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PREFACE

Decisions on future energy strategieshave to be basedon
a comparisonof their risks and benefits. The risk of a given
technology is variable and may·be further reducedby additional
safety measureswhich, however, usually incur additional expendi-
tures.

Cost-effectivenessanalysis is one methodologywhich can
be used to addressthe questionof "how safe is safe enough"
and which level of risk is "as low as reasonablyachievable"(known
as the"'ALARA" approach).This paper' introducesatnethodwhich does
not limit the analysis of cost-effectivenessof additional safety
equipment to a specific facility, but provides a systemsapproach
which allows considerationof the total economic systemof a
country.
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ABSTRACT

Safety expendituresusually follow the law of diminishing
returns, i.e. marginal cost of risk reduction increasespro-
gressivelywith the level of safety achieved. Though the risk
of a facility can in principle be reducedbelow any given value
it is not possible to reduce the risk to zero, to reach "absolute
safety". This poses ｾ ｨ ･ ､ Ｎ ｱ ｵ ･ ｳ ｴ ｩ ｯ ｮ ｡ ｢ ｑ ｵ ｴ Ｎ ｟ ｣ Ｎ Ｚ ｴ Ｎ ｨ ･ level at which further
risk"reduction is no longer cost-effective.

This paper demonstratesthat these considerationsare only
valid if a systemelement (e.g. a plant) is analysed. When the
total economic system is consideredanother source of risk has
to be added: the occupationaland public health effects associ-
ated with the production of safety equipment.

Using some simplifying assumptionsand data from national
economic input-output tables and occupationalaccidentstatistics
it is possible to derive a linear relationshipbetweenthe cost
of the safety equipmentand the health effects causedby its
production. When this relation is combinedwith the.exponential
ｲ ｩ ｳ ｫ Ｚ Ｌ Ｚ ｣ ｯ ｳ ｴ Ｂ ｲ ﾷ ｾ ｩ Ｎ Ｓ ｩ ｩ ｯ ｮ ｳ ｨ ｩ ｰ of- the faciiity·,:Ttmder coneLdexat.Lon, the
combined curve exhibits a minimum value where the health effects
of producing the safety feature equals the health effects avoided
when it is installed. It is shown that if one probable.health
effect at some·unknownfuture, time is avoided by use of $ 30 mil-
lion of safety equipments,one equivalenthealth effect will
certainly occur at the presenttime. The problem of balancing
these two effects is a societal decision which is not addressed
herein.
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HOW SAFE IS "TOO" SAFE?

S. Black, F. Niehaus, D. Simpson

INTRODUCTION

Any activity of man involves some risk to his life or health.
Though it is possible to reduce these risks, it is not possible
to reach the "zero risk" or "absolute safety" that is often de-
manded. Once this general fact is recognized, it becomesneces-
sary to decide which risks are acceptableand to what extent risks
have to be reduced.

In the past, exposuresto industrial risks were gradually
reduceduntil an acceptablelevel was reached. Modern techno-
logical systemsare capableof hypotheticalhazardsso large
that determinationof the appropriatelevel on the basis of ex-
perienceis not acceptable. It is necessaryto use predictive
methods to estimate these risks. Risk assessment(Otway et al.
1977) methodology implies the need for the formal (systematic)
evaluationof estimatedrisks using some defined acceptability
criteria.

There are three primary methods for this evaluation:

Putting Risks into Perspective

This approachhas been most widely used and is basedon the
assumptionthat a new risk is acceptableif it does not exceed
presentlevels of already acceptedrisks (Reactor Safety Study
1975) and it has been suggestedthat a new technology should
presenta risk which is at least a factor of 10 lower than well-
establishedtechnologies (Higson 1978, Tattersallet ale 1972).
This approachposes the problem of the comparability of risks from
very different sources (e.g. airplaneswith chemical plants) and
does not consider the value of a technology to society.
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Comparisonsof Risks and Benefits

Once it has been establishedthat a risk is not out of
proportion with other similar risks, a common basis for a com-
parison of technologiescan be achievedby normalizing their
risks to a common measureof benefits which they can provide
to society. This approachimplicitly assumesthat for a higher
benefit a higher level of risk should be acceptable(Inhaber
1978, Black et ale 1978)

Cost-Effectivenessof Risk Reduction

The above-mentionedmethods allow for a comparisonof
options, however, they do not indicate whether these levels of
safety are adequate,or whether the risk should be reducedeven
further. Safety philosophy require,srisks to be reduced to levels
"as low as reasonablyachievable" (known as the ﾷ ａ ｌ ａ ｾ Ｂ approach).
Cost-effectivenessproceduresmay be used for this problem and
some relevant aspectsare discussedbelow.

