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ABSTRACT

Optimisation of protection in a broad sense is basically a
political undertaking, where the resources put into protection
are balanced against other factors - quantifiable and non-
quantifiable - to obtain the best protection that can be achieved
under the circumstances. In a narrower sense, optimisation csn be
evaluated in procedures allowing for a few quantifiable factors,
such as cost/effectiveness analysis. These procedures are used as
inputs to the broader optimisation.

The paper discusses several examples from Sweden concerning
evaluations and decisions relating to prevention of accidents and
mitigation of their consequences. Comparison is made with typical
optimisation criteria proposed for radiation protection work and
for cost/effective analysis in the USA, notably NUREG -1150
(draft). The examples show that optimisation procedures in a
narrower sense have not been decisive. Individual dose limits
seem to be increasingly important as compared to collective dose
optimisation, and political, commercial or engineering judgements
may lead to decisions far away from those suggested by simple
optimisation considerations.
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1. INTRODUCTION. DEFINITIONS - PURPOSE OF THIS PAPER

Any exposure to ionising radiation may involve some degree of
risk. The International Commission of Radiological Protection,
ICRP, therefore recommends (1) that all radiation exposures shall
be kept as low as reason&bly achievable, economic and social
factors being taken into account. Even though this recommendation
can be traced back to 1955 (2), there is still room for a much
broader application. Other papers at this meeting have addressed
the application of the optimisation principle to regulation, to
design and normal operation of nuclear facilities, and to
radioactive waste disposal. This paper will deal with the
application to the prevention and mitigation of accidents.

1.1 What is optimisation?

The protection of the general public from undue risks from
accidents in nuclear power plants is based on three fundamental
components:

- prevention of accidents
- mitigation of releases in case of a severe accident involving
core damage and

- external emergency preparedness, including both local, short
term measures, such as evacuation, and regional, long term
measures such as intervention levels for radionuclides in food,
etc.

Ideally, the three components should be well balanced against
each other, and the total level of protection they offer against
nuclear accidents should, in turn, be well balanced compared with
the level of protection provided against other societal risks.

Legislation usually sets some general goals for the efforts in
nuclear safety and radiation protection. Such efforts should for
instance aim at reducing all exposures to a level which is as low
as reasonably achievable, or lead to continuing improvements in
safety. Fince resources are always limited, the authorities
implementing the legislation always meet the question: "How can
we best meet the given goals within the limits of available
resources?" The resolutions of this question is basically a
political undertaking, where the resources put into protection
are balanced against other factors and constraints to obtain the
best that can be achieved in the circumstances. This undertaking
is called optimisation of protection in the most general sense.
The political process of optimisation can be aided by procedures
such as cost/effectivenes analysis suggested by those involved in
implementing protective measures. Such decision aiding techniques
are a part of the optimisation procedure but we wish to stress
their character of providing input to the decision maker rather
than providing the answer.
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1.2 Factors entering optimisation

In the decision aiding techniques, several parameters have been
suggested to be relevant to optimisation in the case of preven-
ting or mitigating accidents:

The collective dose. . It has been suggested that the collective
dose can be assigned a monetary value (usually expressed in
USD/mansievert) which can be applied in cost-effectiveness or
cost-benefit studies. This monetary value is usually estimated by
comparing with costs accepted by society - in actual decisions -
to reduce other types of risks. In the case of accidents where
early fatalities may occur, it is obvious that the collective
dose should be supplemented by a discussion of how it is distri-
buted with respect to individual doses. The decision maker may
also wish to account for the time distribution of doses if they
span more than a couple of years.

Cost of mitigating actions following an accident. These would
include the costs of repair or total loss of investment, clea-
ning, replacement power, loss of land use etc.

Cost of protective measures. These may include costs of invest-
ments, training, management systems etc. Account may be required
of the time distribution of the costs.

Probabilities of accidents. In principle, the optimisation
procedure should include consideration of all possible accidents
and their probabilities. In practice, simplification is neces-
sary. Furthermore many types of accidents with low probabilities
and potentially high consequences can only be assessed with
considerable uncertainty. These limitations are further discussed
in section 2.1.

Public risk perception. As mentioned, optimisation involves a
value judgement of various factors considered in protection. The
public perception of protection and safety issues should be
incorporated in the optimisation process, within the normal
democratic framework of decisionmaking.

Boundary conditions. The legislative goals may set boundary
conditions to the optimisation process. For instance, for the
normal operations, limits to individual radiation doses are a
constraint to the optimisation. In the case of mitigating actions
following an accident, intervention levels may correspondingly
serve as a restraint. A goal of ever increasing safety is another
typical constraint, implying that outcomes leading to reduced
safety are not acceptable.

State of knowledge. Where knowledge is lacking, two approaches
are available. One is to intensify research programs in order to
gain more knowledge. When knowledge improves, estimates of the
costs of prevention and mitigation may be strongly influenced.
The other approach is to design safety features which reduce the
significance of the lack of knowledge. For instance, the intro-
duction of filtered venting makes the environmental consequences
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of an accident less dependent on uncertainties in estimates of
maximum containment pressure, ultimate containment strength and
behaviour of radioactive aerosols.

Levels at which optimisation is carried out. Optimisation may be
carried out at different levels against different types of
decision criteria.

Most of the optimisation in relation to nuclear power plants will
be performed by the designer and by the licensee (owner/opera-
tor) . Internal criteria of the owner/operator would typically
focus on economical, highly reliable power productive capability
and protection of the investment. Producers and distributors of
food may develop their own intervention levels for radioactivity
in food based on estimates of market acceptance.

Some decisions by regulatory authorities may involve optimisa-
tion, based on nationally and internationally accepted safety and
radiation protection criteria.

As indicated earlier, policy and legislative decisions at the
political level should provide regulatory bodies with appropriate
guidance, based on an evaluation of resources spent on protection
against nuclear risks compared to resources spent on protection
against other societal risks.

1.3 Purpose of this paper

In this paper, an attempt is made to illustrate how the general
process of optimisation, as defined above, has been carried out
and why conclusions which deviate from simple cost/benefit
criteria have been arrived at in some cases.

The principal cases discussed are taken from the Swedish program
on prevention and mitigation of accidents in Swedish nuclear
power plants and decisions on intervention levels following the
fall-out in Sweden after the Chernobyl accident. Comparison is
made with the analysis presented by USNRC (3) in its Reactor Risk
Reference Document (NUREG-1150(Draft)). Such a comparison is
interesting for the following reasons:

/
(1) Both the Swedish and the US approach have essentially the
same scientific and technical basis, i.e. plant-specific level 1
and level 2 probabilistic safety assessments (PSA's).

