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SUMMARY

The aim of this report is to introduce readers to met:h.,ds of

cost-effectiveness analysis and their application in risk reduction,

especially in connection with the energy-producing industries.

The background to the assessment of risk and the problems in

estimating it quantitatively are outlined. *rhe methodology of

cost-effectiveness analysis is then described, particular attention being

given to the way in which results are derived and the overall use that can

be made of them. This is followed by a discussion of quantitative

applications and an outline of the methods that may be used to derive

estimates both of risk and the cost of reducing it. The use of

cost-effectiveness analysis is illustrated in an appendix, which gives a

worked example.

After drawing some general. conclusions the report recommends that

such analyses should normally be used as an aid to risk management whenever

several alternative risk reduction measures are under consideration.
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GEIUIE:RAL IN'l" ROD)UCT'ION

There is growing concern and increasing public debate about the risk
posed by large scale technological systems such as those used to produce
electrical energy. A desire on the part of both governments and the genera].
publ.ic to define acceptable .evels of risk has undoubtedly contributed to
the rapid development of risk assessment techniques; these in turn have
a].lowed the scientific community to provide some quantified measurements of
man--made risks.

However, it has also been recognized that what is an acceptable level
of risk in any country depends very much upon the country's social, economic
and political situation. But while absolute standards are not appropriate,
there is still a need to develop and apply consistent and rational methods
of risk managment. This is particularly so because safety is in some
respects like a commodity and like any other commodity can only be purchased
at a cost. This report therefore concerns itself with the efficient use of
resources in purchasing safety - that is, cost effectiveness in risk
reduction.

Risk cannot be reduced to zero. Furthermore, the marginal cost of
risk reduction increases with the increased level of safety achieved.
Resources to invest in safety are inevitably limited and should therefore be
used in the most effective way possible. This means that, in principle, the
allocation of resources has to be optimised - looking at all activities and
associated risks at the same time. However, not only is this an impossibly
large problem, the differences in type of risk and in target safety level
are also very great between one industry and another. This report thus
restricts itself to energy production systems, regardless of the fact that
many studies have shown that the risks of energy production compare
favourably with other risks in society.

Cost effectiveness techniques have been identified as a rational tool
for optimizing policy decisions on the allocation of funds to safety. The
IAIEA actively promotes the use of such methods and in 1.983 started a
co.ordinated research programme "Comparison of Cost Effectiveness of Risk
Reduction Among Different Energy Systems". :Its main purpose is to
coordinate, within a number of institutes in Member States, individual].
national research projects on risk assessment that utilise the cost
effectiveness approach. It is hoped that this will aid in developing
techniques and in carrying out case studies.

Even within energy production systems, the level of application of
cost effectiveness analysis can vary enormously. The lowest level is within
an individual facility. On the next level, a fuel cycle may be considered
in its entirety. On the third level, comparisons between different energy
systems may be performed. However, the problems inherent in comparing of
different types of risk make the latter less straight forward, even
questionable. Most studies to date belong to the first level, some to the
second.

The principal objective of this report is to give an overview of
available methods both for quantifying the different types of health and
environmental impact resulting from energy production, and for applying cost
effectiveness analysis to alternative risk reduction measures. The
descriptions given are intended to be sufficient].y general]. to be applicable
to different types of energy production system, and to represent the current
state of the art. Space does not permit the presentation of detailed
descriptions of each specific methodology.
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So as to allow comparison of cost effectiveness between different
types of system, the methods used in analysing the different types of effect
should be as far as possible consistent with each other and unbiased. This
is not yet achievable and in certain areas the need for further development,
validation, and verification of methods can clearly be recognized. Also the
inadequacy and insufficiency of input data will cause considerable
uncertainty in the results; this is especially true if very different types
of risk, and hence different value judgements, have to be compared. The aim
here is to present the more reliable methods available but it is recognized
that improvement and development of methods is needed and should be strongly
encouraged where gaps are encountered in performing case studies.

In this report, the descriptions of the methodology are divided
between two main chapters. Chapter 1 outlines the principles of cost
effectiveness analysis as applied to risk reduction. Problem areas and
uncertainties are also discussed. Chapter 2 deals with the quantification
of risks and costs and discusses the modelling procedures and methods
involved. Chapter 3 presents some conclusions and recommendations. In
order to make the application of the methods as clear as possible, a case
study given in the Appendix illustrates the reduction of public risk
associated with radioactive releases in the normal operation of a PWR. This
may also provide starting material for other studies.

It is hoped that for those involved in safety decisions either as
analysts or decision makers, this report will provide useful information and
insights into the methodological framework of cost effectiveness analysis
and the scope of the steps required. If consistent principles can be used,
comparisons are made easier and future decisions may benefit from the
knowledge gained in earlier studies.

8



1. GENERAL. DESCRIPTION

1.1 PRINCIPLES OF COST--EFFECT]VENE:SS ANALYSIS OF RISK REDUCTION

1.1.1 Introduction

In its broad sense, cost-effectiveness analysis evaluates the
economic effectiveness of alternative choices of action. The technique has
been developed during the 1950s primarily by systems analysts and economists
within the federal agencies (such as the Department of Defense) in the
United States [1], From a theoretical point of view cost-effectiveness is
disarmingly simple in its basic concepts. Howwever, having regard for the
large variety of potential applications, many different models have been
developed.

Cost-effectiveness of risk reduction is a particular "paradigm" whose
foundations lie in research in the theory of environmental management
concerning pollution control (see for example [2] and [3]). Noting that the
market mechanisms were not able to regulate the negative impacts of
pollution on human welfare and especially on human health, economists have
suggested that producers of pollution should incorporate the health and
environmental. damages of the emissions into their production decisions.

The object was to determine the tolerable level of pollution under
constraints of productivity and health, The total cost of the pollution is
given by the sum of the costs of control of pollution and the costs of
damages.

From a practical point of view, a major difficulty arises from
evaluating in monetary terms the costs of such damages and particularly the
costs of human life for the potential victims. In the absence of a broad
consensus among experts on a methodology to evaluate the cost of human life,
an alternative approach to minimising the social cost of pollution has been
developed where no explicit value of life is used. This approach makes a
direct comparison between control costs and damages to health expressed as a
number of deaths or injuries (or any other aggregated indicator) associated
with a given level of protection. It is even possible to use exposure
indicators or release indicators when the derivation of health impacts is
too difficult. One early attempt to put this method into practice was
performed by EPA in the field of the control of liquid and gaseous
radioactive releases from the nuclear fuel cycle [4].

1.1.2 Principle of cost.-effectiveness of risk-reduction

Cost-effectiveness of risk reduction analysis is seen, then, as a
particular way of evaluating and presenting the alternative control devices
that can be envisaged for lowering the level of damages to the population
and environment. The term "risk reduction" has increasingly been used by
analysts instead of "damages reduction", because it refers to the more
precise and now well accepted conceptual framework elaborated in the field
of risk assessment and management. In that perspective, the potential
impact on human health is a risk to the population designed as the
combination of the probability of an event's occurrrence and its
consequences. In the case of routine occupational and normal operation
risks, the probability of an event's occurrence is equal to 1.

The first step in the method consists of analysing all the possible
ways to protect individuals against a potential hazardous activity and then
quantifying each one both in terms of the total cost to implement and
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operate it and the corresponding risk-reduction, expressed as health
consequences avoided. The second step aims to select from all the possible
alternatives those which are most cost-effective.

Applied to the specific area of energy systems with a view to
defining where protection resources can best be allocated, the analyses must
consider all the available options for risk control of both the general
public and workers within the different types of facilities. As an
intermediate result, cost--effectiveness of risk reduction analyses also give
a set of effective control systems that represents the available trade-offs
between control costs and residual risk levels associated with each fuel
cycle.

1.1,3 The Cost--effectiveness curve

The final step aims at presenting the cost-effective protection
actions in a way that assists decision makers to identify the most rational
solutions for protection resources allocation.

The cost-effectiveness curve (see fig. 1) is drawn as a concave
envelope by connecting the dominant points. For each particular cost, the
curve shows the maximum risk reduction.

Residual
risk (E)

Reference level (risk without additional sources)

A

D

AC Total cost (C)

Figure 1: Cost-effectiveness of risk-reduction curve; A, B, C, D are protection
actions in order of effectiveness

The horizontal axis represents cumulative costs taking into account
both capital and operating expenditures. The vertical axis represents the
level of residual risk. The reference level of the vertical axis
corresponds to the maximum residual risk without any special control. The
first action A is the most cost-effective one: the ratio cost/risk-reduction
C(A)/E(A) is at a minimum. The subsequent actions B, C, D, etc. are shown
in increasing order of cost/risk-reduction ratio.

The shape of the curve shows that the protection expenditures
generally follow a law of diminishing returns. Each point on the curve
corresponds to a protection level defined by the actions relative to this
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point and those preceding it on the
economically efficient .- that is to
effective set of protection systems
nor likewise find a less costly set
a better residual risk level.

curve. Each protection level is also
say one can neither find a more
for the corresponding cumulative cost,
of protection system giving the same or

Since all points on the curve are cost-effective (i.e. efficient) it
is possible to determine the most effective set of protective actions for a

given budget and the minimum amount of money to be spent under a given
constraint on the level of residual risk.

When risk is expressed in terms of accidental deaths or fatal
diseases, this cost-effectiveness of risk reduction analysis associates a
marginal cost of the avoided health effect with any protective option. The
value of this marginal cost is determined by the cost/risk reduction ratio
and expresses the implicit value to be attributed to a human life when
putting a particular protection system into practice.

Thus the first derivative of the cost-effectiveness curve gives these
marginal costs of risk reduction. An example is given in figure 2 which
corresponds to the relationship shown in figure 1.

AC

MiA~~~~E

D 

C

B
A

Option

Figure 2: Marginal cost of the avoided effect

1.2 A BASIC SCHEME FOR PERFORMING COST--EFFECT'IVENE:SS ANALYSIS

A systematic way of performing cost effectiveness analysis is
illustrated in figure 3.

In a first step it is necessary to exactly define the objectives of
the study and the system or subsystem to be analysed, including technical
state of operation and system boundaries.

The next step is to identify all possible actions for risk
reduction. For each action the costs associated with the investment,
operation and management are then assessed.
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Problem definition

Definition of objectives and system 

Determination of relevant alternatives

Data collection

Model construction

(costs, effectiveness)

Perform cost-effectiveness analysis
Choose the "best" alternative for a given objective

Sensitivity test

Ranking of alternatives

Review of assumptions and objectives
Determination of new measures

Figure 3. Iterative process of cost-effectiveness analysis

The different actions usually have different consequences (for
example, source term reductions or changes in exposure) and these have to be
expressed in terms of risk reduction. In cases where several different
risks are involved, they have to be aggregated.

Finally, the actions are ranked according to their ratios of
protection costs to risk--reduction, enabling the interdependencies of risk
objectives and budget -to be reviewed objectively. The whole process is then
iterated as necessary.

In this comparison of costs and effectiveness, the options with low
cost-effectiveness ratios are eliminated. The remaining alternatives can be
simply marked by their cost-.-effectiveness ratio or are often also reviewed
according to two criteria:

fixing the effect:i.veness and minimnising the costs (fixed
effectiveness...-restriction);

maximizing the effectiveness at a fixed budget (fixed budget
restriction).
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The proper ranking of alternatives should be confirmed by sensitivity
analysis. The final results should be critically checked with regard to
objectives and assumptions.

1.3 ASSESSMENT OF INDICA'IORS

Cost--effectiveness analysis requires the expression of costs and risk
reductions by means of aggregated indicators -- even though fundamentally the
economic and risk impacts of protection actions are multidimensional in
nature.

In assessing cost figures the main problem is, that the operating and
maintenance costs are spread over the installation's life time. These costs
can, however, be expressed in a single figure by discounting techniques (see
Chapter 2.3.2).

The difficulty is greater when there are many categories of risk.
Accidental injuries, accidental death and fatal diseases have to be taken
into account and a weighting factor has to be found to aggregate them in an
acceptable way. It is also generally accepted that age, spatial and
temporal risk distribution among individuals have to receive equitable
treatment. Furthermore it appears that psycho-sociological dimensions of
risk can interfere with risk estimates, for example coming up with
acceptable weighting factors to be attributed to public and occupational
risk. In practice it is not always necessary to consider all these
points. Often the analysis can be readily confined to one major risk
indicator.

A last point, but not the least, is how to aggregate low
probability/high consequence risks (e.g. accidental conditions) and high
probability/low consequence risks (normal operation). This is a highly
debated issue, not only in the nuclear field.

As regards the basic data involved in the process, apart from being
sometimes difficult to collect, they are also highly variable. This
variability can be traced to three sources:

Operational variability related to the different ways of
operating the plant (e.g., level of leakage from circuits,
decontamination factors in treatment systems etc.);

Scientific uncertainty connected either with ]imited
theoretical understanding of a phenomenon (e.g., dose/risk
relationship in the case of low doses), or lack of sufficient
and reliable data (e.g. released activities, iodine partition
factor, etc.);

Value judgements introduced by the analyst (e.g. weighing
factors for different types of risk, value assigned to a
man--Sievert)

Because of this general problem of variability it would be
inconsistent to judge the effectiveness of protective actions solely using
the expected values resulting from costs and risk-reduction evaluations. In
one way or another it is essential to measure the degree of uncertainty
surrounding costs and health effects estimates. One approach, suggested by
Mendelsohn [5], shown in figure 4, is to represent the effectiveness of an
option not represented by a point but by an oval that takes into account the
uncertainty on cost (horizontally) and on health effects (vertically).
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Risk

\

\

Cost

Figure 4: Illustration of uncertainties

It is recommended that both the effects of any modification in the
basic data and the main hypothesis are tested, in order to be confident that
the true estimates lie inside such an oval.