COST-EFFECTIVENESSOF RISK REDUCTION

It has been assumedthat safety expendituresgenerally
follow the law of diminishing returns (Rowe Ｑ Ｙ Ｗ Ｗ Ｉ ｾ The general
relationshipof this law is outlined in Figure 1 and has been
recognizedin severalcase studies (Roy and Ciceri 1978, U.S.

; ',;, ,EnvironmentalProtectionAgency 1976). Two main conclusionscan
be drawn from this diagram:

1. the marginal cost of risk reduction increaseswith
the level of safety achieved; and

2. for any given safety level it is possible to reduce
the risk even further, however, it is not possible to
reduce the risk to zero.

Society is, however, constrainedby the limited resources
at its disposal and this posesthe questionabout "how safeissafe
enough?" (Fischhoff et ale 1978) The two observationsfrom
Figure 1 imply that "safe enough" is always determinedby an
arbitrary compromisebetween the two objectivesof the efficient
use of limited resources(minimizing costs) and achieving the
highest safety (minimizing risk). Since the units of theseob-
jectives are money and health effects respectively,any such so-
lution implies a specifiedexpenditureper unit of risk reduction.
In particular, the use of mortality risk leads to a monetary
value being assignedto a human life (Strictly, determination
of the value of a human life would be only one method of de-
riving an appropriateexpenditurefor risk reduction. In ge-
neral, the expenditurewill be defined by the societal consensus
over the resourceallocation for safety. Although this value
will be quoted in dollars per life saved, it will not in fact
be the "value of human life"'.) Such values can be comparedfor
safety expendituresin various risk areas. It has been suggested
(Linnerooth 1977) that a value of $ 300,000 per life should be
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SMOOTHED COST-EFFECTIVENESS CURVE

•COST OF RISK REDUCTION -----

Source: Rowe (1977).

Figure 1. Cost-effectivenessof risk reduction.
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chosenwhich could be weighted by some factors describing spe-
cific attributesof the actual situation. Such a procedure
implies the objective that safety expendituresshould be spent
most cost-effectivelyon various technologiesbut does not answer
the more generalquestionof "how safe is safe enough?"

In contrast to the above approach, this paperwill suggest
that a practical limit to risk reduction does exist. The typi-
cal curve shown in Figure I relatesto one particular technolo-
gical facility and the fact that such a plant or technology is
only one element in the total economic system is overlooked.
Therefore, the fact that the safety measuresthemselvescannot
be producedwithout risk is also neglected. Thus it follows
that Figure I applies only to the systemelement (e.g. a plant).
If the total system is considered,however, the curve from
Figure I will actually have a minimum risk and this will be
describedin more detail below.

RISK IDENTIFICATION AND QUANTIFICATION

The term "risk" is used in a variety of contexts, generally
to describethe possibility of negativeoutcomes. But its pre-
cise meaning is usually not defined (Schaefer1978). "Risk"
is used here to mean some measureof the detrimentaleffects
that may be associatedwith a technology. The technical data
that describethese risks may be classified into:

events and their probability of occurrence (e.g.
emissions,accident sequences,wind direction, etc.)
consequencesof theseevents (e.g. health effects,
property damage, etc.)
distribution of consequenceswithin the population
affected
uncertaintiesin theseestimates

The measurementof the technologicalrisk in terms of these
categoriesmay be termed the "objective" part of the risk,
although they will often have a certain degreeof subjectivity,
introducedby the judgmentsof the technical experts. However,
the combination rule for aggregationof these data is not spe-
cified by any natural law. Therefore, there is no such thing as
an objective unified measureof risk. Any mathematicalpro-
cedure to combine these data is part of an evaluativeprocess
and thereby subjective.