(2) In both countries, safety policies have been developed over
many years with many opportunities for public discussion and
comments and with important policy decisions having been taken at
high levels.

In Sweden, the policy decisions have been taken by government and
parliament on the basis of studies and recommendations of the
regulatory bodies (SKI and SSI) and special expert committees.
The main policy decisions were taken in 1981 (i.e. after TMI) and
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in February 1986.These policy decisions were confirmed after
Chernobyl with some amendments, mainly concerning emergency
planning with regard to accidents outside Sweden. The Swedish
approach is extensively described in recent reports.(4,5)

In the USA, the policy decisions have been taken by the regula-
tory body (NRC), which has been assigned the task of risk
management in the nuclear area by the US Congress. NUREG-1150
(draft) is the most extensive analysis to date of how a selected
number of US plant comply with the type of safety goals and
cost/effectiveness criteria recommended. It should however be
underlined that the results of the NUREG-1150 analysis - as they
are still preliminary - have not yet led to conclusions and
decisions at NRC policy level. It should also be underlined that
the concepts of quantitative safety goals and cost/effectiveness
analysis used in NUREG -1150 have not been finally and formally
adopted in the USA but only recommended for trial use in safety
assessments.

(3) There are some fundamental differences between the Swedish
and US approaches to optimisation and risk management.

2. OPTIMISATION IN THE PREVENTION OF ACCIDENTS AND MITIGATION
OF RELEASES.

2.1 Basic issues in nuclear risk evaluation and management

When attempting optimisation of risk management in the nuclear
area, much depends on how the risk concept is defined and
evaluated, weighing in the various parameters discussed in
section 1.

Many optimisation approaches are based on the simple, straight-
forward definition of risk as (probability) x (consequence),
essentially giving equal weight to a low-probability, high-
consequence event and a high-probability, low-consequence event.
For optimisation based on cost/benefit analysis, consequences are
quantified in monetary terras. In addition, there may be boundary
conditions in terms of dose or risk limits based on individual
fatality risk. This type of approach often turns out to be a
controversial issue, in particular for accidents with a very low
probability but with a potential for very large societal conse-
quences (e.g. reactor accidents with releases external to the
plant of a substantial fraction of the core content of iodine and
cesium, and, consequently, contamination of large land areas).

The controversies may usually be ascribed partly to the way in
which consequences are quantified, partly to uncertainties in the
estimates of very low probabilities , which are based to a large
extent on expert judgement, and where there are few, if any, hard
empirical data supporting the uncertainty distribution.
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The approach to risk management in NUREG-1150.

The basic safety targets used in the NUREG-1150 analysis are
given in the NRC policy statement on quantitative safety goals.
Essentially they say that a nuclear power plant should contribute
only a. small fraction to the total individual risk of early
fatality and latent (cancer) fatality in the USA. That may be
translated to mean that each plant should contribute less than
about 5xlO~7/year to the individual early fatality risk and less
than about 2xlO"6/year to the latent fatality risk.

For the purpose of optimization and cost-effectiveness analysis,
offsite health effects are in one alternative quantified at
100 000 USD per mansievert within a 50-mile radius from the
plant. Other offsite costs are not quantified in this alterna-
tive. As a second alternative, offsite health effects are
quantified at 1 M USD per early fatality and 100 000 USD per
latent cancer fatality or early illness. The second alternative
also includes offsite property damage costs due to relocation,
lost wages and property, land use interdiction etc. Such costs
are calculated as realistically as possible. The first alternati-
ve, using 100 000 USD per mansievert, typically gives 5-20 higher
offsite costs than the second alternative. On-site costs, such as
lost investment in plant, clean-up costs and power replacement
for 10 years are also considered in the analysis.

In a simplified summary, the analysis in NUREG-1150 indicates
that the quantitative safety goals are complied with for the five
light water reactor plants analyzed with only few back-fitting
measures indicated as cost-effective. These measures are highly
plant-specific.

The Swedish approach to risk management

The basic safety targets in the Swedish approach are mainly
qualitative but may in some cases be translated into quantitative
terms. This is discussed on an area by area basis in the follo-
wing sections. In general, the Swedish approach assigns high
weight to factors which are essentially non-quantifiable in
monetary terms in a straight-forward cost/benefit analysis. Such
factors include social strains and stresses caused by land use
interdiction due to large-scale, long-term ground contamination.
In fact, simple cost/benefit criteria are ruled out in the
Swedish policy decisions.

2.2 Optimisation in the prevention of accidents

In the Swedish nuclear safety policy, the first priority is put
on prevention. No numerical targets have been set formally but
plant-specific level 1 probabilistic safety analyses (PSA's) are
required for all Swedish plants. In performing and drawing
conclusions from these, the Swedish nuclear utilities have chosen
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a target core damage frequency well below 10~5 per reactor year
and the utilities have acted accordingly with respect to backfit-
ting programs. In setting this target, protection of the total
investment in nuclear power production capability appears to play
an important role. For example, it is recognized, taking current
Swedish public and political attitudes into account/ that a
severe core damage event at a Swedish plant (or even another such
event abroad) may lead to shut-down not only of the plant
affected but also of a number of other plants for extended
periods (6). For example, a considerable time elapsed before
TMI 1 was allowed to resume operation after the accident at its
sister reactor TMI 2. For a country where a substantial part of
the electricity supply is nuclear-based, such extended shutdowns
may have serious economic repercussions, not only for the nuclear
utilities but for the country as a whole.

For the plants analyzed in NUREG-1150, large-scale core damage
frequencies in the range 10~4-10~5 per reactor year are typical
results. Considering the additional protection provided by the
existing containments, these core damage frequencies appear
sufficiently low to comply with the overall NRC safety goals with
respect to public health and safety. However, if on-site costs
(loss of investment, etc.), are taken into account, in some cases
backfitting measures costing as much as tens of millions of
dollars per plant appear cost-effective. This is consistent with
Swedish experience where investment decisions in this range
actually have been taken by utilities (e.g. adding an additional
auxiliary power train to Oskarshamn 1).

In conclusion, it appears that for present LWR designs, protec-
tion of the investment, especially if political uncertainty
factors are taken into account, exercises more influence on
preventive safety targets than, for example, optimisation against
the target of 100 000 USD per mansievert averted. It should be
noted that inclusion of political uncertainties is a regular
feature in the analysis of risks involved in large investments.