1.3.,1 Aggregation

1.3.1.1.. The multidimensioinality of risk

As noted above, one of the major difficulties in risk-assessment and
management studies such as cost-effectiveness analysis lies in the choice of
indicators to express risks and costs. What is needed is a unit of
measurement which best expresses the economic and potential health
consequences of a given system.

Large industrial installations such as those included in the various
energy fuel cycles are sources of a number of potential effects stemming
either from possible accidents or normal operations. Their consequences can
be seen from very different points of view and at very different levels,
e.g. their impact on material and technological infrastructures on the
environment (land, water, air, wild life and vegetation), on public health,
on the psychological well-being of individuals, on the economic structure
and even on the socio-political system.

Here three factors are relevant: Firstly, these consequences tend to
propagate themselves in space and time in ways which are not always easy to
define because of our lack of knowledge about the state of far future
structures and systems. Secondly, the above structures are interdependent.
Health effects can be considered alone, but health loss does perturb other
systems such as the economic structure (production loss, impact on
health-care system) or the socio political structure. Thirdly, consequences
can be examined for different groups of persons according to the way they
are exposed to these consequences and their own possible attitudes. In that
respect it is generally necessary to distinguish not only between
occupational workers and the general. public, but also between people being
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exposed at the present time and those in the next generations, or between
people living in the country or abroad.

To quantify the negative impacts of an industrial installation or the
change in the level of these impacts as a result of possible risk control
policies, a choice of criteria to express the risks is needed, even if only
one dimension of the risk is considered e.g. health impacts.

Basically, the choice of indicators depends upon the aim of the
study. If the health impact of hazardous effluents released from an
installation is being considered, the indicator chosen will be different if
it is for health-care planning for emergencies or for the choice of
cost-effective waste treatment systems. 'In the former case, one would have
to consider in detail the various types of diseases associated with the
impact of releases and the death rate for serious illnesses, in the latter,
a synthetic estimate evaluation of the most important effects would be
sufficient.

1.3.1.2 Indicator quantification

The next step is the quantification process that expresses effects by
means of suitable indicators, e.g. money or physical indicators using
suitable measurement units. Physical indicators used for evaluating
negative impacts on the environment and health include the following
measuring units:

-Releases: the quantity of toxic products released to the physical
environment following an accident, or the effluents released during a
given period of normal operation of an installation. Although this
indicator allows very precise measurement of the quantities released,
it does not adequately express the risk to the environment and health
because a given quantity of a toxic product does not always have an
identical effect on the environment or on the population.

Concentration: the quantity of a toxic product by unit-vol.um e in a
given environment (air, water, material, plant). Concentration
encompasses such phenomena as dispersion (air), dilution (water), and
reconcentration (in the food chain, for example) of the products
released in the environment. It thus enables evaluation of the role
of ecological conditions in which risk may occur. With regard to the
health consequences, however, concentration is also not the best
indicator; however it is usually easy to calculate and may serve the
purpose for many evaluations.

Dose rate: the level at which people are exposed; i.e. the quantity
of a substance absorbed by living organisms per time. This indicator
is mainly used for risk quantification of occupational exposure.

Dose: the quantity of a substance absorbed by living organisms over
a given time. It is possible to evaluate the doses received not only
by an individual but also by a group of people near an installation,
by a region or indeed by the world as a whole. This is called
collective dose. HFere it may be noted that in the radiation
protection field, this indicator has been highly developed [6] - in
contrast to other forms of exposure to toxic chemicals and pollution,
for example.

iEff.ect: measurements of the physical and biological impact of
pollutants on materials, fauna, flora or human beings. Examples are
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damage functions and the dose--effect relationships. Evaluation of
the effects on man's health is often made using indicators such as
mortality or morbidity rates. These are often normalized in terms of
production, supp]ementary exposure, or population size for example
injuries per ton of pollutant.

The relationships between various physical indicators are shown in
figure 5.

Plant in operation Environmental Exposures Dose-response
Source term pathways pathways relationship

+I II I

Riskt tidRisk c RELEASES -o-CONCENTRATIONS -~-DOSES --- HEALTH EFFECTS
indicators

Figure 5: Risk indicators in radiation protection field for environmental risk assessment

Concern:ing monetary evaluation, different methods are proposed
according to whether the damages are repairable, can be compensated, can be
considered as losses of potential or can be evaluated directly by the
victims themselves. Four common ones are:

Repairing d.! .maes: Damage costs are considered as equivalent to the
amount of money necessary to repair damages. This monetary
evaluation is often used for health effects. Here one must count
medical care costs given to victims. It is also possible to use this
method for material effects: the cost of cleaning houses damaged by
atmospheric pollution, for example.

Com.penrsation .mechanisms: Hlere market aspect is considered to be
indirect. Consumers may pay indirectly in order to be protected from
risk. Courts may award compensation for damages: An example is the
way rents are handled. A quiet neighborhood is considered a plus
when renting, so rents can rise accordingly. To evaluate the
consequences of damage from noise, a model is constructed relating
the amount of rent to the amount of noise.

..he .loss .of . potential: ''This type of evaluation is characteristic of
damages to health or deaths among the young people. Damages are
evaluated in reference to a series of events which would have
occurred if there had been no damage. Such a process is not
restricted to health damage, however, it is also used to evaluate the
effect of atmospheric pollution on crops, for instance. It should,
nevertheless, be used with caution because often a large number of
repai.r or controlling mechanisms exist. For example, farmers faced
with crop losses can switch crops, making impact of pollution
d:ifficult to determine and evaluate.

Direct, revealed preferences: In classical economic theory, one of
the best evaluation methods involves asking those concerned to
determine their preferences. The cost of harmful effects corresponds
to the sum that those sustaining damage would agree to be paid as
compensat:i.on for the damage. But as this is not a common
transaction, one is obliged to simul.ate market conditions by
questioning people about probable behaviour. This poses serious
limits on the rel.iability of the results.
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The above considerations illustrate the extreme interdependence and
diversity of the structures and the consequent problems in quantifying
consequences. Given this, the choice of indicators is often difficult, and
sometimes arbitrary. They can be evaluated at so many different levels that
there is a continuum between what can be called "primary evaluation" (such
as tons of sulfur dioxide) and "final eval.uation" (such as social. costs in
monetary units). Between the two are such "intermediary evaluations" as
health effects. Several general. processes of evaluation exist at each
level, but a choice must be made on a case by case basis in accordance with
the nature of risk expected and the objectives of the study.

1.3.1.3 Aggregation methods

Aggregation aims at determining a single value that expresses the
total risk related to a given level of control, and in turn permits
comparisons between alternative protection actions. Cost-effectiveness of
risk--reduction, as with most decision making methods, needs such criteria
aggregation in order to reduce the various types of risk to one dimension as
indicated in figures 1 and 2. Only such an aggregated measure of risk
allows for an overall ranking or optimisation of protection actions.

There are many ways to aggregate different types of criteria. With
great simplification or extreme hypotheses it is always possible to
aggregate a set of criteria. However this can result in important biases
which are misleading when comparing alternative actions. "This is
particularly the case when the indicators are incompatible, subject to large
uncertainties, or are interdependent. When the different indicators
defining a risk level are compatible, the aggregation process reduces to a
weighted summation. The problem is then to establish adequate weights to be
used, which is far from an easy process. The aggregation of the different
types of risk within the nuclear fuel cycle is typical of this kind of
situat:ion. There, criteria can be expressed in terms of individual and/or
collective dose indicators, some of them associated with a probability of
occurrence. Because a simple summation would not reflect the relative
importance which is socially accorded to public versus occupational
exposure, present versus future exposures, or national versus international]
exposures for example, the problem is to weight the different fractions of
the total dose. Studies that have attempted to set some reference values
[7,8] show that this process relies greatly upon social values judgments.
The development of further studies aiming at reveal:i.ng imp].:icit social
values and preferences is thus particularly important.

A second type of situation, when there is no direct compatibility
between the criteria, is when it is possible to convert them easily into a
common measure. Monetary valuation procedures such as those proposed by
cost-benefit analysis [9] are good examples of this approach but it can also
be performed with physical indicators. An example is the system of
equivalence used in a study comparing the health impacts of different fuel
cycles for electricity production [10] based on the following national
statistics.

1 accident with work stoppage 28 days lost
1 occupational disease = 338 days lost
1 accidental death =: 6,000 days lost

Such an empirical approach implies e.g. that 1 accidental. death is
valued 200 times as bad as an average accident leading to work stoppage.
Depending on the site of the groups at risk or the probability of occurrence
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of accident different equivalency factors might be used. Such an
aggregation procedure is even complicated if different time perspectives are
included (immediate death versus latent effects from chronic exposure). If
periods of four tens of years have to be considered it has been suggested to
use discount rates [11].

When incompatibility between the criteria is very difficult to reduce
empirically or when a large uncertainty affects some of the criteria more
sophisticated approaches such as a utility functions or multicriteria
methods can be used.

The utility function method, often considered the most successful in
comparing actions defined by many incompatible criteria, is relatively
difficult to use [12]. It consists of definirg partial utilities for each
criteria and then aggregating these broadly partial utilities by summation
or using weighted products to define a total utility function. A partial
utility function (relative to one criterion) represents the variation of the
decision makers or "experts" preferences involved in the process as a
function of the values associated with the criterion considered. Each
decision maker has to be consulted in order to establish his partial
utilities relative to the different criteria.

Subjective
utility
(arbitrary
units)

I N A

B-,.

0 1 5
Dose (rem)

Figure 6: Partial utility functions for two decision-makers
A and B evaluating dose

Figure 6 shows two kinds of utility functions concerning, for
example, individual doses in radiological risk protection. Decision maker A
considers a threshold of 1 rem appropriate. Decision maker B prefers a
linear relationship. Such functions allow the introduction of non-l:i.nearity
between the value of the criteria and the corresponding utility which
usually better represent preferences than conversion factors or linear
functions.

In order to determine the weighting of the partial utilities for
determining total utility, account is generally taken of this variability in
utility for each decision maker. This procedure, based on questioning the
decision maker, aims at establishing substitution rates between criteria.
The alternative to be selected at the end of the process is the one which
maximizes the total utility. This method has been applied to comparing
risks of energy systems [13].
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Multicriteria analysis covers in fact a large number of methods; the
ways in which it is applied depend primarily on the specific problem under
study [14]. In contrast to cost-benefit or cost--effectiveness methods which
are directly aggregative, multicriteria approaches are based on the direct
comparison of different alternative actions. Every relevant criterion for
describing an option is expressed by the most reliable indicator. Such
indicators can thus be quantified in homogeneous or even heterogeneous units
or sometimes even just rank orders may be sufficient.

The methods most often used are based on outranking relationships (an
action i outranks an action j if i is "better than j"). Based on these
relationships it is then possible to rank options into different classes
from the most dominant to the most dominated. Two types of ordering are
generally used: (1) strong outranking (an option i strongly outranks an
option j if and only if it is preferable to or equal to j for all criteria),
which give a first set of classes which are obtained, irrespective of the
relative weighting of each criterion. (At this first stage, it is not
possible to distinguish between options belonging to the same cl.ass). And
(2) "weak" outranking which allows one to analyse options more finely (an
option i weakly outranks an option j if the "regret" in choosing i and not j
is slight). The measurement of regret is generally based on concordance or
discordance coefficients reflecting the extent of the advantage and the
regret one may have in choosing i rather than j. Weak outranking is in fact
a way to introduce partial utilities and weighting factors among the various
criteria. This method has been applied for ranking protection actions
within the nuclear fuel cycle [15]. It is to be noted that recent
developments on multi-criteria analysis tend to introduce uncertainty in the
outranking process by the mean of fuzzy set theory [16, 171.

It should be realized that the definition of synthetic indicators,
which aims to integrate several dimensions of a given risk, inevitably
requires that the different components of this risk be weighted. When
incompatibility exists between the different criteria the weighting process
is rather delicate and uncertain even with the recourse to sophisticated
decision making methods, such as utility functions or multicriteria. It is,
therefore, worth mentioning that much can be gained by simply comparing the
results that could be obtained if different criteria are given priority.
This can in practice aid decision making without needing to have recourse to
more complicated general methods for weighting preferences.

1.4 UNCERTAINTIES

The quantification process in risk assessment is based on more or
less complex methods whose purpose is to simulate reality. However, since
reality is a mix of complex interdependent and evolving phenomena, any
attempt to reduce its complexity with quantitative analytical relationships
leads to uncertainties in the predictions of the models.

1.4.1 Types of uncertainties in the modelling process

The degree of uncertainty in the modelling process depends basically
on three main sources: the definition of the system under study, the degree
of knowledge about the structures that are analysed and the reliability of
the data used as input to the models.