Since methods for integrating the above mentionedcate-
gories of technical data which describerisks have not yet been
sufficiently developed, the measureto be used here is the
expectedvalue, where risk is defined as the multiplicative
combinationof probability and the consequencesof an event.
It should be noted that this procedurehas the effect of treating
one death per year as equivalent to 100 deathsoccurring once
in 100 years.
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Further, these calculationswill be limited to impacts on
human health. This poses the difficult problem of aggregating
risks due to deaths and illnesses. As sooneror later everybody
has to die, death will be quantified in terms of loss of years
of life. It is common to equateeach fatality with a loss of
6,000 man-days (U.S. Atomic Energy Commission 1974, American
National StandardsInstitute 1968), and this procedureis used
in this paper. However, it is possible to apply the following
methodology to any otherwise defined measureof risk.

THE RISK OF PRODUCING GOODS AND SERVICES

The Methodology

The risk of illness and death is inherent in any production
of goods and servicesin an economy. Usually, these risks are
expressedin terms of hazardsper year and million people in-
volved. Table 1 gives an overview of these risks for the Fe-
deral Republic of Germany in 1973. It should be noted that
these risks vary within two orders of magnitude for different
branchesof industry.

In combination with data from economic input-output tables,
thesedata can be used to calculate the total risk involved in
the production of goods and services. The procedureapplied is
similar to the ｣ ｡ ｬ ｣ ｵ ｾ ｾ ｴ ｾ Ｙ ｮ ｳ ｰ ･ ｲ ｦ ｯ ｲ ｭ ｾ ､ for energy analysiswhich
havebeen describedin detail elsewhere (Kolb et ale 1975,
Niehaus 1975, Chapman 1974, Herendeen1974).

Table 1. Selectedoccupationalfatality risks in the
Federal Republic of Germany, 1973.

Individual
Industry rlskper year

Inland shipping 1.6 x 10-3

Mining 1.1 x 10-3

Undergroundconstruction 6 x 10-4

Iron and steel 2.5 x 10-4

Textiles, clothing 8 x 10-5
. .



-6-

Sec- y Itor 1 , .... J ......

- -"
..-.. ｾ Ｎ ｟ Ｍ

1 ·to· X1

·· from···
I A·· . --l(; XiIJ 1

·····
n

Xi = L A···X·+ y.
j=1

IJ J I

Figure 2. Structureof ｩ ｮ ｰ ｵ ｴ ｾ ｯ ｵ ｴ ｰ ｵ ｴ

coefficient matrix.

An input-output table describesthe economic interrelations
of an economy in monetary values. In order to allow for easier
handling it can be reducedto an input-output coefficient matrix.
Its principal design is outlined in Figure 2. An elementAij
gives the percentageof the total output of sector j which has
been obtained in form of preprocessedgoods from sector i (de-
rived from monetary values). Yi denotestotal final consumption
of goods from sector i and Xi denotestotal production of sector
i. Thus, assuminglinearity and time invariance, total production
of sectorscan be written as:

n
X. = E A .. X. + Y.

1 . -1 1J} 1J-
n = number of sectors. (l)

Total production of sector i is the sum of final consumerpro-
ducts and preprocessedgoods for other sectorsof the economy.
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This can be written more easily in the form of vectors Ｈ ･ ｾ ｧ Ｎ X)
and matrices (e.g. ｾ ｾ as

x = AX + Y=-

It follows that

X = (I A) -1 Y
:::!::::=:=::::::=:: I = unit matrix.

=

(2 )

(3)

{I - A)-l
- is'known as the'inverseLeontief matrix.

The elementsof this matrix (I - A>i3 denote ｴ ｾ ･ Ｎ ｰ ･ ｲ ｣ ･ ｮ ｴ ｡ ｧ ･
of a value unit which has to be producedny sector 1 ln terms
of preprocessedgoods for all other sectors in order to allow
for the production of one value unit of goods of sector j.

Its meaning is better understoodif the matrix is developed
into a series

{I _ A)-l = £ + ｾ + ｾＲ

If one considersthe vector of final consumptionY then
the vector for final production ｾ ｏ and the nth step of-prepro-
cessingare given (for n = 1,2..• J by

= I Y= -

( 4)

ｾ ｬ

Z A Z = Ｘ｟ Ｒ ｾ
ｾ = =-1
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Total production therefore is

00

X = L Z
n=O -n

2= Ｈｾ + ｾ + ｾ ... )Y (5)

which is equivalent to Equation (3).

This approachcan be extendedto calculate the total risk
of the production of goods by superimposing"risk flows" on
monetary flows.