2.3 Optimisation of inspection, testing and maintenance

We have above mainly discussed various capital investments
related to preventive safety. Optimisation aspects may also enter
in more routine operations related to safety. Whether we deal
with the introduction of new systems or with routine proceedings,
they influence the collective radiation doses to the workers.
Indeed, a large fraction of the occupational collective doses is
related to safety measures. Materials testing, e.g., contributes
in Sweden and Finland typically 10 to 30 percent of the total
collective dose. At the same time, the increase in safety should
lead to lower expected collective doses to workers and the public
from potential accidents, since it should decrease the probabi-
lity of occurence of accidents and the magnitude of the conse-
quences. Thus, there seems to be a case for optimisation between
costs and collective doses in safety work and those resulting
from accidents.
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In this section we will discuss the special case of safety
measures which consist of inspection and testing of components
and systems, and preventive maintenance.

In optimising the extent of this preventive safety work, several
factors are important:

the monetary costs of performing inspections etc.

the plant availability, which is more important from an
economic point of view. The availability can be maximised
by the selection of suitable schedules for inspection,
testing and preventive maintenance (7)

the collective doses to inspectors, maintenance personnel and
others

the expected collective doses to workers and the public in
case of an accident

Optimisation of these factors has been discussed recently by the
NEA (8). Several difficulties identified with respect to the
intended type of optimisation are discussed below, viz.:

- new safety features may also serve to reduce the expectation
values of the collective doses to workers involved in clean-up
operations after an accident

with the estimated high degree of safety, improvements are
made on other grounds than reduced collective doses to the
public. The expectation value of the collective doses to the
public due to accidents (the sum of the products of accident
probability and associated collective dose) should be much
less than the collective dose from normal operation and thus
be about 1 mansievert/GWyear or less. According to current
practice, the elimination of 1 mansievert would justify the
spending of 100 000 USD or less. This is very little in
comparison with the production value of around 100 M USD/GW-
year. Protecting the production capability then is a more
important factor than reducing the expectation value of the
collective doses from accidents, although both interests work
in the direction of justifying safety investments.

- quantitative data are not easily available with respect to the
consequences of safety improvements for occupational and
expected public collective doses, nor with respect to the
economic consequences of accidents. Also, technical improve-
ments may lead to rapid changes in occupational doses.

Because of these difficulties the NEA group of experts concluded
that a generalised optimisation process would not be feasible,
and recommended further studies. According to this argument,
optimisation of protection in the normal sense of the ICRP should
play a little role in the design of schemes for testing etc.
Instead, the individual dose limitation is becoming more and more
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important in view of the international tendency for reducing dose
limits. For the Swedish light water reactors, the additional
recommendation to keep the collective doses below 2 mansievert
per year per installed GW of electric power also plays an
important part in the discussions about reductions of collective
doses due to inspections etc.

2.4 Optimisation in mitigation of releases

The Swedish approach

In the Swedish safety policy decision of 1981, it was stated that
although the probability of a severe accident involving core
damage may be kept very low, further measures should be taken (in
addition to existing containments) to further reduce the probabi-
lity of releases causing large scale ground contamination, even
if the costs of such measures are significant. In the 1986 policy
decision the mitigation targets were in summary stated as
follows:

if an accident involving severe core damage occurs, the
containment should be kept intact, and it should be possible
to reach a stable final state with the damaged core cooled and
covered by water in a depressurized containment

early fatalities outside the plant should be prevented
(without evacuation but accounting for indoor sheltering out
to 12-15 km from the plant)

ground contamination restricting the use of large areas for
extended periods of time should be prevented. To avoid large,
uncontrolled releases or immediate threats of such releases
due to overpressurization of the containment, small, control-
led releases may be permitted in an emergency.

The targets are to be considered as reached if, for the major
part of severe accident sequences, releases are kept below 0.1%
of the core content of radioactive cesium, other radionuclides
causing ground contamination being retained correspondingly.
Noble gases may be released. Sequences with extremely low
probability do not need to be taken into account.

The "0.1 % limit" means that the area contaminated by long-lived
radionuclides causing annual doses in excess of what is allowed
in occupational exposure to radiation is limited to a few tens of
square kilometers, that is a small portion of the so called inner
emergency planning zone, which extends to about 15 km from the
plant.

The mitigation targets requires backfitting programs typically
costing some 60 M SEK per plant (=10 M USD). These programs
include improved protection of weak spots in the containment
against direct attack of core melt, improved containment'spray
systems, and filtered venting systems. The hardware is supported
by accident management procedures and training programs. Thus,
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the Swedish mitigation targets reflect the very high value
assigned to avoiding the social consequences of large scale
ground contamination.

Comparison with NUREG-1150.

The analysis of the five plants in NUREG-1150 typically indicates
a probability of less than 10~6 per year of a large release
causing extensive ground contamination and with a high probabi-
lity of early fatalities associated with such a release. At such
low probabilities for large releases, the NRC quantitative safety
goals are complied with.

Few, if any mitigative measures are considered cost-effective and
typically only at investment costs below 1 M USD. The cost crite-
rion of 100 000 USD per mansievert gives higher total offsite
costs averted than the criteria of 1 M USD per early fatality and
100 000 USD per early illness or latent fatality plus "best
estimate" of property loss.

Such results are not astonishing, considering the cost/effective-
ness criteria chosen. This is illuminated by the following, very
simplified example: Relocation of 1 million people at 100 000 USD
per capita (i.e. providing each family with a new, handsome
house) would cost a staggering 10 1 1 USD but at a probability of
10~6/year it would carry a "risk premium" of 100 000 USD/year and
thus hardly justify a backfitting investment above 0.5-1 M USD
(with the present value set at 5-10 times the annual cost).
Whether political decisionmakers and the general public accept as
equivalent the risks of losing the plant (at, say 5xlO"5 x 2xlO9

USD per reactor year) and the risks of losing access to a
considerable part of the county around the plant for extended
times (at, say, 10~6 x 10 1 1 USD per reactor year) is of course a
central issue when discussing optimisation of prevention and
release mitigation.

In the case of Sweden, the political evaluation of such social
consequences of large releases that are not quantifiable in
monetary terms has lead to requirements of more extensive and
expensive backfitting of release mitigating measures than can be
justified on the basis of the type of cost-effective analysis
made in NUREG-1150 (draft). Furthermore, some of the measures
taken in Sweden are based on a "risk trade-off" approach, in
consideration of the substantial uncertainties involved in the
analysis of some accident sequences with a potential for large
releases. A somewhat higher probability for a small, controlled
release in case of a severe accident is considered acceptable if
large uncertaintes in the probability of a large release (e.g.
due to uncertainties about aerosol behaviour inside the contain-
ment and ultimate containment strength) can be reduced.
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3. OPTIMISATION IN THE MITIGATION OF ACCIDENT CONSEQUENCES IN
CASE OF RELEASES.