The modelling process, is shown schematically in fugure 7, which also
illustrates some of the main uncertainties in each step of the process.
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Figure 7: Uncertainties entering the modelling process to determine
the cost-effectiveness of risk reduction options

Problem definition and choice of models. The definition of the
system is a delicate one because it is very difficult to evaluate the impact
on the results of fixing boundaries in one way or another. This is
particularly true when defining the socio-economic background of risk
studies. The comparison of risk associated with different fuel cycles
illustrates the problem. Assessment can be on a technical level, i.e.
defining the cycles to be analysed safely from a technological point of view
solely; but it is also possible to go one step further by introducing
scenarios reflecting the economic and social structures of a specific
country, for example, as input in the system. A second aspect is the fact
that the definition of the system governs the type of model to be used.
Generally, the more complex the system to be taken is, the more complex are
the models to be used. There is often a tendency among analysts to
integrate more and more variables into the models thinking that complex
modelling leads to more accurate predictions. This is far from always
true. Usually there is a balance to be struck between the willingness to
take large systems into account and the use of simple but reliable and
confirmed models. In fact, when defining the framework for analysis it is
often recognized as only a segment but one for which the analyst has a
reasonable understanding. In most cases several alternative models exist
for a given problem; and it is quite difficult to choose between them
because it is not known how to interpret the differences in terms of
uncertainties.

Input data qualityL. In most models concerning risk-assessment, and
especially those concerning the environment, two major types of data or
parameters are used: those coming from direct observation and measurements
of phenomena; and those based on assumptions or value judgments which
reflect either the impossibility of direct measurement or the lack of
knowledge about a particular segment of the structure under study. Both
types present uncertainties whose importance depends not only on the number
of measurements (the existence or not of a series) but also their quality
(for direct measurements) and the degree of knowledge the analysts or
experts have about the consequences of their assumptions value judgements
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Illustrations are the choice between the extrapolating from animal data
versus epidomiological data for a dose-risk relationship; or an assumption
about the fraction of a building and service system costs to be attributed
to one particular technical subsystem.

1.4.2 Coping with uncertainty

The advantage of any formal modelling procedure is that it allows to
explicitly consider uncertainties. Uncertainty evaluation qualifies the
results of the analysis, brings confidence in the models, increases
understanding of systems and is the key to ranking and optimising
alternative actions.

Uncertainties enter at all steps of the modelling process and relate
primarily to the input data and the mathematical modelling itself.
Uncertainties in input data can usually be treated by classical statistical
methods. However, if data are scattered or sparse it is often necessary
to rely on "expert judgement" which is often treated using Bayesian
statistics. The uncertainties introduced in the modelling itself can only
be evaluated by sensitivity analysis.

Inputdata treatment. The first step in uncertainty quantification
is a direct analysis of the models, inputs, i.e. their measurements or
direct quantitative values obtained by observation. The statistical methods
used are descriptive or based in calculating central values (e.g., mean
values) or dispersion indicators (e.g., standard deviation); or
probabilistic e.g. to evaluate the interval of confidence for a given
distribution. Using these the basic tools for this step, the analysis gives
results that allow the quantification of the magnitude of the uncertainty in
parameters that could be useful for further sensitivity analysis of the
model's predictions. Generally techniques are well established for this
form of uncertainty treatment.

With assumptions and value judgments the problem is much more
delicate and empirical and pragmatic approaches have to be developed. When
information is very vague the greatest difficulty is in establishing a
minimum form of range value; the most representative (and popular) way to
obtain this information is the consultation of experts and use of the Delphi
method. The aim is to obtain a consensus among the experts on a
controversial question (the shape of a dose-risk relationship, for
example). Each expert is initially invited to give his opinion on the
controversial question. When all the information has been collected a
histogram of the replies is drawn up and the "extremists" are consulted
again, several times if necessary, in order to reach a consensus.

The cross impact matrix method differs from the Delphi method by
taking into account the cross impacts of the questions put to the experts.
For example, in connection with the occurrence of given events, the expert
has to supply, in addition to the probable data on each event, the influence
of this event on the occurrence of others. With the aid of initial
probabilities and cross impacts, new probabilities may be deduced from
conditional probabilities. The results are resubmitted to the experts
until a consensus is obtained.

Model sensitivity analysis. This aims at investigating the
variability of the model's results -- either by changing the form of model
and evaluating the differences in predicted results (see [18,19] for a
comparison of environmental models) or for one given model varying the input
data over a range and evaluating the change in the prediction. The simplest
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method in this approach is to change the value of one input variable while
holding all others constant. More sophisticated methods use random,
factorial, or latin hypercube sampling.

Such sensitivity studies are useful at a very early stage. They can
show for example where there is no point in trying for better values for
some parameters because the effect on the end result is slight.

Apart from quantitative assessment, it is important to note clearly
the sources of uncertainties and to distinguish well-established facts, data
and relationships from assumed or less.-established ones - even if the
description remains qua].litative.

Even if the uncertainties are large, a sensitivity analysis provides
insights on the critical parameters and improves the knowledge of the
system. The process of a systematic analysis is often more important than
the actual quantitative results obtained.
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2. THE QUANTIFICATION PROCESS

2.1 DEFINITION OF THE SYSTEM

2.1.1 Technical installation

Three basic levels of analysis can be considered with regard to
technical installations that generate potential hazards:

(1) usstems of an intallation that are _p of a ex
installation. An example is a risk reduction action related to a specific
subsystem of a nuclear power station, such as enhancing the containment of
the reactor. Different technical solutions can then be compared with regard
to their cost and their effectiveness in reducing risk by confining
radioactive substances in the case of loss of coolant from the primary
circuit. In conventional power stations, a subsystem analysis could compare
desulphurization techniques for flue gas and fly ash streams after burning.
Most cost effectiveness studies performed to date belong in this category.

(2) A gLiven_ installat..ion. For this level it is necessary to combine
the different types of risks associated with the various sub-systems
generating these risks. A typical example is the risk reduction to the
general public and occupational workers associated with the different ways
of treating radioactive liquid and gaseous effluents of a nuclear
installation [20].

(3) _ set of installations. This can cover either several types of
installations within a given fuel cycle, or a set of installations located
in a given area. Once again the cost effectiveness analysis has to be
performed for elementary subsystems of each installation, then combined for
a given installation and lastly, the set of installations has to be
considered. A good example of this type of general analysis is the now
historic study in the United States by the EPA in the mid-1970s of the
public risk from facilities of the whole nuclear fuel cycle 121].

The status of the system to be studied is also important because it
determines both the type of data to be used to quantify the further steps of
the analysis and the depth of analysis possible. For example, the different
stages of project development might use a cost effectiveness analysis at any
of the following stages:

A hypothetical system; where data to be used are taken from
the literature or derived from basic modelling

Design level of an industrial project, where data to be used
are calculated for the specific design and projected site,
possibly considering alternative design features

Systems under construction, where the system is already well
defined and data from similar systems may be of use

In operating systems, where real site measurements and data
may be available and the reason for an analysis potential is
backfitting.

From the stage of research and development to the final operating
system there is a constant accumulation of data, all contributing to reduce
the initial uncertainties. But even operating systems require the
generation of data by modelling, especially for risk estimation.
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2.1.2 Types of risk

With regard to risk criteria to be used to evaluate effectiveness of
actions a large set of possibilities exists. Groups of people and
environmental structures potentially affected can be classified according to
social, equity or geopolitical criteria.

For example, a schematic "risk table" of the various dimensions of
health impacts that can be associated with nuclear energy in normal
operation might be as follows:

Criterion Ca tegories of people affected

Social -- public at large
~ - workers

Equity --- - level of individual risk---- critical group
- regional population

-global population

-- time - present population
- future generations

Geopolitical -- national population
international population

A general classification of this type helps clarify both the scope of
a given study and the issues involved that go beyond cost-effectiveness. It
can readily be modified to take into account different risks and
circumstances. The important thing is to list clearly and comprehensively
those that are under consideration.

When performing a risk analysis of a specific facility, a basic
distinction is the one between normal (or design) operation and accident
conditions. Accident analysis is important because the societal impact of
anticipated and because unexpected accidents may be grave even if the overall
"annual risk" is less than risk from normal operation. Even in the case
when the accident risk to the public is a small fraction of the overall
risk, the financial risk due to lost production and costs of clean-up
operations may dictate their consideration in the insurance coverage for the
plant, or in the cost analysis (see section 2.3).

2.1.3 Risk reduction measures

Many different ways to reduce a given risk can be envisaged . It is
beyond the scope of this report to give a complete overview of the various
technical ways to mitigate them they can be generally classified as the type
of action to reduce public, environmental and occupational risk.

(1) Public and environmental risks

Potential health and environmental effects for both unusual
operational and accidental conditions can be tackled using the following
possibilities:

Reduction of the potential source of the risk

Reduction of the flux of dangerous by-products produced by the
system
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Modifications of the dispersion conditions surrounding the
release into the environment

Modification of conditions of population exposure

Individual protection for the population

(2) Occupational Risk

A distinction has to be made between general industrial accidents and
specific exposure to potentially dangerous substances. A general
classification might be:

Reduction of the source of potential exposure

Implementation of protective measures between the source and
the workers

Individual protection

Work management procedures

This last point is important; risk for workers is essentially a
product of a level of exposure and the time of exposure. Hence many
risk-reduction measures are related to work management procedures leading to
a reduction in time spent in exposed situations.

Apart from the need to identify all possible actions, another problem
concerns the definition of the set of actions to be compared. The
significance and influences of the results strongly depend upon the way risk
reduction actions are defined and two basic rules have to be followed:

The actions defined for a given risk have to be independent,
i.e. two interdependent systems have to be treated as a whole,
new, independent action.

Actions have to be defined as elementary as is possible

The latter point can be illustrated by the example of an installation
with an effluent treatment system A. This system A is composed of four
sub-systems a, b, c and d , each having a certain effectiveness in terms of
risk reduction. If a, b, c and d are assumed to work independently, it is
possible to sum up their performances as indicated in figure 8.

Risk

s0 K^ Figure 8: Example of cost-effective risk reduction of a total system
\ X'-i~ a, ~compared with subsystems for treating an effluent

4
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An analysis of the total system would result in marginal cost of risk
reduction o<1 . If oCi is quite small this would indicate that System A
is cost.effective and should be implemented. However, a more detailed
analysis of its subsystems would indicate that adding subsystem d with
marginal cost of risk reduction cC2 is not very cost-effective. Thus it
should not be implemented. This example demonstrates that the level of
detail in decomposing systems into subsystems is very important and it is
necessary to analyse options for risk reduction on the level of independent
subsystems.

Thus conclusions based on the analysis of the total system A would be
very misleading; instead it is necessary to consider subsystems carefully.

Risk interdependencies* are generally two of types:

(1) When actions reduce one risk but also alter another. An
example is a reduction in public risk that necessitates an
increase in worker risk to implement it;

(2) Where actions change the distribution of risk. For example
increasing stack height on a fossil fuel fired power station
may present a very cost-effective solution to minimizing
environmental effects. However, the global impact of the
emitted pollutants would be influenced only to a very small
extent by stack height; thus, from a global point of view this
risk reduction measure would not be cost effective.

Often risk interdependencies will not be great, or they will be
deliberately omitted, as a matter of policy. An example might be the
reduction in public risk where an increase in worker risk is accepted as a
management decision. However, it is important to note such interdependence
and where possible to estimate them; this can be of great value in future
comparisons and decision making.

A third class of risk interdependency is largely outside the
scope of this document but nonetheless should be noted. This is the change
in risk in other industries and in other activities of society that result
as a consequence of introducing one risk-reduction measure in the industry
of prime interest.

If the risk associated with a certain industry is larger than that
associated with the risk-reduction measures, the application of such
risk-reduction methods may be justified. lowever, the risk associated with
the risk-reduction measures may become higher than the risk to be reduced.
For instance, in a specific industry, if one applies additional filters,
tanks, piping systems, valves etc. are applied for environmental protection
and safety, the risk of that particular industry may be greatly reduced. But
if the risks associated with the industries producing the risk-reducing
equipment become higher the overall risk to society may be increased.

In assessing the risk of risk--reduction equipment industries, all the
risks have to be considered -- including not only those of the industry
directly producing the equipment but also those associated with the raw
material industries. For instance if the equipment is made of metal, the
risks associated with mining, transport and production of metal must be
included in addition to the risks to the industry and the transport of the
end products.

*Cost interdependlencies, also very important, are considered in section 2.3.
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According to Black and Niehaus [22] the specific risk of producing
safety equipment is estimated to be about 3 x 1('-2 equivalent deaths or
180 equivalent lost person days of work per million dollars of equipment.
This suggests that the expenditure on safety at marginal costs of risk
reduction higher than US $33 million per equivalent life saved would
actually lead to an increase in risk, and that the total risk cannot be
reduced below this limit. The total risk may first decrease effectively
with a small investment in safety, but after reaching a minimum it may be
expected to increase again with the excess investment in safety.

However, it is not normally open to the cost--effectiveness analyst to
take such a wide view. And indeed, there is a school of thought that argues
that such risks are effectively "costed" already by society as part of the
price of the product used. For example ICRP 37 [23] (in the nuclear field),
in the context of cost benefit analysis suggests that "it can usually be
assumed that all these costs have been incorporated in the monetary cost of
procurement, installation, and operation of the system".

2.2 RISK ESTIMATION

2.2.1 Assessment of sources of risk

The first step with any risk estimation is to quantify the source
terms. Because the methods adopted to compute the source term which have to
relate the mode of operation of a system with its associated risks will
differ completely, a distinction has to be made between normal operating
conditions and accident conditions with low probability and high
consequence.