A "Specific Risk Matrix" S is constructedwhere the elements

S ..
1J

R ..
= 1Jx:-

J

(6 )

denote the value specific risk of the type i in sector j and R..
denote the total health effects of type i in a one year's pro_1 J

duction of goods from sector j.

Thus matrix S
monetary values Ｈ ･ ｾ ｧ Ｎ
matrix and consistsof
sidered.

The product

has the dimension of health effects per
death per million $). It is not a square
as many lines as health effects are con-

( 7)

denotesthe health effect of type i which occurs in sector k
through production of preprocessedgoods for all other sectors
to enable production of one value unit of final products from
sectorf. The summation

(8)

therefore, gives the total risk (including all steps of prepro-
cessing) of type i for the production of one unit of final pro-
ducts. In form of matrices this can be written as

( 9)

Results

Using data from the Federal Republic of Germany (Bundesre-
gierung 1974; DeutschesInstitut fUr Wirtschaftsforschung1972) ,
the matrices describedabove have been constructed. Because
of the overlap of several sectorsin the various statisticsit
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becamenecessaryto aggregatethe original 60 sectorsof the
input-output table and the 38 sectorsof accidentstatistics
to 19 sectors (e.g. machine tool industry and electrical equip-
ment sector had to be aggregated). Table 2 gives the results
of such a calculation for a sample of sectors. It should be
borne in mind that, for example, the data on constructionalready
include the data of production of preprocessedgoods which this
sector receives from other sectorssuch as "mining" or "stone
and earth" industry. The first column gives the total working
hours which have to be used to produce goods of the value of
DM 1 million of that sector. The large differencesreflect
the various proportionsof labour, know-how and capital (machi-
nery) involved.

The other columns give the respectivehealth effects. It
can be seen that occupationalaccidentsand job-relateddriving
fatalities are of the same order of magnitude. Column 4 gives
occupationalchronic deaths. They occurredduring the year
under consideration. However, they have been causedby exposure
to pollutants during previous work.

THE RISK OF PRODUCTION OF SAFETY EQUIPMENT

These data can be used to calculate the risk of producing
safety equipment. Throughout the paper it will be assumedthat,
for thesegeneral considerations,safety equipment requires

30% construction
10% services,and
60% machine tool and electrical equipment.

The data are summarizedin Table 3. For the aggregationof
lost working days due to illnessesand fatalities one death ｨ ｡ ｾ Ｓ

been equatedto 6,000 man-days. To the total of about 11 . 10
fatalities, equivalent to about 65 lost man-days, illnessesadd
about 45%.

These data only refer to occupationaleffects. In addition
health effects to the generalpublic have to be considered. They
occur mainly due to emissionsfrom plants,including emissions
from energy production which has been used to produce thesegoods.
Unfortunately, neither data on emissionsnor on health effects .
exist which could be used for calculationslike the one above. '

Therefore, the following calculation is suggestedwhich can
establishan order of magnitudeestimate. Table 4 gives a com-
parison of total emissionsfrom energy production and other in-
dustries in the FederalRepublic of Germany in 1970 (Niehaus 1977).
From this table one might conclude that about 30% of public
health effects are causedby emissionsfrom industry and about
70 % from energy production• As about 50 % of energy production
is used in industry for production of goods, including trans-
port (Kernforschungsanlageｊ ｾ ｬ ｩ ｣ ｨ GmbH 1977), it is reasonable
to assumethat 50% of the health effects from emissionsfrom
energy production can be assignedto industry and that they are
roughly equal to those from the industrial emissions.



Table 2. Total working hours and occupationalhealth effects for production of goods and
servicesof a value of DM 10° .

Total occupational Job-related Occupational Lost
workLnq accidental driving chronic working

Industry hours dearhS fatilities deat...hs hours

10-2] [ 10-2] ＱＰＭｾ

Machine tools & 7,790 0.235 0.177 0.151 208
electrical equiprn.

Mining 30,600 0.958 0.170 4.37 520

Stone and-earth 23,500 0.591 I 0.178 0.447 219

Textiles and 7,410 0.135 0.157 0.116 168
clothing

Services,provi- 5,780 0.283 0.105 0.103 59
sions & fine foods

Construction 41,600 0.746 0.296 0.172 315

I
f-'
o
I
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Table 3. Total ｾ ｣ ｣ ｵ ｰ ｡ ｴ ｩ ｯ ｮ ｡ ｬ risk of producing"DM 1 million
safety equipment.