3.1 International recommendations

The purpose of intervention in case of an accident should be that
the reduction in detriment achieved by the countermeasure should
more than outbalance the detriment carried by the countermeasure
itself according to the International Commission on Radiological
Protection, ICRP, (1). This has later been elaborated into three
goals for intervention (9):

(a) avoid serious nonstochastic effects;

(b) achieve a positive net benefit to the individuals involved by
limiting the risk from stochastic effects;

(c) limit as far as a reasonably practicable the overall inci-
dence of stochastic effects.

Item (b) has been criticised as lacking clarity and is likely to
be revised in the review process started by the ICRP after the
Chernobyl accident. In general, however, the three goals have
been accepted as a basis for international recommendations about
countermeasures following an accident.

Put in other terms, the three goals are to avoid gross injury
(a), and then optimise mitigating action at the level of the
individual (b) and society (c). Recent international work has
focussed much on optimisation from the point of view of society.
(10,11,12). The lessons learnt from the Chernobyl accident,
however, seem to have lead most countries to be less inclined to
practise case by case optimisation and more prone to using pre-
established intervention levels which only to a very crude
approximation resemble the result of optimisation based on the
situations at hand (13).

This reconsideration of the role of optimisation in the mitiga-
tion of accidents will be considered by the ICRP in its work on
reformulation of ICRP Publication 40, and possibly also in its
work on "Optimisation and decisions in radiological protection".

3.2 Optimisation of countermeasures in the vicinity of a reactor

Before the Chernobyl accident, emergency planning was concentra-
ted on early activities in the vicinity of the reactor where the
accident had occured. The preparedness measures out to about 15
km (10 miles) from the plants appear to have been largely similar
in the USA and in Sweden. In Sweden, the costs for emergency
preparedness external to the plant site run at about 5 MSEK per
year and site. With the present value assumed to be five times
the annual cost, and typically 3 reactors per site, this corre-
sponds to a present value of about 8 MSEK per reactor. These
costs are about an order of magnitude below the largest single
investments which have been done to backfit safety features,
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presumably justified on grounds of protection of production
capability. The emergency preparedness costs are almost one order
of magnitude below the costs of mitigating the releases to the
environment in case of a core melt, and two orders of magnitude
below an actual investment cost to ensure continued, highly
reliable power production capability, viz.the 1000 M SEK invest-
ment to replace the steam generators at the Ringhals 2 power
plant.

The cost-effectiveness studies on prevention and release mitiga-
tion made in NUREG-1150 appear to assume fairly effective early
evacuation (evacuation starts before the release) of the inner,
five mile zone around the plant. The risk figures for early
fatalities and illnesses appear to be particularly sensitive
(orders of magnitude) to this assumption of early evacuation of
the five mile zone in case of large releases. Outside the five
mile zone, there appears to be less sensitivity to the assumption
of early evacuation, with shielding by staying inside and later
evacuation providing reasonable protection against early fatali-
ties and illnesses.

The assumption of effective, early evacuation is associated with
considerable uncertainties, both with respect to how accident
sequences might develop and with respect to the decision proces-
ses involved. Because of these considerable uncertainties, cost-
effectiveness considerations involving early fatalities and
illnesses would provide little guidance for the decision maker.
It would be tempting to try to absorb the uncertainty by reducing
the probability of this type of effects. This is indeed what
follows from the Swedish decision about measures to mitigate the
releases in case of a core-melt.

With respect to late fatalities, these are assumed to be propor-
tional to the collective dose. This is little influenced by
emergency planning measures as far as the 15 km zone is concer-
ned, since most of the collective dose will fall at larger
distances.

3.3 Optimisation in the European reactions to the Chernobyl
accident

As mentioned above, before the Chernobyl accident, there were
strong international recommendations about the application of
optimisation in mitigating accident consequences. The actions
taken after the Chernobyl accident, however, proved that quanti-
tative optimisation often met considerable difficulties.

Non-quantitative optimisation was applied in the case of simple
countermeasures which entailed little or practically no cost. The
following are some examples of countermeasures which reduced
collective doses inexpensively but carried a price in the form of
increased public concern:

switching from one water supply to a less contaminated one
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selecting the more contaminated milk for cattle feeding

selecting the more contaminated meat for feeding minks

throwing away rainwater which would otherwise have been used
for drinking

abstaining from eating wild-grown nettles

rewashing contaminated clothes which were out for drying
during the fall of contaminated rain.

What is optimal when the individual risk is small?

Even such simple countermeasures met with controversy. The
message given to the public was that it would be reasonable to
observe such precautions but there was very little risk had they
not been observed. This is a perfectly sound message, it is in
fact a necessary message for the purpose of optimisation for
collective dose when the individual doses are very small. Yet,
the public were not trained to understand the message and it was
met with distrust.

Another difficulty when the individual risk is small is to know
whether the individual is really better off if she observes a
particular countermeasure. To take a dramatic example, in Sweden
the heaviest fallout concerned areas with a low normal cancer
incidence. Some people considered moving to other places to avoid
the additional external irradiation after Chernobyl accident. By
moving to a larger city, they would increase their lifetime
cancer risk a thousand times compared with the risk increase from
irradiation if they stayed, assuming they would incur the mean
cancer risk of the new location after moving, and assuming the
cancer risk figures given by the ICRP.

The example illustrates the relatively small risk from the
fallout as compared to other risks in everyday life. Since the
risk is so small, it is difficult to know if avoiding it by some
countermeasure will not lead to other and larger risks, for
instance if food habits are changed.

Swedish cases of optimisation

(1) Reindeer, moose, fish. The loss of consumption of some
important foods associated with rural life in Northern Sweden has
been studied (14). The foods are reindeer meat, moose meat and
fish from local lakes. These accounted for a production of 2.5,
14 and 12 million kg per year in Sweden. The total collective
doses and costs are given in Table 1 as a function of the action
level for prohibiting consumption, assuming that the food is
discarded with no alternative use. The contamination was mainly
cesium-137 with an additional 50 % cesium-134.

The Nordic radiation protection authorities have agreed to
advocate the spending of about 0.15 M SEK (20 000 USD) to save
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Table 1. Collective doses and costs for discarding food as a
function of action levels for prohibiting consumption for the
first year following the Chernobyl accident.

Action level, Bq/kg
300 1000 3000 none

Collective dose, mansievert

Cost of implementing level, MSEK

Saved collective dose compared with
next higher action level, man-
sievert

Cost of unit collective dose,
MSEK per mansievert

55

150

1

58

.2

113

80

65

0.