2.2.1.1 Normal operation

Here are included minor accidents (that occur, say at least once in a
normal plant's life). For public and environmental risks source terms are
generally in the form of a release/leak rate associated with the process or
event:

Plant characteristics

1
Effluent production -- ttreatment -- release (liquid or gaseous)

I I system

Operating condition chemical/
physical
characteristics

The release/leak rate depends upon:

plant characteristics (size/load factors etc.)

operating conditions (characteristic of the fuel etc.)

type of treatment of the effluents produced as byproducts
which are at the origin of the potential hazards.

Estimation of release/leak rate could be

measurements (for operating plant)
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results of experience from similar plant

results of models (at a design stage or where measurements are
not possible or available.

These models can be more or less sophisticated depending upon the
complexity of the process - for ecample by including that transportation of
radioactive materials, or modification of the effluents streams.

For occupational risk the source term is generally:

a close rate (nuclear facility) or an exposure level, that is
an air concentration of dangerous substance (e.g. mg/m 2 ,
ppm, Bqm -n 3 or similar).

an accident rate based on experience in similar plants, (or
estimates for new plants).

For this last category statistical data are needed. They generally come
from records, but in the case of new plants, estimates may have to be made.
Also in this case two aspects can be distinguished: accidents during
operation and those during construction,

For construction it is necessary to take into account direct and
indirect accidents in the construction of the different component and
systems of a facility. Direct records on the construction site may be
available. For the industry involved the evaluation of risk associated with
the production for construction cannot be directly separated from the
general statistics. (The same point was raised in section 2.1.3: either the
indirect risks must be ruled out of the analysis by definition, or methods
used to estimate them).

2,2.1.2 Accidents

Here are consider accident scenarios of low probability (less than
once in a plant lifetime) but of high consequence.

In the area of accident analysis, there is a very large number of
potential accident sequences. It is therefore important in any risk
analysis to demonstrate that those accident sequences which have been
omitted are either similar to sequences which have been included or are
insignificant contributors to risk.

Before choosing sequences that will be the subject of detailed
analysis, it is necessary to identify a spectrum of potential accident
sequences. Such a spectrum should cover the range of consequences and
probabilities of interest. The probability values would usually range from
about 10- 1 (normal or near normal) to a value in the neighbourhood of
10"' 6 per year. Rarer events are so difficult to assess that they may be
said to be "incredible" for practical purposes.

Criteria are needed to allow the analyst to decide whether to analyse
in depth any given the sequence or to discard it. The basic criteria used
when deciding to retain a sequence for further study are:

sequence plausibility (meaningless sequences can immediately
be rejected)

sequence significance (it should not be an insignificant
contributor to the risk from acc idents)

28



In analysing accidents, two classes are considered. In the first are
those accidents, which although undesirable are not unexpected in the sense
that there are data available from similar events, e.g. facility accidents
or external events such as floods. The second category includes those
accidents for which little or no data on their occurrence are available. In
the first class (where data exist), standard statistical (classical) methods
are used to obtain the frequencies of occurrence for the recorded
consequences. In the second, where sparse or no data exist, predictive
methods must be employed. These include Bayesian techniques where basic
input data may be obtained from questionnaires that elicit the opinions of
the experts on the likelihood of specified events. However, the most common
analytical approach is that of fault tree/event tree methods where the
probabilities of hypothetical accidents may be predicted in terms of more
basic failures, for example component or system malfunctions, on which there
are data.

This predictive method is frequently a major part of probabilistic
risk analysis, which for the present purposes can be considered to consist
essentially of five distinct parts:

study of the design (i.e.normal) operation of the plant

accident sequence definition

the response or behaviour of the plant during each accident
sequence and the material released (source term)

analysis of the probabilities and consequences of each
accident sequence following a release

sensitivity and uncertainty analysis

Because of the extensive use of fault tree/event tree methodology in
following through these stages, a brief account of the approach and comment
on their utilization is given below.

Event trees

An event tree follows the logic of looking for routes to risk. It
begins with an initiating event and proceeds to define possible outcomes,
Each branch on the tree has two outcomes depending on the success (or
failure) of a protective system; or the occurrence (or not) of an event that
affects the outcome.

If data on a system's unavailability is known this can be used
directly in the event tree. If system failure data for each accident in the
event tree is not available, fault trees are utilized to obtain such system
failure data in terms of the performance of the system's constituent
component s

In utilizing event trees, a number of problem areas and limitations
should be recognized. One is the need to identify and quantify common cause
failures between components in different systems and functional dependencies
between systems. If the analyst has a deep knowledge of the design, actual
physical locations of components, systems and structures and operation of
the plant, this problem is less likely to arise. Often, however, especially
where manual operation is involved, procedures not known to the analyst will
be in use. Therefore, complete information on the plant operational and
test and maintenance procedures is needed. If correct procedures are not
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followed a maintenance engineer, for example, can easily become a common
cause by disabling redundant systems through faulty maintenance.

One basic limitation of the event tree approach is that it usually
focusses on only two states: "complete failure" or "complete success". In
practice, there are many cases where the system or component experiences a
partial failure, which may or may not render it inadequate for the required
function. This can be taken into account by defining "partial failure"
states but such a distinction is an artefact of the analysis. A typical
event tree is shown in figure 9.

Figure 9: A typical event tree for the initiating event of a loss of coolant accident.

Fault trees

A fault tree permits the quantification of system unavailability or
unreliability in terms of the failure rates of the system's constituent
components. In the case of safety systems for nuclear power plants, a new
system is rarely exactly the same as ones in use. Therefore failure data
for the system as a whole are not available. Testing of the system to
obtain such data is either prohibitively expensive or impractical. In these
cases, the analyst turns to the fault tree method. The defined system
failures to be analysed are those which have been identified in the accident
sequences of the event trees. Each defined system failure thus identified
serves as the top event of a fault tree.

The basic concept of a fault tree is depicted in figure 10. In this
example, for the "OR" gate for the top event, T (Emergency spray system
failurs upon demand) to happen, at least one of the events A or B or C must
occur. The Boolean expression for the "OR" gate is:

T = A + B + C

It should be noted that each of the events A, B, C, D, E, F, G, H and
J may be subsystems or components. The tree consists of a series of "AND"
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Figure 10: Basic fault tree concept

gates and those components to be included immediately below the gate. Thus
as shown in figure 11 the "AND" gates have to be further developed by
appropriate "AND" or "OR" gates below each event. The limit of resolution
is reached when failure rate data for a component or subsystem is known, or
where it may be estimated (such as human error).

This is very brief description of the methodology is considerably
oversimplified. Additional information is available in the PRA procedure
guide [24]. Extensive PRA risk studies also for example the Rasmussen study
(WASH-1400) and the German Risk Study [25]

2.2.2 Environmental transport and exposure models

In environmental and transport models the objective is to relate a
release to an effect, as shown in figure 11 for a nuclear power plant
release. Other pathways might exist for other systems but the principle is
the same.

To relate the output of transfer modelling (usually a concentration
in air, water, crops etc.) to eventual detriment exposure models are used.
These estimate the exposure of man to pollutants in the form of the harmful
substances concentrated in the environment (air, soil, water, sediments,
plant and animal products). Individual exposure depends closely on the life
style and the use of the environment. In order to use exposure models,
data on population, crops and other features are required and it is
necessary to collect and develop these in a coherent format.
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Figure 11: Scheme of the major pathways of the nuclear power stations effluents to man (adopted from [26]).

Both environmental and exposure models are most fully developed for
radiological protection, by comparison, the state-of--the-.art for modelling
non nuclear releases is primitive.

2.2.3 Occupational exposure modelling

Within different fuel cycles, workers are exposed to various
hazardous physical and chemical agents. The methodology for evaluating the
costs and the effectiveness of the different protection actions envisaged
for reducing the residual level of risk for workers is based on quite simple
models. However, the basic scientific knowledge varies widely according to
the type of physical and chemical agents that are potentially hazardous to
human health. In particular, dose-risk relationships that are the basic
tool for linking exposure level in working areas with potential health
effects are developed only for a few agents. (See Section 2.2.4).

On this last point, ionizing radiations which-are certainly one of
the most important health risks in the nuclear fuel cycle are far better
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known than all other toxic chemicals. Because of this difference in the
status of their basic conceptual framework for risk evaluation procedures it
is necessary to separate ionizing radiations and other hazardous physical
and chemical agents (the problem of coal dust and pneumoconosis for coal
miners, for example) and to treat them on a case by case basis taking
into account the specific knowledge about each one. In addition to these
methodological problems there are major difficulties with occupational risk
evaluation arising from basic data collection about working conditions: task
analysis, job time, exposure levels in the working area.

As an example of the modelling process applied to ionizing radiation
protection, exposures for the works population in nuclear fuel cycle
facilities can be of two types: external irradiation close to or in contact
with certain activated plant components and internal contaminati.on due to
the inhalation of elements within contaminated working areas. In both cases
the collective dose associated with any given elementary task j in a
particular utility can be expressed with the following simple formula:

Sj = dj.Kj.tj

S. -= collective dose (man-.Sievert)
dj, = dose rate for the task j (Sievert/hr)
tj = task duration (hours)
Kj =: crew size on the job

In the specific case of internal contamination the dose rate is given by:

dj := cj.y Hinh

Where:

cj = concentration in air at working area where task j is
performed (Bq/m 3 )

y = inhaled volume of air per unit time (m3 /hour)
-linh = committed effective dose equivalent by inhalation

(Su/Bq)

Protective actions to improve occupational risk can be developed
either for reducing job time (in which case the effectiveness in terms of
collective dose reduction is Sj = Kj.AW tjdj) or by reducing cose
rates (then Sj - Kj.tj AW7dj).

It is very noticeable that improving the organization of radiation
protection in nuclear facilities is a good way to reduce occupational
exposure, but it is often difficult to evaluate the cost effectiveness of
this. Usually the cost is low and it is self-evidently cost-effective.

As regards actions aiming at reducing dose rates in the working area,
e.g. by reinforcing biological shielding for external irradiation or
optimising ventilation and filtration for internal contamination, the models
used range from trivial to the very complicated.

It is important in this and other applications to avoid the use of
complex models where simple assumptions are accurate enough.

2.2.4 Exposure-risk relationships

In estimating of the damage caused by the dose to the people there
are several problems. For acute exposure the causes and effects are readily
apparent while for chronic, low--level exposure the effects may be combined
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by other factors. Chronic exposure to low levels of some substances will
produce definite symptoms of a specific disease. Some other pollutants do
not cause exclusive characteristic illnesses, such as cancer, which may be
caused by radiation as well as by some other pollutants. Furthermore,
exposure to a high concentration of a given pollutant in a short period of
time may be lethal, but its lower levels of exposure over a longer period
can be harmless.

There are three major sources of evidence which serve as basis for
determi.nating the risk of pollutants to human health. These are:
epidemiology, animal experiments and in vitro testing.

Although, in principle, epidemiology can give a great deal of
evidence of a chemical pollutant's risk to health, it is deficient in
providing evidence of a specific cause of low-level long-term health
effects. Because many environmental pollutants are distributed everywhere
it is almost impossible to find an unexposed population group.
Nevertheless, if biological action of pollutants requires a long dormant
period, their effect will be revealed after a time by epidemiological
studies.

Another method is to extrapolate, using mathematical models, from the
data at high concentration to low levels at which no response can be
observed. There is an evidence here that man may be up to 10-fold more
sensitive that animal species used for test. The ]evel of the safety factor
may therefore have to be adjusted depending on the pollutants and kinetic
properties of the compound tested, the effects induced as well as quality of
the data.

The direct measurement of exposure-.response relationships suffers
from just as many problems, e.g.

many of the response quanti.ties (e.g. adverse health effects,
concentrations of pollutants, human feelings of fear) are
alreacy present and the additional. effects of the same type
caused by a facility is usually small compared to these
existing ones;

these already existing response values usually exhibit
considerable natural fluctuations with time and space.
Therefore often only scarce or even non-applicable information
exists for the effect levels caused by the additional exposure;

in many cases responses are influenced also by other factors
not related to the existence of the facility under
consideration and a separation of its net effect is often
difficult or even impossible;

effects in the social, ecologic and economic area are often
very complex, and synergistic and antagonistic influences of
more than one type of exposure have to be considered,

In addition, the importance of the time factor cannot be
overemphasized, i.e. the temporal dependency of exposure-response
relationships. Many responses, for example in the human and environmental
health area, have very long latent periods of years, decades or even
centuries (e.g. C02 effects, genetic effects). Thus, the quantification
of exposure-response-time relationships presents not only a very important
problem but also a very difficult one.
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2.2.4.1 Types of responses

In facilities for energy production, a large variety of effects or
responses are to be expected; among them are somatic and genetic health
effects ranging from lethal to only temporary, short and long term economic
impacts on local or regional industry, effects on the social status and
behaviour of the population in an area affected by the existence of the
facility or elsewhere, local, regional or even global effects.

Some of these responses will almost certainly occur, whereas others
have only a certain probability of occurrence during the planned period of
operation. It is here that the problems of assessing incidence
probabilities from exposures and response probabilities arise.

Because of the wide variety of different types of responses, the
first problem is to define appropriate quantities and units for
measurement. Some types of response can be measured in financial units, or
as the number of persons affected or the number of detrimental health
effects. Others, however, particularly in the social and psychological area
are very difficult to express in numerical units; often some ranking method
has to be applied.