Total working hours 17,700

Lost working hours 225

Occupationalaccidentaldeaths 3.93 · 10-3

Driving fatalities 2.06 · 10-3

Occupationalchronic deaths 0.153 . 10-3

Total deaths 6.14 · 10-3

.L: equivalent * 10-3death 10.8 .
or

L:equiValent *lost working days 65

*1 death = 6,000 man-days
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Table 4. Emissionsin the FederalRepublic of Germany, 1970.

._- ._. - -_. .__.

Emission Percentage[%1

Pollutant

[106t/a J Energy Industry

CO 11.2 83 17

802 ＵｾＳ 72 28

C H 3.3 76 24
n m

NO 2.6 98 2
x

Particulates 2.2 55 45

Using the method described, it is possible to calculate
the total energy necessaryto produce industrial goods. A de-
tailed calculation has been made (Niehaus 1975), which gives a
value of about 35 kg coal equivalentper OM 100 production of
machinery and electric equipmentgoods. If it is further assumed
that energy is producedby coal, then data (Tattersallet al.
1972) on public health effects from energy production (3 - 22
deaths/GWa(e))can be combined with the specific energy require-
ments. Assuming an efficiency of 40% from coal-fired plants,
public risks from emissionsof the required energy production
would be about 1.3 • 10-3 deathsper OM 106 for an averagevalue
of 10 deaths/GWa(e). This value might be too high by a factor of
three,or ｴ ｯ ｾ ｬ ｾ ｷ by a factor of tWO._

3Adding
the effects of in-

dustrlal emlSSlonsa value of 3 • 10 deathsper OM 106 is
assumed. A comparisonwith data from Table 3 shows that public
effects from emissionsare less than one third of the total
occupationalrisks.
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Public effects from job-relateddriving accidentsare
assumedto be equivalent to occupationaldriving accidents.
Therefore, the total occupationaland public risk of the pro-
duction of safety equipment is estimatedto be

-3 615 • 10 equivalentdeaths/OM10
or

90 lost man-days

These data are
6summarized

in Table 5. Therefore, the
production of OM 65 • 10 safety equipmenthas a risk of 1 equi-
valent death.

Table 5. Occupationaland public effects of production of
OM 1 million safety equipment.

Occupational

lost working hours 225

total death 6.14 . 10-3

ｾ･ｱｕｩｖ｡ｬ･ｮｴ death 10.8 . 10-3

Public (equivalentdeath)

energy production 1.3 . 10-3

industrial production 1.3 . 10-3

driving accidents 2.06 • 10-3

ｾ･ｱｕｩｖ｡ｬ･ｮｴ death 4.66 • 10-3

Total

ｾ ･ ｱ ｕ ｩ ｖ ｡ ｬ ･ ｮ ｴ death 15 • 10-3

or

ｾ ･ ｱ ｕ ｩ ｖ ｡ ｬ ･ ｮ ｴ lost man-days 90
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APPLICATION OF RESULTS

General Implications to StandardSetting

It was shown above that health effects of approximateG
y 1

equivalentdeath are causedby the production of $ 30 • 10 worth
of safety equipmentas specified in this paper. This suggests
that the general relationshipof cost-effectivenessof risk re-
duction, as outlined in Figure 1, should be modified, as indi-
cated in Figure 3, in order to representhealth effects in the
total economic system. Any achievementin technological safety
through additional equipmenthas to be paid for not only by
additional costs but also by the occupationaland public health
effects causedby the production of this safety equipment. This
risk may be consideredto be proportional to these safety invest-
ments. Therefore, if the total systemof an economy is considered,
the risk cannot be reduced to any given value; beyond a certain
limit the risk increasesagain with increasingexpendituresfor
safety equipment. The minimum of the ｲ ｩ ｳ ｫ ｾ ｣ ｯ ｳ ｴ relationship is
given when the marginal cost of risk reduction, i.e. the first
derivative of the curve labelled "operation" is equal to the
slope of the linear relationship for investments. (1 death!
$ 30 . 106). The initial design, without additions of safety

\
\

\
\

\

\

\

\
\
\ ,f- TOTAL SYSTEM

t
INVESTMENT

COST ---,)

Figure 3. Principal relationshipof cost-effectiveness
of risk reduction consideringthe total
economic system.
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measures,poses a risk (So) that is determinedby factors in-
trinsic to the technologicalprocess. As a consequence,no
fixed number can be attachedto the absolutevalues of the risks
or the costs .defining the minimum.