178

30

8

374

0

196

0.2

one mansievert. In line with this, it would be justified to
introduce an action level of 3000 Bq/kg, but hardly 1000 Bq/kg,
by simple optimisation considerations. An action level of 300
Bq/kg for cesium-137 was set initially in May 1986 by the
National Food Administration, considering various uncertainties.
The action referred to was prohibition of marketing of food.
After one year, this level was changed to 1500 Bq/kg for the
foods mentioned above, but 300 Bq/kg was retained for other
(basic) food. Although not formally applicable, the new level to
a large extent also governs the action of discarding the men-
tioned foods or refraining from consumption of them.

The new level was clearly cautious as compared with the 3000
Bq/kg that would result from simple optimisation considerations.
Other important factors influencing the decision were

expected levels of individual dose equivalent
comparisons with similar levels in other countries
considerations of possible sales resistance from the public.

(2) Actions to reduce contamination in milk. Milk is a dominant
indicator of collective dose from environmental contamination in
Sweden. Several actions were taken to reduce the collective dose
from milk consumption:

keeping the cattle indoors
restricting marketing of milk above an action level
additional restrictions on the channeling of milk for human
consumption as implemented by the dairies.

The recommendation to keep cattle indoors was initially taken to
reduce levels of iodine-131. In that case, the main objective was
to keep the doses to the infant thyroid below the lower boundary
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of the dose range given by the IRCP for intervention levels, that
is, below 50 raSv. This value represented a non-quantitative
optimisation result backed up by the minister of the environment.
In her judgement, staying below the lower bound of the dose range
would assure the public of a very cautious attitude and the
associated confidence in the authorities and society would more
than outweigh the costs that could be anticipated.

Later in the development, keeping the cattle from grazing helped
reduce the radiation doses from cesium-137 and the associated
additional 50 % cesium-134. The goal was then to implement an
intervention level for foodstuff doses of 5 mSv/year, which
resulted in a derived intervention level for restrictions in the
marketing of all foodstuffs, including milk, of 300 Bq/kg of
cesium-137. The intervention level was again set by the same non-
quantitative optimisation argument given in the preceding
paragraph (cf also item (1) above). The implementation, however,
was very strict because of additional restrictions whereby the
dairies refused to accept incoming milk at levels above the
derived intervention level for marketing, although this level
would not have been jeopardised by acceptance of some incoming
deliveries at higher levels. Furthermore, the dairies set an
internal derived intervention level for marketing of one-tenth of
the national level, or 30 Bq/1. The result was that practically
no milk was marketed above the latter level. Large quantities of
milk were redirected for less profitable uses, for instance to
feed cattle, or even discarded, even though the average level was
well below 100 Bq/kg.

A simple consideration of optimisation shows that this practice
was at a cost of the order of 1 M SEK/mansievert. The whole
program with restrictions on grazing and marketing saved about
100 mansievert at a cost of several M SEK/mansievert. These costs
are excessive if compared with the target of 0.15 M SEK/man-
sievert. However, they were obviously considered optimal by the
political and economic decision makers. The purely commercial
point can be illustrated by putting the costs of the counter-
measures in the perspective of the cost of lost sales. The whole
program of countermeasures had a cost corresponding to 3 % of the
production value of milk and milk products in the country during
one year, or 1 % of the production value of all foodstuffs.

Considerably larger sales reductions were reported temporarily
from parts of Sweden, so the commercial caution may indeed have
been optimal.

(3^ Peat for soil improvement. In some parts of Sweden, peat
with a value of the order of 10 M SEK was questioned as to its
normal uses since it was strongly contaminated with up to 10 000
Bq/kg of cesium-137. The peat comes in different qualities with
different intended uses. In the regulations issued, three uses
were distinguished:

fuel: combustion and later ash deposition offered no major
problems

- 157 -



improvements of soils not used for food production: in order
to keep individual doses from external radiation below 1
mSv/a, an intervention level of 3 000 Bq/kg of cesium-137 was
used

improvements of soils used for food production: to provide
room also for internal radiation from foods grown on the soil,
a derived intervention level of 1 000 Bq/kg was applied.

For the optimisation evaluation, a population density of 0.001
individuals/sqm was assumed for the densely populated areas where
soil improvement is common. At 3000 Bq/kg this implies a collec-
tive dose of 0.000 3 millimansievert/year per treated square
meter. Avoiding this would justify a cost of 0.05 SEK/sqm per
year by the normal criterion of 0.15 MSEK/mansievert. The value
of the peat was of the order of 10 SEK/sqm, or 1 SEK/sqm per year
if applied 3 times during 30 years. Optimisation thus gave no
grounds for reducing the derived intervention level.

For peat used to improve soils employed for producing food, the
collective dose at 1 000 Bq/sqm would be about 0.0006 milli-
mansievert/year per treated sqra, justifying an avoidance effort
of 0.1 SEK/sqm per year. Not even in this case would optimisation
give ground for reducing the intervention level.

4. DISCUSSIONS AND CONCLUSIONS

The example show that optimisation in a simple sense, e.g. as a
balance between risks and costs has not been a major factor in
the Swedish policy decisions on prevention and mitigation of
accidents. Many other factors must be introduced. With respect to
radiation doses, there is a tendency towards more emphasis on
dose limits and individual radiation doses rather than collective
doses. This is natural in view of the expected reduction of the
dose limits recommended by the ICRP.

The application of optimisation studies has also been limited
because other factors have proved important in actual decisionma-
king although they can not be measured or given a quantitative
weight. If simple optimisation processes lead to results that
seem to conflict with commercial or sound engineering experience,
or with political judgement, then they are discarded and the
latter take over. Maybe one can put this in terms of the over-
riding importance of political and commercial survival.

Some of the difficulties in applying simple optimisation and
cost/effectiveness models based on the definition of risk as
(probability) x (consequence) are associated with the very large
investment a nuclear power station represents and the uncertain-
ties in the estimates of the probability of a severe accident,
which destroys the plant and restricts the use of substantial
land areas around it.

In fact, the investment in a plant(and even more in a multiunit
power station, whose entire production capability may be lost for
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extended periods due to a severe accident) is so large that
protection of the plant investment typically outweighs the
protection of substantial surrounding land areas in most cases of
simple cost/effectiveness analysis. A large nuclear power station
represents an investment in power production capability in the
range of 10 1 0 USD. In simple monetary terms, restricted use of
large land areas and health effect costed at 10 000-100 000
USD/mansievert may cause costs in the range 109 - 10 1 1 USD,
including costs for relocation of people living in the vicinity
of the plant. Figures in the range 10̂ -° USD have been cited for
Chernobyl(15), where some 100 000 people were evacuated, but no
early fatalities among the public were reported.