Furthermore, the stochastic and non-stochastic types of responses
must be distinguished. Non-stochastic effects are characterized by a
deterministic causal relationship between dose and effect. These effects
occur when the dose received exceeds a certain threshold value; and they are
unlikely to occur below such values, The value of the threshold for a given
effect varies with the individual and with the condition of exposure. For
doses above the threshold, the severity of the damage will be related to the
dose: the higher the dose, the more serious the effect. The non-stochastic
effects are generally not long delayed in time, however.

The occurrence of stochastic effects follows a probabilistic
dose/effect relationship. When a population is exposed to radiation, for
example, stochastic effects will appear in some individuals only, apparently
at random; therefore the name "stochastic". Somatic effects, usually
malignant disease, and hereditary effects are considered stochastic at the
dose range involved in radiation protection [6].

2.2.4.2 Shapes of exposure-response-time relationships

In general, many different shapes of exposure-response-time
relationship (ERT relationships) can be expected.

Temporal dependencies can take the form of any usual delay functions
including approximation of step or delta functions in the extreme cases.
Often these functions can be derived from naturally occurring effects.

The exposure-response relationship can be linear with a higher power
of the exposure, with a threshold (i.e. zero effect level below a certain
exposure level) or even a step function (i.e. a constant response
irrespective of the actual exposure level above a certain value). The
determination of the shape (and magnitude) of ERT relationships as
accurately as possible is therefore indispensable for any reasonable
cost-effectiveness evaluation. Such an analysis must be based on best
estimate relationships; it cannot be satisfied with so-called safe
assumptions which are intended to overestimate the response.

The most important aspect is the existence or not of a threshold. If
a threshold exists, then exposures below this level can be considered to be
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without direct consequences and a further risk reduction is not necessary
even if inexpensive.

On the other hand, if there is no threshold, even the smallest level
of exposure must be expected to have a small but non-zero negative
response. The size of the related response must then be assessed, evaluated
and considered - at least in principle. However, even if a real threshold
does not exist, for practical purposes it may be justifiable to ignore
certain very low levels (de_!ni.n mi.s -levels) *- effects occurring with low
probability or far in the future. However, such proposals must be discussed
and it is essential to test the sensitivity of the conclusions of any study
to them.

2.2.4.3 Available methods of quantification

Real world observations

The ideal base for best estimates of exposure- response-time
relationships is real world observation, i.e. significant experimental data
obtained previously for situations similar to that under consideration.
However, such data is only rarely available. In those cases where
observations have been reported, the necessary details are often not given
or the boundary conditions are not exactly applicable to the present problem.

To help estimate severe somatic and genetic health risks from
ionizing radiation, there are several useful data bases which have been
extensively reviewed and evaluated by various national and international
bodies. In view of present knowledge, a linear dose-effect relationship is
recommended; the temporal dependencies for somatic late effects often are
described by plateau models or relative risk models, but finding the most
realistic shape is still a matter for investigation, The situation is worse
with respect to acute health effects from higher radiation doses and for
assessment of non-lethal health effects. Not only is the data base very
poor, but animal data must be analysed rather than human data (with all the
problems of extrapolation).

For estimating human health effects from chemical pollutants or from
other environmental pacts, there is also very little appropriate data
available for man. The same is true for the complex direct and indirect
responses of the biosphere to exposures to effluents from the facilities
considered in this report. Flowever, contrary to the stochastic effects of
ionizing radiation, the existence here of a protective buffer and large
repair and recovery capabilities that mitigate adverse effects can often be
assumed.

F'or social, psychological and, often closely related, economic
effects, the derivation of reliable exposure-response relationships is even
more difficult. This is due partly to the lack of appropriate real world
observations (with all variables and boundary conditions under control) and
partly to the complexity of interrelationships between too many (often even
still unidentified) variables. Nevertheless, it is often just these
responses in practice that frequently exert enormous influence on the
results arrived at using cost-effectiveness studies for risk reduction
measures.

La bor at ory .x penr.im. s

Lacking applicable real world observations, exposure-.response-time
relationships for human and environmental health effects have often been
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investigated with laboratory experiments. Even social and economic
responses have been derived from results of experiments, and games have been
played to study human behaviour in certain situations.

In such laboratory experiments, however, often higher concentrations
of pollutants etc. have to be applied to be able to see significant
responses. This leads directly to the we.l -known problems of extrapolating
to lower exposure levels. Rlso, it is often the case that not all
environmental factors can be simulated realistically. 'lhe problem then
arises of estimating the size of the error in the results introduced by the
simplifications found necessary.

The limited practical value of laboratory experiments can be seen
from the fact that, despite the large number of animal experiements with
ionrizing raciation, the present risk estimates for somatic late effects are
still exclusively based on real world observations (epid.emio].ological studies
on exposed human popul.at:ions). The risk estimates for enet:i.c radiation
effects, however, are based primarily on results from laboratory
experiements since significant data from human observations are not
available.

2.2.4.4 Some examples of dose response functions

The close.-response relationships for a number of pol.l.utants are
presented in Tiable 1.

TABLE 1 DOSE-RESPONSE' FUNCTIONS FOR POLLUTANTSa [5]
(Dimensions see footnote)

Pollutants

Sulphur Nitrogen
Victimsb dioxide Sulphate dioxide Oxidants Nitrate Particulates

Mortality:

Males 18-44 0.5 20 (20) 3 (1) 0 -20 (20) 1.5 (10)

45-64 20 (15) 500 (100) -30 (20) 0 -150 (200) -1 (10)

Females 18-44 1 (0.6) 11 (3) 0 (0.5) 0 5 (7) 0.3 (0.6)

45-64 20 (12) 320 (40) -25 (10) 0 170 (200) 1 (10)

Morbidity:

Bronchitis -9 (60) 4470 0 0 0 360 (350)

(2500)

Lower 75 (100) 792 (600) 0 0 0 0

respiration

Croup 750 (100) 792 (600) 0 0 0 0

Pneumonia 13 (50) 500 (1000) 0 0 0 0

Acute 4 (8) 45 (100) 0 600 0 7 (2)

(300)

Vegetation 2.1 (4.3) 21 (30) 17 (18) 0.1 (2)

Materials 193 (200) 175 (200) 19 (51)

a/ Numbers in parentheses are standard errors of the coefficients. Many
sources were used in compiling the estimates. For a detailed description of
the derivation of these numbers, see Mendelsohn [5].

b/ Mortality responses are in 10-6 deaths per pg/m3 .person-year.
Morbidity is measured in 10-6 cases per ug/m3.person-year. Vegetation
losses are in dollars per ton of emission. Material losses are in mills per
pg/m3 per person.
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This table is a compilation of data from various epidemiological. and
toxicological sources. In the range of ambient exposures a linear relation-
ship between dose and response seems appropriate. However, caution must be
exercised in using these numbers, because of the considerable uncertainty
regarding human data.

Illustrating of one detail in close-response relationship functions,
the relationship between chronic bronchitis and exposure to sulphur oxides
is shown in figure 12.
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Figure 12: Correlations between the prevalence of chronic bronchitis
and sulphur oxide precipitation (measured by the PbO 2 method).
The overall air pollution may be represented by the major
pollutant sulphur oxides, and 1 mg sulphur oxide per 100 cm2 .day
may correspond to about 0.03 to 0.035 ppm in this case. (27)

2 .3 COST EVALUATION

2.3.1 Aim of cost evaluation -- and problems

When evaluating costs, the aim is always to associate costs with a
sp.ec!f ic measure for controlling risk. It is this which gives rise to many
problems that are not encountered in normal costing procedures.

Generally, these additional problems are of three types: the need for
partial costing, system interdependcency and the overall scope of the cost
process.

Regarding partial costs most risk reduction measures will not be
implemented as isolated schemes but will be part of a larger plant.

For example, they will use plant services such as steam, water,
effluent disposal; and they will occupy plant buildings. When an existing
plant is being considered for back-fitting, this aspect may not be too
diffcult. The costs of additional systems can be considered separately.
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For a new plant, however, great care is needed to ascribe costs correctly.
For example, an additional filtration system may require an increase in
building volume. This could readil.y be calculated on a pro-rata basis but
this may not be correct if changes in building height or foundation depth
are involved.

The problem of interdependency arises because systems do not exist in
isolation and the inclusion of one may well affect the cost of another. For
example, to re-route electrical. supplies (in order to reduce the chance of
accidental power loss, say) may increase the cost of other systems that have
to be re-sited as a consequence. It is therefore necessary to cost the
combination of systems in addition to each individual system. Other
interdependencies between cost and risk need very careful. accounting. For
example, a measure largely directed towards reducing one class of risk can
also reduce (or increase) others. Retention of radioactive wastes may
reduce public risk but increase worker risk; conversely, additional
shielding to reduce public dose from direct radiation may also reduce worker
dose. It is not the aim of cost-effectiveness analysis to indicate which
course is preferable in a case such as this. That is a far wider matter.
But it is the aim to clearly document which costs are associated with
reducing which risks.

[)eterminring the scope of costing is a matter of setting ].imits to the
items to be taken into account in assessing cost. For example, it has to be
decided if: the study should include replacement power costs incurred during
power station outages needed to fit risk reduction systems; or if
replacement power required following an accident should be included. In
some countries it may be a policy decision as to whether or not such items
are included in an overall costing.

Apart from these general problems there are a large number of
specific ones that individual analysts may wish to include in their
costings. A typical example would be the costs incurred in satisfying
regulatory requirements for documentation on accident analysis.

In the rest of this section some points are discussed in more
detail. Firstly in the context of normal operation, secondly with regard to
accidents, where the costing problems encountered are different.

2.3.1.1 Normal operation

In costing systems designed to reduce risk from normal operation, the
main problems are those mentioned above. In contrast to the situation with
accidents, there are no difficult points in comprehending the nature of the
risk and costs. Any expenditure that's decided on, will reduce the relevant
risk, each and every year. This leads to an easy understanding of the
issues involved and makes an annualized cost (see section 2.3.2.3) the most
convenient way to represent expenditure. Care is still. needed in carrying
out the analysis, however, as the following two examples show.

In the case of a PWR head removal operation for refuelling, the use
of an automatic bolt tensioning machine makes a significant reduction in the
dose to workers: such a machine tightens all bolts to the specified torque
simultaneously. Otherwise, the job must be done manually with each bolt.
The cost of the machine is quite high and a simple analysis would show it
not as cost-effective as other measures. However, use of the machine also
cuts refuelling outage time. The replacement power that is saved outweighs
the cost over the station's lifetime. Therefore, such a measure is
justified in cost terms without any reference to risk reduction. This is a
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case where the analyst must keep the scope of the costing exercise clear and
look at all the side effects of introducing a new system. Costs, positive
or negative, can be incurred quite apart from the immediate system cost. In
the case of a power station, replacement power costs will. often outweigh
other costs and for this reason may in some cases be ruled out of the
analysis onr. principle. Otherwise measures to reduce risks that would result
in additional outage would hardly ever be cost-effective. This must always
be made clear to decision makers in the presentation of results. 

Another example applies to a plant for encapsulating medium..active
radioacti.ve effluent in concrete. T-his avoids discharging it to the sea
with the resulting dose commitment to the public. However, the final
disposal costs must be estimated or added to plant cost. This is a case
where apparent costs are only partial costs, illustrating a general point
that many measures to reduce effluents result in additional. waste streams
whose cost of disposal must be included.

2.3.1.2 Accidents

Accidents that happen frequently (in the lifetime of the plant) can
be considered as similar to normal operation. With rare accidents there are
difficulties in considering such risks in the same way. For example, large
nuclear power plant accidents may never happen in the lifetime of many
plants . For this reason, it may be preferable to cost protective systems on
a present worth basis rather than considering the cost as an annual cost.
T'his is elaborated in section 2.3.2.3.

There is also the question of whether or not to include economic
consequences as a negative cost to set against system installation cost.
This is a matter that requires a decis:i.on in principle and it is impossible
to give general guidance because of varying national attitudes and
perceptions. However, it is important, expecial..y in the case of major
accidents in nuclear power plants. This is the so--cal.led "economic risk"
and is discussed in some detail by Burke and Aldrich [28]1 as a factor in the
overall cost. It emerges from their work and from the tabulated results of
Strip [29] that what are called the "on--site" costs are frequently a larger
item than "off-site" costs. (Off-site costs relate to public detriment and
the on.site costs to worker detriment and plant recovery).

2.3.2 Accounting procedures

Assuming an adequate definition of the system to be costed, and the
risk to which it is related have been agreed, the next step is to derive
some cost indicator representative of the system cost. To do this both
capital. and operating costs must be assessed and then, preferably, combined
either by annual.iz.ng costs or discounting them to their present worth.

In addition, account must be taken of inflation. This is an area
where practice is likely to vary, both internationall.y and even within
different organizations in one country. It is therefore difficult to give
authoritative guidance.

Whatever the approach adopted, it is important to ensure that all
calculations have exactly the same basis. It is not so essential that
methods be the same from one plant study to the next. However, it is
obviously valuable if standard methods of working can be adopted since it
makes comparison of one plant study with another far easier. Ways in which
this may be done are discussed below.
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The evaluation procedure proposed is quite similar to a method
recommended by the INRC [30] with a view to comparing and standardizing
protection cost calculation procedures in the nuclear field.

2.3.2.1 Capital costs

Capital costs include all the operator's costs from preliminary
planning up to the start of operations. There are two types: direct and
indirect costs.

