) and (4). That this 
could be inefficient is shown by the observation that there 
could be repositories for which the probability distributions 
were such that one or both of (3) and (4) were not satisfied 
and yet (2) was satisfied. This arises from the concavity 
of the function u. (.) .* the more risk-neutral the hazard 
index is (i.e., the more nearly linear u.(.) is), the less 
serious this effect becomes. 

This section has contained only a brief outline of the 
way the hazard index can be used to construct radiological 
performance objectives. A fuller treatment will be contingent 
on the availability of more detailed probability distributions 
and a closer study of the needs of the NRC regulators. 

• 
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7.0 CONTINUING WORK 

Throughout this report it has been made clear that the 
report is interim and that it describes wcrk so far accom
plished. Continuing work will be on the following topics: 

o further development of the structure of the 
utility function and its elicitaticn in consul
tation with knowledgeable individuals in the 
field; 

o selection of members of the public for elicitation 
of values and interviews with them to carry out 
this elicitation; 

o combination of individual views to create utility 
functions representative of public opinion; 

o combination of utility functions with probability 
distributions to create hazard indices; 

o derivation of radiological performance objectives. 

The work carried out under these heads will be described 
in a final technical report. 
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SOTICI: 
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(heir employees, makes any warranty, express or 
implied, or assumes any legal liability or respon
sibility for the accuracy, completeness or 
usefulness of any information, apparatus, product 
or process disclosed, or represents that its use 
would not infringe privately-owned rights." 
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