Hence, if it is assumed that severe accidents leading to exten-
ded, total loss of production capability have about ten times
higher probability than accidents also leading to large releases,
then preventive efforts are more cost/effective than release
mitigation measures at the same cost level. However, in a
political decision-making process, it is understandable that more
weight is put on non-quantifiable factors such as the substantial
social problems caused by large-scale evacuation. In Sweden,
actual decisions on back-fitting measures in the same cost range
(10 M USD per plant) have been taken to improve prevention of
accidents in older plants as well as to improve mitigation of
releases in case of accidents. Actual investment decisions to
ensure continued, highly reliable power production capability run
an order of magnitude higher ( 160 M USD investment to replace
steam generators).

At production values of the order of 1 M USD per plant per day,
very high collective doses would theoretically be cost/effective
(e.g. at 100 000 USD/mansievert) in maintenance work to gain
operating days. In reality, individual dose limitations often
dominate the radiation protection efforts, e.g. due to the fact
that there are a limited number of people available for some
types of qualified maintenance and testing work. In Sweden, there
has also been a significant impact of the tentative guideline for
collective dose, 2 mansievert per year per installed GW of
electric power capacity.

As to optimisation of intervention levels in food, it appears
from Swedish experience that cost/effectiveness analysis based on
market acceptance considerations may lead food producers to apply
lower levels than justified by simple optimisation of radiation
protection alone.
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Comments by Dr. P.A. Gottschalk,
(Gesellschaft fur Reaktorsicherheit mbH, Federal Republic of Germany)

on the paper by Messrs Bengtsson and Hogberg

Introduction

In this contribution I'd like to comment on the following issues which

are main points in the paper by G. Bengtsson und L. Hbgberg:

- optimization as a general process which deviates from simple cost/

effectiveness

- the role of collective and individual dose in radiation protection

efforts

- actual backfitting decisions for accident prevention and accident

mitigation and their rationale

My remarks are based on recent decision making in the FRG and, partly,

on operating experience with NPP's in the FRG as well as on recent

results of the German Risk Study, Phase B.

Optimization as a general process

One of the main conclusions in the paper was that optimization is a

general process which deviates from the simple monetary interpretation

of the optimization principle in terms of dollars per manSv averted.

The standpoint in the FRG is basically similar to the Swedish one. How-

ever, in addition to the political/socio/oeconomical aspects which seem

to be the decisive factors in the Swedish approach there is a different

aspect which is the decisive factor in the FRG. This factor is a strong

committment to adapt nuclear safety to the advancing state of science

and technology.

This committment is a basic requirement in the nuclear legislation in

the FRG. It is stated, for example, that

- the necessary precautions against damages have to be taken in the

light of the current state of science and technology (Atomic Energy

Act)
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- all types of radiation exposure or contamination of persons, property
or the environment have to be kept as low as practical taking due ac-
count of the state of the art and paying attention to the merits of
each specific case even when the values are below the limits (Radio-
logical Protection Ordinance)

- It is considered appropriate that measures should be taken in a prag-
matic way if, with acceptable effort, a substantial reduction of the
already small residual risk may be accomplished (Recent Recommenda-
tion of RSK for accident management)

- Supplementing the overall assessment of nuclear power plants safety
the reliability of safety-related systems and plant components shall
be determined with the aid of probabilistic methods according to the
state of science and technology to ascertain that the safety concept
is well-balanced (Nuclear Power Plant Safety Criteria of the competent
Federal Authority).

Thus, the very fact that precautions against damages have to be taken in
a well-balanced way and in the light of the dynamically developing state
of science and technology creates an environment for continuous optimiza-
tion.

Legal/socio/oeconomical/political factors are taken into account by a
peculiarity of the institutional framework of nuclear legislation in the FRG:

Licenses granted or refused may be and usually are contested before the

administrative courts. Here, the general public is involved and invited

to participate. This procedure paves the way for a satisfactory balance

between private, legal and public interests.

The content of the adequate protection standard is determined without re-
ference to economic costs. Beyond the minimum requirements additional
precautionary measures are taken to ensure public health and safety at
a higher safety level. These measures are judged by the constitutional
principle of appropriateness of means and purpose.
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This principle prevents misuse of optimization. Quantitative cost-benefit

criteria are not established in this context. They are deemed not to be

helpful.

The role of collective and individual dose in radiation protection efforts

Bengtsson and Hbgberg came to the conclusion that individual dose limi-

tation is an important incentive for the optimization of technical pro-

cesses and not collective dose limitation.

A similar tendency is seen in the FRG.

A) Normal operation

The general public: Routine radioactive releases did never present pro-

blems. It was not the concern about collective doses but the enforce-

ments for an pragmatic improvement according to the state of technology

of e.g. filtration and retention that has led to a very low mean exposure

of the general public.

Operating experience showed that exposed individuals close to the border

of NPP's would receive less than O;C1 rcSv/a averaged over recent years,

including all incidents which had occurred so far in the FRG.

In this range of negligible individual doses, which, moreover, are less

than the range of fluctuation of annual natural background radiation, the

collective dose cannot be - and actually has never been - considered as

a decisive characteristic for the optimization of flow processes at

nuclear facilities.

Occupational doses'to workers: More problems have been posed by balancing

the requirements for reactor safety and radiation protection of the per-

sonnel working in NPPs.
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Routine exposure during maintenance and, moreover, exposures during back-

fitting and steam generator inspections or repairs, created concern at some

NPPs.

Strong technical measures have been taken. Typical examples are:

- optimization of water chemistry

- conditioning of fuel elements, replacement of 7 x 7 fuel elements by
8 x 8 or 9 x 9

- reduction of the use of content alloys with high Co-60

- discarding antimon main .coolant pump seal ings
- elimination of unnecessary pipe whip restraints and automatization or

remotely controlled units for recurrent inspections
- replacement of steam generators in an older NPP.

All these measures proved their worth in that the average annual collec-
tive dose per reactor is nowadays typically of the order of 2.5 manSv,
and, moreover, the spread between the older and newer power plants could
be reduced significantly: about 1.0 manSv/a for modern power plants and
about 4.0 manSv/a for the oldest plants. In total, per power plant 1000
to 2000 persons are under control.

Again, however, the collective dose per se did not pose problems and did

not stipulate the dose reduction efforts.