Direct costs include the cost of manufacturing and installing of
equipment such as the reactor, turbines, and electrical equipment. As far
as protection systems are concerned, a distinction must be made between
materiall-related costs, which are apportioned by component (demineralisers,
filters, storage etc.) and, on the other hand, costs related to the system
as a whole - such as infrastructure or control system costs. The latter are
generally estimated in the aggregate.

Indirect costs are generally classed in two main categories:
pre.-operati.on costs and interest costs during construction. The
pre-.operation costs include:

Preliminary planning costs

Site selection costs

Start-up expenses

Project management services

Auxiliary construction facilities and equipment

Personnel training costs

Taxes

Determining these costs accurately can be very difficult. For
protection systems both direct and indirect costs as well as supplementary
costs (owner's costs, spare parts, contingencies etc.) should be considered.

In France the latest experience in the nuclear power plant sector is
that indirect costs (occupation costs and interest during construction
without site preparation and owner's costs) as a percentage of base costs
are of the order of 11%; direct costs (costs of manufacturing and
installation of equipment) are of the order of 13%.

Items such as interest during construction are likely to vary from
one country to another, however, depending on what means are used to finance
the plant -- for example preferential government loans or private capital.

The interest costs as a percentage of direct costs depend naturally
on the time it takes to construct a nuclear plant. Again the experience in
France is approximately 30% of direct costs based on a 6-year construction
t i me.
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2.3.2.2 Operation costs

Operating costs are usua.ly evaluated on an annual basis. They
include:

Operating and labour

Control and maintenance (not including costs of materials)

Technical and administrative expenses

Taxes and various fees

To these costs must often be added the expenditures of central boards
of power companies. Estimates for those come to about 4% of the total
capital costs, based on French experience.

2.3.2.3 Aggregating the costs

Every protection system, indeed every system component, is
characterized by a fixed capital cost and by an operation and maintenance
cost. To help in decision-making, it is better to associate with each
system a single indicator figure that sums up all capital and operating
costs. Two possibilities can be considered: determining the annual cost of
the system, or a total cost for the system's entire lifetime discounted to a
fixed point in time, The indicator chosen depends on the decision-maker's
objective: the aim may be to match total costs with the programme's or
technology's total impact on health, or it may be to evaluate the
performance of the control devices as an effective additional annual cost
for power production.

Some policy on inflation accounting must also be adopted. However,
inflation forecasts are error-prone and they also vary from one country to
another. Comparison between studies is easier if figures can be presented
without a specific inflation factor, or at least with a constant factor
similar to a discount rate (see be]ow). Cost-.effectiveness analysts are
encouraged to publish figures in such a way for comparative purposes.

Two methods can be used to aggregate capital and operating cost:
annulaization and net present worth. The concept of annual cost (in real
prices) is used to estimate the percentage which operating costs and capital
costs (amortized) would add to the total price of a product, e.g. one kWh.
Considering risk reduction, an annua.ized cost is also appropriate when a
routine risk due to normal operation is involved. If for example the risk
is due to effluents from a coal--fired power station, there will be a number
of health effects each year that can be avoided by additional systems. An
annualized cost can thus be used directly in cost--effectiveness studies.

The operating costs in the annual costs need no elaboration. The
capital costs are amortized using a fixed lifetime figure. However because
the effective lifetimes of the different energy installations are not known
precisely, figures have to be assumed. For nuclear power stations, the IAEA
recommends a figure of 30 years, see [31].

The fixed total annuity amortization principle seems to be the best
suited for evaluating the annual cost since it is independent of the chosen
reference year. In general., the real interest rates are used to compute the
amortization annuities and not the nominal ones (i.e., the sums are
expressed in actual prices).
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If the interest rate is assumed constant, the annual cost of a system
is given by the following expression:

AC - kI + E:

where:

AC =: annual cost

I = total capital cost

E = annual operating cost

k = amortization coefficient

and

k = i ( 1+ n

(i + i) - i

where:

i =: interest rate

n = plant's lifetime

In comparison work, the annualization approach has the disadvantage
of not taking into account the inequalities that may exist between cost
categories. For example one system might require a very large investment
but would operate at a relatively low cost, another might have the opposite
characteristics: small investment but high operation costs. Long-term
decisions however should balance future against present expenditure taking
into account the scarcity of capital. The net present worth concept permits
this by expressing the totality of expenditures (capital and operating),
spread over the entire life time of a protection system, by a single
aggregate sum figure. It achieves this by showing a preference for present
money in the hand over money tomorrow. The size of this preference is
indicated by the present worth rate, which is a discount rate generally
fixed by Government agencies -. such as the Commissariat General du Plan in
France or the Treasury in the UK - to help utilities in their choice of
investment.

The total present worth cost of a protection system is given by the
expression:

j^ -n (AC)j

= 1 (l+r)J

where:

TC = total net present worth cost

n = plant's lifetime

r = discount rate

(AC). = annual cost in year j.
j
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Or, its simplified version

TC =: k'AC

with

k' = (1 r _

r(l + r)n

where k' is the present worth coefficient, normally called the annuity
factor. This can be seen also as the inverse of the amortization
coefficient with the discount rate substituted for the interest rate.

Where interest and discount rates are equal, the total present worth
cost is given by the expression:

T'C =: k'E +4 I

where:

TC = total present worth cost

I : total capital cost

E: = annual operation cost

k' := present worth coefficient

This final simplified expression is the one most commonly used.

The net present worth method may be most useful when considering the
reduction of risk from rare accidents (i.e. accidents that occur
significantly less than once in a plant lifetime). Here the notion of an
annualized risk is not appropriate and it may help the decision maker more
to have before him a present worth calculation of the cost of reducing the
risk from, say, a core-melt accident in a reactor. It can then be viewed as
insurance against the accident.

Both techniques have the advantage that they allow the expression of
costs incurred over time in a rational way.

While the above description admittedly gives only a brief glimpse of
what is a very complicated area that in practice must reflect national
accounting procedures, too much sophistication may even confuse the
problem. The object of any cost effectiveness analysis is to make a
rational choice between options. To do this it is necessary only to have
consistent methods taken to a sufficient level of accuracy that is often
quite crude.

2.3.3 Cost data

The most reliable cost data comes from experience with plants of the
same scale and type as the one under study. This is true both of direct
costs for equipment and indirect costs such as training or project
management. This is rarely completely possible however owing to changes in
technology and prevailing practices.

It is unlikely that tender costings will be available from a
contractor at an early stage in proceedings (when cost effectiveness
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analysis is likely to be most used). Thus, direct costs must be estimated
from experience. Where past experience is with a smal].er scale of
equipment, cost functions can be used to scale it up. Such cost functions
treat components that are technicall.y identical but of different size and
capacity from those being considered in the system under study. In those
cases the system's cost is computed by extrapolating the collected data
using an expression of the type:

C - CO (W/Wo)

where:

C =: cost of the equipment to be estimated

CO ::= cost of correspond:ing reference equipment

W :: fundamental quantity rating of the equipment considered
(e.g. wattage for a motor, flow rate for a hand:ling
circuit)

WO .:: corresponding rating of the reference equipment

oC := exponent (dimensionless). In the field of energy
systems o' is usually between 0.4 and 0.8.

When no such data exist it is necessary to synthesize costs,
frequently from only an outline design. Use can be made of generalized unit
costs taken from detailed costings or experience, for example the cost' per
connection of electrical supply at a particular gauge, or the cost per cubic
metre of a building with a given number of storeys constructed to given
standards. These figures will be approximate but provided they are compiled
carefully they will be sufficient for comparative studies,

It is, however, essential to include estimates of uncertainty, for
example giving a best estimate cost together with a minimum and a maximum
within which the true cost is felt likely to lie. For most applications, it
is highly desirable that estimates be made by engineers experienced in
costing existing plant, Nevertheless they must be careful not to include
commercial contingency allowances in their best estimates. The goal is a
real cost rather than a cost at which overspending is unlikely.
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3. CONCL.USIONS AND RE:COMMENDATIONS_ ._ -- -- ---- -- ......... .... ..... _ -- - -- --- . .. . _ .. __

3. 1. CONCI...LSIONS

The on--going discussions of the risks associated with energy systems
demonstrate society's concern over policies on health and the environment.
Both the formulation and the implementation of these policies concern risk
management; cost-effectiveness is but one of the tools available to risk
managers for the purpose. The question they have to address is normally:
how to control risks both efficiently and effectively? The phrase "As I.ow
As Reasonably Achievable" (AL.ARA) is usually understood in that sense.

Cost--effectiveness is a flexible and useful aid to decisions of this
type, belonging as it does to both engineering and economic disciplines. An
instrument for rational and consistent decision making when choosing between
alternatives, it has major strengths:

A range of different risk reduction options can be compared on
a common basis, that of cost-effectiveness ratios.

The scope and depth of the analysis can be readily adjusted to
suit the decision to be made; it need not be over-complicated
in relation to the problem.

Nevertheless, although the methodology is simple and sound, its
applications in the energy field are not widespread [32]. Especially in
norl-.nuclear applications. This is partly due to lack of familiarity with
the techniques; also due to uncertainties in the assessment. Modelling and
data limitatior s are real handicaps and major uncertainties still lie in the
environmental chain from the source of emissions to the response of the
people exposed to them.

Improvements will be best achieved through the practical use of the
method and the experience gained thereby.

The sequence of any analysis is reasonably straightforward; but
before starting, the goals should be properly and comp]etely stated. It
should be recognized that the problem is one of maximization under
constraints. It is necessary to recognize these constraints and to start
with a workable definition of the risks concerned. For example, public risk
only might be considered in one study, ignoring worker risk; in another,
broader, study the total risk to society including the risk of risk
reduction would be assessed. Errors in stating the goal and determining the
relevant costs can lead to wrong decisions.

An important factor is the measurement of uncertainty. The final
results must include a sensitivity analysis so that assumptions in modelling
and uncertainties in data can be shown not to affect the final decision.

It should be kept in mind that at the end of an analysis there will
always be a risk management decision to be taken. Also -the way in which
results are used will depend upon constraints on the decision-maker.
Nevertheless the results of cost-.-effectivenress analysis are particularly
wel.. adapted to three purposes:

(1) As a ranking measure: options can be put in order of effectiveness,

(2) As an aid in working toward targets: these can either be financial
targets (in which case the greatest risk reduction for a fixed budget

47



is derived), or risk targets (in which case the cost of a given level
of safety is derived).

(3) As an aid in more general resource allocation: the analysis shows
what is being spent on safety in one sector of energy production and
enables this to be put into perspective with other risks in society.

3 .2 RECOMMIENIDATI'OIOS

The pr:imary recommend!ation i.s that cost effectiveness analysis should
normally be used in all cases where a variable level of protection is under
consicleration. An understanding of the cost of safety is essential to
responsible risk management.

In addition, there are several specific and somewhat more detailed
recommendations about how such an analysis should be conducted:

The scope should be carefully and exactly defined and it
should be suited to the problem

IThe depth of analysis should be sufficient to resolve
significant differences between options, but not more complex
than necessary

Uncertainties in both risk and cost must be explicitly
calculated and included in the display of results

The approach should be standardized as far as possible

The results should be presented in such a way that the
decision-.maker can communicate with the analysts and establish
a dialogue

Rll import-ant assumptions and results should be summarized
and, if possible, published for use in other studies
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AF' P PEN: I: X

R SAMPLE CASE STUDY ON THE RE:DUCT"ION OF PUBLIC RISK ASSOCIAT'ED
W:"ITH RAD:IOACTI"EVE RELEAS...IESSIS DURING NO(RMAL OPE.'RA'TION OF A PWR

i. Introduction

This appendix presents a case study illustrating some of the
methodological aspects developed in the previous chapters. The example
chosen deals with the reduction of public risk associated with radioactive
releases into the environment of a normal operating nuclear power station of
the PWR type. It is derived from series of studies already published in
different reports and papers [20, 33-36]. A major characteristic of thelse
studies consists in the fact that they were performed a posterior.i to
evaluate the cost and effectiveness of the basic radiological protection
measures already applied in operating French nuclear power stations. It is
clear that the cost-effectiveness analysis is fundamentally directed towards
the decision process associated with the implementation of radiation
protection measures. As such it must be applied preferably at the dlesign
stage of a project to provide a guidance for determinirg the point at which
optimal conditions will be reached. Retrospective evaluations such as those
presented here were in fact developed with two objecti.ves: (a) to
demonstrate the feasibility of quantitative and analytical procedures to
implement risk management techniques, and (b) to assess the level of
radiological protection achieved in operating installations for comparat:i.ve
purposes.

F'igure 13 shows diagrammatically the general model for performing a
cost effectiveness analysis for public risk reduction at a nuclear facility
in normal operation. The steps in the analysis follows the basic scheme
already presented that is:

definition of the reference system

identification of actions for risk reduction

risk estimation

cost evaluation

cost effectiveness analysis.

Since a detailed description of the whole assessment process is
beyond the scope of this presentation, the problem of radioactive effluents
and release management at a PWR is briefly presented and the specific models
and calculations corresponding to the various steps of the evaluation
outlined.