Most of the personnel received annual occupational doses in the range of
1 mSv or less. However, few highly experienced and responsible persons
v/ere repeatedly in the dose range (10-40) mSv/a. It is the individual
dose of these few responsible persons, in particular the concern about
their accumulated lifetime dose, which posed an incentive for dose reduc-
tion efforts.

Recently, the Commission on Radiological Protection (SSK) of the FRG

recommended that the lifetime dose should not exceed .4 Sv. This means

that 0.01 Sv per year should not being exceeded on the average based on

a 40a working period.
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It is to be expected that this figure will stipulate even stronger

radiological protection efforts, both in the technical and administra-

tive-organizational area.

B) Severe accidents

The general public: As far as severe accidents are concerned it is not

the collective dose of the public which enters into decision making in

the FRG.

Rather, the tendency in the FRG is to unfold the assessed collective
dose, e.g. man x Sv, into both components "man" and "Sv" and to subdivide
into different dose bands, e.g. how many people would receive how much.
Also, various cosimetric quantities are differentiated which are repre-
sentatives for different kinds of radiological health effects.

The results of such studies are used to provide background information
fo • planning offsite-emergency measures.

They are not used for decision making on plant-internal technical measures.

Pprsonnel of the plant: In the FRG, the established preventive measures
to avoid accidents are further strengthened by so-called plant-internal
emergency measures to cope with core-melt situations.

It has been decided that the control room should be the central place
where severe accident management is planned and partly performed.

All NPPs will be equipped with the capability to maintain the longterm
habitability of the control rocrn, also in core-melt situations.

The control rooms of all MPPs have been - or are to be - backfitted to
reduce the individual exposure of shift members. Typical values, which
are assessed in recent calculations, are about 1 mSv per 8 hour shift
(individual dose) for the first shift in case of core melt (and contain-
ment venting).
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Occupational collective doses of the workforce have not been discussed

in this context.

Actual backfitting decisions in the FR6 for severe accident prevention

and mitioation and their rationale [

The paper of Bengtsson and HSgberg shows on the basis of typical examples
that optimization procedures in a narrower sense have not been decisive,
particularly when deciding on prevention and mitigation measures for
hypothetical severe accidents with high uncertainties as regards their
probability and consequences.

Here, prevention is the leading factor rather than balancing of costs and

risk along the lines of ICRP-ideas.

Again, the situation in the FR6 is basically very similar.

Recent studies have shown that operational and safety systems of NPPs
in the FRG have the potential to be used for severe accident management
in the beyond-design-area, either (i) to prevent full-scale core damage
even in case of non-availability of core cooling or (ii) to establish
long-term coolability even for a molten core. In addition, it is also
possible to avoid in many circumstances massive and uncontrolled releases
if ex-vessel core melt accident scenarios are postulated.

Risk studies and other research projects created a strong basis of know-
ledge into severe accident phenomenology and into the means which are
available to. halt or manage severe accident progression in the plant
before turning into offsite risk by flexible utilization of present
devices.

The demand for higher safety in the FRG and recent decisions about the
implementation of so-called plant-internal severe-accident management
measures have been born by these insights.
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Thus, the technical feasibility is the decisive factor and no reference

to any pre-established numerical levels of acceptability of overall risk

is made.

The philosophy is

- to eliminate the dominating sequences which lead to core melt or to un-

controlled significant release given a core melt

- no trade-off between prevention and mitigation but primary emphasis
on prevention.

Optimization in this context means elimination of risk outliers by system
improvements and to fully exploid the capability of present design. This
is the most cost effective way to improve and harmonize safety.

The measures include the use of operational and safety systems in an
extended and unconventional way even beyond design, as well as of mobile
and any other equipment which might be appropriate and available at the
time of the accident.

It is our view that risk analyses are most useful tools to explore and
assess such plant-internal accident management measures.

The plant-internal accident management measures in the FRG focus on

- restoring of feeciwater supply in case of station-black-out, for
instance by depressurization cf steam generators, pressurization of
feedwater tank, supply of steam generators by the feedwater tank and
by utilization of the deionate-system, sanitary water system, or fire-
fighting water system via the feedwater pre-heate'r system

- prevention of core degradation, for instance by feed-and-bleed of the

primary system

- delay or prevention of containment failure and reduction and control
of fission product release, for instance by filtered venting.
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Various technical measures have been - or are being - installed in this

context:

- venting of the containment via a filtering system

- filtering of control room inlet air in case of core-melt accidents
- inertization of containment of BWR-69' design

- utilization of the turbine driven supply system of the BWR-69 design
in case of simultaneous loss of auxiliary power and emergency power
diesels

- enlargening the discharge time of emergency batteries

- improvement of (in-plant) sampling systems to handle also severe-
accident scenarios.

According to our philosophy, the necessary technical requirements as to

- design and operating mode

- load capacity
- construction

have been established in a deterministic way. Contrary to the Swedish

approach, no radiologically based criteria are used.

The measures are costing relatively little compared to other NPP invest-

ment programmes.
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Comments by Mr. F. tfeehuizen,
(Federal Nuclear Safety Inspectorate, Switzerland)

on the paper by Messrs Bengtsson and Hogberg

1. Introduction

The interesting paper by Mssrs Bengtsson and Hogberg treats the limitations

and difficulties when applying optimisation relating to the prevention of

severe accidents and the mitigation of their consequences and explains why

optimisation in a narrower sense was hardly ever effective.

Past meetings on the subject of optimisation in the context of limitation

of radiation risk related to nuclear power indicated that there seem to

exist large differences between thinking in safety and thinking in radiation

protection and waste management, and views were expressed that safety

measures are overriding or even sacrosant, more or less regardless of cost

in money or occupational exposure [1],

The following, necessarily incomplete, remarks may help to explain some of

the causes behind such differences and viewpoints. They are partly based on

evaluations and optimisation studies performed on a limited scale in

Switzerland, partly on day to day experience. They show our standpoint to

be basically similar to the Swedish one. (Conditions in our country might

in some respects be even more critical than those in Sweden: a rather high

population density, a countryside intensively used for industrial and

agricultural purposes, some power plant sites immediately at or near to the

borders of neighbouring countries and a central location in the European

traffic system.)

2. Application of Optimisation Procedures

Apparently the ICRP concept of dose limitation, of which optimisation is a

part, was initially intended to be applied explicitly only to the case of

sources under control, i. e. for normal conditions of operation [2], There

exist good examples of cases where such an optimisation can give meaning-

ful numerical results, especially for comparison of well-defined options to
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solve a given problem. Typical examples of studies performed in Switzerland

concerned PWR-steam generators (replacement versus intensified inspections

and plugging or sleeving of defective tubing) or decontamination of BWR-

recirculation piping prior to replacement. The first example, by the way,

confirms the Swedish statement about the overriding importance of the

availability of the plant for power production. Optimisation only confirms

that plant managers are right in keeping outage times short.

The report referred to above [2] mentions under its conclusive remarks

that improvements with regard to the reduction of occupational exposures

should ideally be sought through the search for an optimisation of the

overall level of protection of the whole community represented by the

workers and the public. Although these concluding remarks do not conceal

the uncertainties along this path, they still leave some hope for a more

rationalised approach.

The idea of such a search for the optimisation of the overall level of

protection may turn out to be illusory, especially when the optimisation

is to include events of a stochastic nature and improbable events with

possibly major consequences. The uncertainties may become very large and

the number and diversity of factors to be considered increase sharply.

They include, together with their uncertainties, occupational exposure,

of the workers, cost and effectiveness of preventive actions, probability

and radiological plus financial consequences of accidents, public risk

perception, political acceptance and possible consequences for the future

of nuclear power. Apart from these more or less (or even not at all)

quantifiable factors there are or may be other more fundamental or

philosophical questions, such as the monetary value assigned to dose, the

comparison of measurable and hypothetical doses, the multiplication of uSv

and Megaman or cost and benefits affecting different people, organisations

or even countries.

The Swedish paper clearly shows that in most cases only a few factors have

an overriding weight in the decision making process in the context of

protection against nuclear accidents: public risk perception and political

acceptance, long term land contamination, protection of investment and
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prevention of plant outages. It thus appears that land contamination

taken apart, the radiological consequences of accidents (e. g. expressed

as man-Sv or an equivalent money value) are of relatively secondary

importance. Instead, the individual dose limitation for the workers is

becoming more important. In this regard the Swedish paper quite rightly

also pays attention to the international tendency to reduce dose limits.

3. Pragmatic Considerations on the Usefulness of an Optimisation

with Regard to Severe Accidents

Health physisists often question why engineers are reluctant to apply

optimisation procedures in the field of reactor safety. They are, to give

an example, used to rather exact measurement of physical process parameters

or theoretical calculations, and expect similar activities and results from

the engineers. These, however, often have their reservations about the exact

value of numerical results, which have their origins in the knowledge about

the complexities of many theoretical analyses, such as in the field of

thermohydraulics, mechanical stress or system reliability, or in the

effectiveness of, say, ultrasonic testing of welds.

Engineers traditionally attach great importance to what may be called

"good engineering" or "state-of-the-art". These terms are best illustrated

by means of examples. A few years ago considerable stress corrosion

cracking was observed on the recirculation piping of a Swiss BWR, which was

a common problem in several BWR's at that time. We from the regulatory

authority decided to allow operation with the affected piping - which

included a number of welds temporarily "repaired" by overlay welding - for

only one more year. The condition for prolonged operation was replacement

of the entire piping system by one made of more corrosion resistant steel.

In our opinion prolonged operation with corrosion affected main piping

violates the defense in depth principle and is definitely not good

engineering practice (even if crack propagation or leak before break

considerations would prove that pipe ruptures were highly improbable). A

non-nuclear example.provides an interesting comparison. Some years ago

the suspension roof of a,Swiss swimming-pool suddenly fell down, killing

und injuring several people, the cause being stress corrosion cracking of
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the stainless steel suspension bars. The judge was not interested in the

probabibility of the accident, but wanted to know if stress corrosion

cracking of such steels was a known phenomenon.

Another example may serve to illustrate our views on the importance of the

state-of-the-art in preventing nuclear accidents. The older Swiss nuclear

power plants in some respects do not comply with fundamental safety

criteria like the single failure criterion. For these and other reasons we

from the regulatory authority have required extensive backfitting. Prolonged

non-compliance with such basic and internationally acknowledged elements of

the state-of-the-art was not considered acceptable and would have had

implications for the operating license. The high cost of backfitting (tens

of millions of US $ per plant) now under way is thus considered justified

without recourse to any cost-benefit analyses.

The Swedish paper clearly points to the overriding weight of plant invest-

ment and cost of replacement power in connection with reactor accidents.

The risks to the public, even due to severe accidents, are calculated to be

of the order of one or a few man-Sv per reactor year for US site conditions

[3], which would imply being able to spend something of the order of only

some 105 US $ per year to avert them. For a given reactor this value

depends, of course, strongly on the population density and on such

assumptions as the effectiveness of emergency planning or the monetary

value assigned to dose (for which a wide range of values are found in the

literature)^ Comparison of such values with, to give an example, the price

of a major component, like a valve or pump, which may easily cost ten times

more, shows such risk reduction costs to be irrelevant. Also it might be

worth mentioning that construction costs and times of similar nuclear

plants have varied by factors as high as 2. Even a small improvement in

management may thus easily bring gains which would surpass by far those

expected from optimisation. As an example, the outage time for the exchange

of the recirculation piping mentioned above was only 12 weeks, which compares

very favourably with experiences from other plants.

These remarks should not be taken to suggest that engineers and health

physicists always think differently. The Swedish paper.shows that their

evaluations may lead to comparable results.
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4. Concluding Remarks

Optimisation in radiation protection started as an effort to establish a

logical and justifiable basis for the limitation of occupational doses

from radiation. It appears to be well suited for this purpose, provided

the analysis has a limited scope and conditions are well defined. However,

when optimisation is applied to evaluate the overall cost-effectiveness

of measures to prevent accidents or to mitigate their consequences, it

generally does not lead to sensible or justifiable results. This is not

only due to uncertainties and complexities in the process considered or

in the calculations, but mainly because even relatively cheap measures

with nearly insignificant consequences for the price of the power produced

may turn out to be not cost effective due to the low probability of the

consequences to be averted and because non-quantifiable factors tend to

be overriding.

As a consequence optimisation in the process of decision making shall for

such cases be limited to a careful qualitative weighing of the normally few

really important factors. Since qualified engineers and scientists are rare

everywhere, they shall be employed to solve real problems and not for

answering expensive but rather ephemeral questions. This would certainly

not be cost-effective.

References

[1] G.A.M..Webb

An Integrated Approach to the Limitation of Radiation Risk for Nuclear
Power (edited version of an oral presentation at the NEA Seminar on
Interface Questions in Nuclear Health and Safety)
Paris, April 1985

[2] Implications of Nuclear Safety Requirements on the Protection
of Workers in Nuclear Facilities
SAN/D0C(84)9, Sept. 30th, 3,934

[3] Reactor Risk Reference Document,
NUREG-1150 (draft for comment, Jan. 1987)

- 174 -