2. The problem of routine effluent releases at a PWR

For radioactive effluents, the management problem at a PWR is
relatively simple. Fission products can contaminate the primary circuit if
fuel elements fail within the reaction vessel. In addition, activated
corrosion products are produced in the various circuits and components
associated with the primary coolant and they can also contribute to the
general contamination of the primary circuit. In the case of leakages at
the l.eel of the steam generator tubes, this activity migrates into the
secondary circuit.
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Figure 13: General model for cost-effectiveness analysis of public risk-reduction actions
related to the release of routine radioactive effluents from a nuclear power facility
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Figure 14: Flow diagram of liquid and gaseous effluents and releases of a PWR

Thus primary and secondary circuits are the origin of two main
categories of effluents. The first are those associated with the normal
operation of the reactor, in the release of primary water coolant as a
result of power variations, samplings, or laundry water. The second type
are those associated with the inevitable leaks due to the imperfect
confinement of the different circuits. Escape of dissolved gases from these
effluents leads to gaseous as well as liquid effluents.

The effluents which are usually contaminated, are treated chemically
or physically to reduce their activity before reinjection into the ciruits
(where this is possible) or discharge (after suitable treatment) into the
environment. The retained activity in the form of concentrates, resins or
fil.ters is then confined in the form of solid wastes. All liquid, gaseous
and solid waste treatment systems are located in an auxiliary building.

Figure 14 presents this in a simplified flow diagram of liquid and
gaseous effluents and releases. The level of the radiological risk for the
public around the reactor is directly linked to the level of decontamination
or treatment of the different radioactive effluents discharged into the
environment.

3. The reference sy

Calculations of the effectiveness and costs of the possible radwaste
treatment systems for reducing the public risk at a PWR have been performed
using the basic data rel.ated to a 1300 MWe PWR unit of the French Nuclear
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TABLE 2: Main Operating Parameters of a 1300 MWe Pressurized

Water Reactor of the French Programme

General characteristics

Nominal thermal power 3800 MWth

Net electrical power 1300 MWe

Load factor 8000 hours/year

Fuel

Uranium tonnage 104 tons

Enrichment 3.16 %

Primary Circuit

Quantity of primary water 360 tons

Pressure 155 bar

Temperature (in/out) 293/329 °C

Flow rate 89,00 m /h

Water extraction 8100 tons/year

Primary to secondary circuit leak zC50 tons/year

Leakages in buildings 135 kg/h

Secondary circuit

Steam flow rate 8500 tons/h

Leaks 32 tons/h

Programme located in the Rhone valley. Table 2 gives the main operating
characteristics of such a reactor. Since, at the time of the study, no
units of this type were in operation, the values for the different operating
parameters were extrapolated from measurements at the first 900 MWe
operating plants at Tihange, Fessenheim, and Bugey. Among them were
extrapolations For the parameters concerning the activity in the primary and
secondary circuits, and the various leakage rates from the circuits. For
some values, specific models have been developed concerning the performance
of particular radwaste treatment systems.

Regarding site characteristics, the population taken into account is
about 2 million individuals - the population living within a distance of 100
kilometers. Calculations of dose to this population were performed using
real site data concerning the meteorological conditions, and the
characteristics of the river as well as the geographical distribution of
both the population and the agricultural production around the site.

4. The definition of risk reduction action4-........ ......- .... ............ ........ ... . .................. ...

Risk reduction actions are defined as the set of possible radwaste
treatment systems that can be envisaged for reducing the activity released
into the environment. In most cases, a system is specific to a given
category of effluents defined by its chemical and radioactive quality, and
sized according to the quantity of effluent to be treated. Some systems are
able to treat different types of effluents, and in general several different
technical options are available to treat a given effluent (using pressurized
storage, delay time or cryogenic distillation for gaseous effluents for
example. )
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The reduction of activity for the treated effluent is generally
measured as the mean of two parameters: a decontamination factor related to
the chemical or physical process (for example demineralization, floculation,
evaporation) and a storage time related to the radioactive decay resulting.
In the present case study the different actions have been defined according
to the category of effluent, i.e. for each effluent category a set of
successive actions has been established, The first is zero treatment; the
succeeding ones give an increasing level of activity reduction by addition
of components.

neutralisation
system

evaporation

storage 3.5 m3/h control
\ X" tanks filtration tank

floor drains 5 .. release

,. ftoor)drains~ 15~ -" condensates

floor drains | m'

Figure 15: The system TEU-2 presently in operation in the French units for the treatment
of floor drains from the reactor and auxiliary buildings

Figure 1.5 shows the system TEU-2, presently in operation in French
units for treating floor drains from the reactor and auxiliary buildings.

Table 3 gives the total set of risk reduction actions that have been
defined. It should be noted that all these risk reduction options are
independent -- an essential. characteristic. If there were dependence between
actions, it would be necessary to define combinations of actions and to
compare them instead of the basic options defined here.

5. Risk evaluation

5.1 L.imits

To simplify the assessment process, a few limitations have been
assumed concerning the calculation of doses to the public. These
limitations are related to the relevant radionucl.ides arid exposure
pathways. Table 4 lists the selected radionucli.des and exposure pathways.

One further limitation concerns the population included in the
calculation. An arbitrary distance of 100 kilometers has been selected
since up to this distance the environmental transfer models are accurate.
This limitation obviously leads to an underestimate of the residual risk
related to each action broadly by a factor of 2 for gaseous releases and 10
to 20% for liquid releases). This will change the absolute risk reduction
figures associated with each action; however, it does not affect the
coJ!i.rp!ison between the actions.
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TABLE 3: Risk reduction actions

Effluents Options Treatment characteristics

Primary water PT-O* No treatment

PT-1 St (10 days)

PT-2 St+Dem (10 days; DF=5)

Floor drains TEU-O No treatment

TEU-1 St (5 days)

TEU-2* a St+Fi+Ev (5 days; DF=100)
b

TEU-3 St+Fi+Ev+Dem (10 days; DF=1000)

Gaseous effluents TEU-O No treatment

TEG-1 St (15 days)

TEG-2 St (25 days)

TEG-3* St (35 days)

Reactor buidling BR-O No treatment

ventilation BR-l* Fi (DF=1O)C

Auxiliary building BAN-O No treatment

ventilation BAN-1* Fi (DF=10)C

The asterisked options correspond to the systems
operation in French PWRs.

a Only a fraction of the effluent goes through the
is released directly after storage.

currently in

evaporator; the rest

b The fraction which is not treated in TEU-2 option goes through a
demineralizer.

c The decontamination factor (without radioactive decay) is for iodine
only.

Abbreviations: St=storage; Fi=filtration; Ev=evaporation;
Dem=demineralization; St=storage time; DF=decomtamination
factor (without radioactive decay)

5.2 Releases

The activity released is basically related to the operating
conditions of the plant and the effectiveness of the radwaste treatment
systems. For such a cost-effectiveness analysis it is necessary to link the
operating conditions of the plant and the treatment systems with the
releases. Only limited use can be made of measurements of radioactive
release for the existing operating plant, however. This is the reason why
activity released has been evaluated (for each radionuclide and eff]luent
pathway and for a given type of treatment) by the mean of a model. The
model utilizes basic parameters describing the operating conditions of the
reactor (level of activity in the various ciruits, leakage rates, quantities
of liquids) as well as those of the treatment systems (storage time,
dimensions). Direct plant measurements of circuit activity and effective
releases are used to validate the model later.
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TABLE 4: Selected radionuclides and exposure pathways

Liquid release

Radionuclides: 58Co, 60Co, B9Sr, 131I, 134I, 13 4 Cs, 137Cs

Exposure pathways: (river)

drinking water
Ingestion fish

irrigated fruits
irrigated green vegetables

Gaseous releases

Radionuclides: 85Kr, 131I, 133Xe

Exposure pathways

(external exposure (6 6)
Cloud inhalation

Deposition - ingestion rmilk
<beef
kgreen vegetables

Tables 5 and 6 present, for the selected radionuclides, the activity
released into the environment according to the various options. In order to
evaluate the residual risk associated with each action, the activity
released without any treatment is also taken into account.

5.3 Environmental transfers and dosimetric models

Calculations related to this step of risk assessment evaluation aim
at determining the quantitative relation between a unit of release of a
given radionuclide either in the liquid or gaseous form and the total impact
in terms of radiological exposure of the population. The evaluation
proceeds in two stages: In the first, the concentration of radionuclides in
air, water and foodstuffs at various distances from the release point are
calculated taking into account the dispersion conditions in water and air,
the radioactive decay and the behaviour of radionuclides within the food
chains. In the second stage, the doses to individuals are calculated

then summed for the whole population taking into account the consumption
behaviour of the population.

A detailed presentation of the models used is beyond the scope of
this study. Flowever, a brief description of the two basic environmental
models shows the data invol.ved in the quantificatiorn process.

For atmospheric concentration assessment, the atmospheric dilution
factors are obtained by a computer programme based on the classical gaussian
plume model with Doury's categorization of dispersion. 'The programme takes
into account radioactive decay, as well as dry and wet deposition. Results
are given first as dilution factors depending on distance from source.
These dilution factors can then be weighted according to annual fluctuations
in meterological conditions, i.e. the fraction of time a particular
dispersion condition exists with wind in a given sector. Results are given
as an annual average air concentration following a continuous release. For
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(cl TABLE 5: Liquid releases: activity for one year's operation

Effluents Releases [Bq a- 1 ]

pathways

Options Cobalt Strontium Iodine Caesium

58 Co 60 Co 89 Sr 90 Sr 131I 134Cs 137Cs

Primary water PT-O* 1.4 x 109 1.1 x 108 8.3 x 107 8.8 x 105 5.2 x 109 1.9 x 109 1.7 x 109
PT-1 1.3 x 109 1.1 x 108 7.2 x 107 8.8 x 105 2.2 x 109 1.9 x 109 1.7 x 109
PT-2 2.5 x 108 2.2 x 107 1.4 x 107 1.8 x 105 4.4 x 108 3.8 x 108 3.3 x 108

Floorchains TEU-0 3.1 1013 1.3 x 11012 2.9 x 1 11 2.7 x 109 7.6 x 1012 8.0 x 1011 6.8 x 1011
TEU-1 3.0 x 1013 1.3 x 1012 2.9 x 101 2.7 x 109 4.9 x 1012 8.0 x 1011 6.8 x 1011
TEU-2* 3.4 x 1010 4.8 x 109 8.1 x 109 8.1 x 108 7.0 x 1010 1.1,5 x 109 1.4 x 109
TEU-3 3.0 x 1010 1.3 x 109 2.7 x 108 2.7 x 106 4.9 x 109 8.0 x 108 6.8 x 108

Untreated - 9.3 x 107 7.3 x 107 1.8 x 108 1.7 x 106 9.9 x 108 1.5 x 107 1.7 x 107
effluents

TABLE 6: Gaseous releases: activity for one year's operation

Effluents Releases [Bq a- 1]

pathways Options

Krypton-85 Iodine-131 Xenon-133

Primary TEG-0 2.3 x 1012 7.6 x 1010 8.5 x 1014
gases TEG-1 2.3 x 1012 2.2 x 1010 1.3 x 1014

TEG-2 2.3 x 1012 1.0 x 1010 4.5 x 1013
TEG-3* 2.3 x 1012 5.2 x 109 2.4 x 1013

Reactor BR-O 1.8 x 1011 1.0 x 109 1.2 x 1013
building BR--1* 1.8 x 1011 1.5 x 108 1.2 x 1013

Auxiliary BAN-O 8.9 x 1010 5,3 x 108 2.3 x 1013
building BAN-1* 8,9 x 1010 5.3 x 107 2.3 x 1013

Untreated - 1.3 x 1010 3.5 x 1012 9.9 x 107
effluents



a given radionuclide and a given sector and distance to the release point,
air concentrations For a unit release are expressed as follows:

Xai r -iX air Z E DFj MF i

whe re

Xair =r [Bq/m 3 per Bq/s] =- average air concentration

FF'i[s/mn3 ] = air dilution factor for a given
distance and the i-th
meteorological condition.

MFi - annual occurrence frequencies
ratio of the i-th meterio-
logical condition in the given
sector.

F'or liquid concentrations the basic model used is the one proposed
by Schaeffer. This semi-empirical model supposes that activity released is
instantanleously diluted in the flow of the river and that some of the
radionuclides are deposited on the sediments, others on suspended material.
TIhe concentration at a given distance down the stream from the release point
is expressed for a given radionuclide and unit of release is as follows:

1 -kx
X =:: - e

water q

where

Xwater =:: [Bq/m 3 per Bq/s] - average water concentration

q[m 3 s-'1] -= flow rate of the river

x[m] -distance to the release point

kC[m- 1- j ::m: attentuation factor varying
with the nuclide and the
characteristic of the river
(speed of water, quantity of
suspended water).

Concentration in foodstuffs are computed using the deposited fraction
of the air concentration and the initial concentration in water in the
river. The final concentration in the various ingested foodstuffs is then
calculated using transfer coefficients through the soil and in plants and
catt .e.

Dose calculations are performed using classical models. For each
pathway to man and each radionuclide the individual doses at a given
distance from the release point are calculated and hence the resulting
collective effective dose equivalent for the total population. In fact, as
is usual when evaluating the risk at a regional level for airborne releases,
the individual doses have been computed on a per capita basis for ring
sectors of a grid (18 sectors and 12 rings) based on the mean concentrations
(in air and foodstuff) and the corresponding population and agricultural
data. For liquid discharges the evaluation of doses is performed using,
directly, the consumed quantities of drinking water, fish and irrigated
agricul].tural product for different sections of the river. New sections are
definied wherever there is a change of the river flow rate (corresponding to
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the existence of a tributary). All these calculations of dose require the
collection of numerous data, which generally represents the most difficult
part of the whole assessment process. An idea of the type of data required
is given by the following expression for computing the annual collective
dose following ingestion of drinking water containing a given radionucli.de
"i" and a unit of release:

.*ai A. d
S. :::- aH. e i

1 1

X water.

x F'D.
1

(x).13(x)

where

Si[Sv/year:
a
Hi [Sv/Bq]
d(days)

Xwater i[S/m3j

x
B[m3 /year]

FD)i

annual collective dose
unit of release (Bq/sec)

:: dose factor for ingestion
delay between pumping of water in the river
and ingestion
concentration in water for a unit of release
in a given sector

river section index
annual quantity of water in use for drinking
from the section.

- c decontamination factor of the drinking water
treatlment stat ion
radioactive decay constant

TABLE 7: Collective dose factor for gaseous releases

Exposure pathways Radionuclide Collective dose factors
(Man-sievert/Bq.s- 1 )

External irradiation 8 5Kr 8.8 x 10- 1 1

133xe 2.9 x 10-9

131I 5.7 x 10- 9

Inhalation 131I 6,5 x 10- 7

Ingestion - milk 131I 1.2 x 10- 6

- meat 131I 9.7 x 10- 8

- green 131I 5.6 x 10
- 7

vegetables

T'able 7 and 8 present the final results concerning the concentrations
and dose calculations in the form of collective dose factors associated with
a unit of release within a 100 km radius for the selected radionucl:i.des and
exposure pathways. Note that these dose factors can be computed completely
independently of the various options to be compared.

5.4 Risk estimation

Using the dose risk relationship recommended by the ICRP, the total
collective dose associated with each action is expressed as a number of
potential health effects, i.e. fatal cancers or genetic effects on all
generations. (The dose-risk coefficient including all these effects is
2.06 x 10'"2 health effects per man-sievert.) 'Table 9 presents the results
in terms of risk associated with the set of risk reduction actions.

It is worth noting that even without any treatment the total impact
of one year's operation of the reactor is only 0.45 man-sievert, i.e.
9.0 x 10'" 3 health effects.

58



TABLE 8: Collective dose factors for liquid releases

Exposure Pathways

Radionuclides Drinking water Fish Irrigated products

5 8Co 1.9 x 10-8 3.3 x 10 - 9 3.7 x 10 - 9

6 0Co 1.5 x 10 - 7 2.6 x 10-8 4,5 x 10-8
8 9Sr 2.2 x 10 - 7 7.6 x 10 - 9 3.8 x 10-8
90 Sr 3.9 x 10 - 6 1.2 x 10- 7 3.7 x 10- 5

131I 1.2 x 10 - 6 7.6 x 10-8 6.8 x 10-8
13 4Cs 4.3 x 10 - 7 2.4 x 10 - 7 2.6 x 10 - 7

13 7Cs 3.0 x 10 - 7 1.7 x 10- 7 3.1 x 10 - 7

TABLE 9: Collective doses and health effects associated with liquid and
gaseous releases for one year operation of the reactor

Effluents Options Effective collective Health effects
dose equivalent (number/year)
(man-Sv/year)

Primary water PT-O* 2.9 x 10-4 5.9 x 10-6
PT-1 1.8 x 10- 4 3.7 x 10-6
PT-2 3.5 x 10- 5 7.2 x 10-7

Floor drains TEU-O 3.5 x 10-1 7.2 x 10-3

TEU-1 2.5 x 10-1 5.1 x 10-3

TEU-2* 3.5 x 10- 3 7.2 x 10- 5

TEU-3 2.5 x 10- 4 5.2 x 10-6

Untreated liquid - 3.9 x 10- 5 8.0 x 10-7

effluents

Primary gases TEG-O 8.3 x 10-2 1.7 x 10- 3

TEG-1 1.3 x 10-2 2.7 x 10- 4

TEG-2 4.9 x 10- 3 1.0 x 10- 4

TEG-3* 2.5 x 10- 3 5.2 x 10 - 5

Reactor BR-O 1.2 x 10 - 3 2.4 x 10 - 5

building venti- BR-1 1.1 x 10- 3 2.3 x 10-5
lation

Auxiliary BAN-O 2.1 x 10- 3 4.4 x 10 - 5

building venti- BAN-1 2.0 x 10- 3 4.2 x 10 - 5

lation

Untreated gaseous - 3.2 x 10- 4 6.5 x 10-6
effluents

6. Cost evaluation

The costs of the different actions have been evaluated using the

total present worth cost concept to take into account all operatin and
maintenance costs over the plant life time. This total cost TC is given by
the general formula.

TC =: I + kE:

where

I =: total investment cost
E = annual operating and maintenance costs
k =. discounting coefficient
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This last coefficient is related to a discount rate and the plant life time
n (in years) with the following formula (see also 2.3.2.3):

k -. r .2 -. 1
(1 + r)

The total investment cost of a given action is calculated using the
direct costs of the various components of the treatment systems inc.ucling
costs of piping, electrical systems and civil construction. Indirect
investment costs, mainly interest charges during construction, are also
taken into account.

Operating and maintenance costs are evaluated as a percentage (see
-Table 10) of total investment cost, plus the cost of consumed materials such
as filters, resines, energy. The percentages used in the model are based on
past experience in constructing conventional power stations.

TABLE 10: Cost analysis for risk reduction investments

Cost element Calculation

C1 Total direct cost of components collected
C2 Piping 30% C1
C3 Electrical systems 20% (C1+C2)
C4 Civil constructiona collected
C5 Total direct investment cost C1+C2+C3+C4

C6 Indirect investment cost 36% CS
C- Total investment C5+C6
C8 Operating-maintenance costs 4% C7
Cg Consumed materials collected
C10 Total operating C8+Cg
C1 1 Total present worth costb C7 +9.13C 10

a/ Civil construction costs are evaluated
of structure

using a mean value for 1 m3

b/ Discount factor is 9%, plant lifetime, 20 years.

For treatment systems options leading to production of solid wastes,
the total cost of the relevant solid waste treatment systems is taken into
account. This cost includes also the cost of transportation and final
disposal.

7. The cost effectiv_.__.eness anal.ys

The above calculations permit a definition of each action in terms of
two indicators: on one side the cost increase due to its imp]ementation, and
on the other the risk reduction associated with it. Table 11 shows the
final results. Risks have been computed for 20 years operation, i.e.
comparable with the total present worth costs. Health effects have not been
discounted however. It is sometimes suggested that discounting procedures
are used giving more weight to a cancer today than in many years, e.g. based
on the argument that new methods of therapy would be developed in the future.

Based on the data in Table 11, it is then possible to rank the
different actions according to their cost-effectiveness ratio. The
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TABLE 11: Costs and effectiveness of the actions

Total present Cost in- Risk reduction Cost-effective-
Options worth cost crease ness-ratio

AC E AC/A E
(health effects

(1000s of US$) (1000s of US$) for 20 years) (million US$/effect)

PT-Oa - O -

PT-1 260 260 4.6 x 10- 5 5700
PT-2 1040 780 6.0 x 10- 5 13000

TEU-O -
TEU-1 3230 3230 4.0 x 10-2 81
TEU-2a 5510 2280 9.9 x 10-2 23
TEU-3 6670 1160 1.3 x 10-3 890

TEG-0 - O -
TEG-1 770 770 2.9 x 10-2 27
TEG-2 930 160 3.4 x 10- 3 47
TEG-3 1100 170 1.0 x 10-3 170

BR-O - 0 -
BR-1 100 100 2.0 x 10-5 5000

BAN-O -. -
BAN-1 260 260 4.0 x 10- 5 6500

a/ Currently used in French PWRs

non--effective actions (i.e. those presenting a higher cost-effectiveness
ratio than an alternative action for a given effluent source) are then
eliminated. This is the case, for example, for action TEU-1 for the floor
drains treatment. The most cost-effective way to treat these is to spend
$ 5.6 million by implementing directly TEU-2, for which the risk reduction
will be 0.14 health effects. The cost effectiveness ratio is then
$ 40 million per health effect avoided which is the best action overall for
this effluent. The cost-effectiveness curve (figure 16) shows the set of
actions representing the available trade-off between costs and risk.

The shape of the curve shows that the protection expenditures follow,
as is generally the case, the law of diminishing returns. Each point on the
curve corresponds to a protection level defined by the actions relative to
this point and those preceeding it on the curve. Each protection level is
economically efficient, that is to say one can neither find a more effective
set of protection systems for the corresponding cumulative cost nor likewise
find a less costly set of protection systems giving the same or a better
residual risk level.

Looking at the results, the curve shows clearly that beyond TEG-3 the
addition of further actions is non cost-effective. Nevertheless BR.-1 and
BAN-1 actions have been implemented - because although they are not at all
effective in normal operation due to the low level of contamination of the
reactor and auxiliary building, they nevertheless do present a very high
effectiveness in case of an incident or accident within the reactor leading
to the loss of a significant quantity of activated water and associated
iodine.

Comparing the cost-effectiveness ratios associated to different
protection actions, they represent implicit values of life ranging between
$ 23 million and $ 13,000 million dollars per life saved; this converts to
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Figure 16: Cost-effectiveness analysis of public risk reduction for a 1.3 GWe PWR

implicit values of a man-sievert ranging between $ 0.5 million and $ 260
million. Even if only the most cost-effective protection actions
implemented are considered (l"TU--2 and TEG..-3) the figures remain very high,
($ 0.5 million and 3.4 million respectively, in comparison with the range of
values generally suggested, i.e. $ 10,000 to $ 100,000 (100 to 1,000 dollars
per man-rem).

These results demonstrate clearly that other considerations, such as
radiological protection, have implicitly or explicitly played a role in the
decision process for selecting the treatment systems. Potential
consequences of accidental conditions and probably also the social
acceptability of nuclear industry have also been taken into account, as
mentioned above.

8. The risk transfer to workers

The addition of radwaste treatment systems obviously lowers public
risk to a certain extent, but it also:

increases the risk of exposure for those who run the system,

increases the volume of solid wastes produced by the plant and
hence,

the delayed effects of the wastes increase the risk for future
generations.

These risk transfer aspects also have to be taken into account -- when they
are significant, as is the case here with occupational exposures.

A comprehensive and detailed study on occupational doses related to
the operation and maintenance of radwastes treatment systems for public
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exposure reduction has not been performed for the French PWRs until now.
The following results rely on estimations based on the analysis of the job
dosimetry records from operating units. Extrapolating the past experience
of the 900 MWe units, the annual occupational collective dose resulting from
radwastes treatment systems has been estimated to be 0.3 man.-sievert per
year for a 1,300 MWe unit. The breakdown of this last figure according to
the different treatment systems, and the solid wastes treatment and handling
associated is given in table 12.

TABLE 12: Occupational collective dose resulting from radwastes treatment
systems

Treatment systems Occupational collective

dose (man-sievert/year)

Primary water (PT-O) 0.04

Floor drains (TEU-1) 0.15

Primary gases (TEG-3 and reactor

building ventilation (BR-1) 0.01

Solid waste

- Primary water (PT-O) 0.05

- Floor drains (TEU--1) 0.05

a/ The total annual collective dose associated with the treatment and
handling of all solid wastes produced at the reactor is estimated to
be 0.2 man-sievert.

The occupational doses corresponding to the alternative options
considered for the treatment of effluents have been only estimated for the
floor drains treatement systems.

Table 13 shows the final results for 20 years operation of the
reactor for these occupational doses, comparing them with the public
exposure doses presented in the previous section. The figures show clearly
that a search for a maximum reduction in the public collective exposure
involves an increase in the occupational one owing to radwaste treatment
systems operation and maintenance.

The integration of these risk transfers between public and workers in
the cost-effectiveness analysis process is not as evident as would appear at
once. Is a man--sievert avoided for the public the same as a man-sievert
avoided for the workers operating the system? On one side the man--sievert
is the product of several thousands of people receiving a yearly per caput
dose in the micro--sievert range and on the other side a few tens of workers
receiving a few mil.li-sieverts per year. How can one deal with such
different kinds of risk?

Clearly, the question here is the determination of the relative
values of occupational and public exposure or weighing of one against the
other.
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TABLE 13: Public and occupational doses
treatment options

associated with the floor drains

Options Residual collective dose
(man-Sv - 20 years operation)

Public Workers

TEU-O no treatment 7 0

TEU-1 5 days storage 5 1

TEU-2 5 days storage

+ thermal evaporation 0.1 4

TEU-3 5 days storage

+ thermal evaporation 0.01 2

+ demineralization

The integration of occupational exposure resulting from public
radiation protection actions within the analytical process illustrates the
general problem of weighting risk criteria. In the field of risk management
at nuclear power plants as well as for the other facilities of the nuclear
fuel cycle and even in non nuclear industry the usual practice is to divide
the population at risk into workers and general public and to handle both
problems separately assuming their mutual independence. Administration or
political authorities then have to, most often without ]egitimate
foundation, strike a balance between what they consider safe or unsafe for
each group of people. This problem of weighing risk criteria is obviously
no longer of a purely technical nature; value judgements are involved in the
process and authorities are generally reluctant to take an explicit position
on the problem. In practice this equity issue shou].ld be considered wherever
a situation justifies considering different subgroups in an exposed
population, Thus, a major concern for the development of risk management
techniques in the future will be the ability of the user to integrate social
values in the models.
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