Thus any expenditureon safety equipmenthas the effect of
reducing the expectednumber of health effects predicte1to
occur during the lifetime operationof the plant at the expense
of causing some effects during the constructionphase. Moreover,
if the safety investmentsare greaterthan the amount indicated
by the minimum of the curve, then the current health impact will
actually be larger than the reduction in future expectedeffects.
For example, Table 6 gives a listing of safety expenditures
(Sagan 1976) that have been applied or proposedin various areas.
It is apparentthat the minimum value, at a marginal cost of
$ 30 • 106 per expectedequivalentdeath reduced, has actually
been exceeded.

However, even expenditureat the minimum of the curve where
the same number of health effects are merely antedatedstill re-
presentsa drain on societal resources. In terms of expected
effects there is no net benefit, but Table 3 shows that the
avoidanceof one future expectedequivalentdeath (thereby
causing it today) requires about 20 people to work for 30 years
(600 man-years) in the production of safety equipment. In
addition, it ignores the possibility that medical and technical
advanceswill be able to reduce the risk in an alternative
manner in the future.

Safety expendituresat lower cost than indicated by the
minimum would result in a net reduction of health effects and
a standardvalue would have to be determinedby a trade-off
between required costs and man-power, and reduction of health
effects. These relationshipswill be studied in more detail
below.

As has been describedabove practical case studiesgenerally
show that costs of risk reduction follow an exponential law and
in some caseseven exponentialpower functions. As a conser-
vative estimatean exponential function is assumedhere.

Therefore, the total systemrisk-cost'relationshipof
Figure 3 can be describedas

C--
(lO)

where R = risk level, c = cost of safety equipment.
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Table 6. Marginal costs of risk reduction.

Food poisoning control

Automobile seatbelts

High-rise flats fire control

50% flue gas desulphurization
applied to plant with

30 m stack

120 m stack

$ 106 per
life saved

0.03

0.3

40

0.2

2.5

Lives saved
per $.106

33

3

0.025

5

0.4

Nuclear plants

recombiners 17 * 0.06

6 charcoal beds * 0.02443

12 charcoalbeds** 300* 0.003

iodine ** 1,000* 0.001treatment

remote siting 10,000* 0.0001

4* basedon 1 fatal effect per 10 man-rem.
**proposed, not implemented.

Source: Sagan (1976), u.S. EnvironmentalProtectionAgency
(1976).
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with:

RO = risk of initial design

Co = constantfor a particular technology

r = specific risk of producing safety equipment
p (1 death/$ 30 . 106)

The minimum is derived by

dR
dc

c--
e·c O + = 0r

p
( 11)

Therefore, when the costs are:

the minimum risk level ｾ is given by

(12)

(13)

As outlined above the initial design describedby RO and
c = 0 has been arbitrarily defined. Therefore, no meaning is
attachedto the absolutevalues of ｾ and cM. It has to be
emphasizedthat thesevalues should not be used to compare
different technologies. They only indicate the minimum expected
risk achievablegiven a specific design.

However, the shapeof the minimum is the same no matter which
design Ro has been chosenas initial value. Sensitivity studies
therefore should not be made with regard to relative changesin
risk or cost but with regard to their absolutevalues.

Figure 4 indicatesgraphically the impact of r on the first

derivative R' = ｾｒ (see Equation 11) ." Taking r .. inio account
shifts the asympe8tefor the operationcurve inEo positive values.
Becauseof the exponential shapeof the curve, ｣ ｾ ｩ is sensitive
to the value of r p.

The negative inverted function of R' gives the marginal
costs of risk reduction

dc = fCc) =-dR

Ｈ Ｚ ｾ Ｉ

1

c--
e cO - r

p

(14)
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dR t
dc I

dRIdc total

Ｍ Ｏ ｾ - _ ..-
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Figure 4. Principal relationshipof R'
(arbitrary scale).

dR
= dc

This function is displayed in Figure 5. In contrast to the
operation curve for the facility, for which marginal improvements
in risk can always be made at some expenditure, the curve for
the total system shows that the marginal costs of risk reduction
become infinite at cM. Expendituresabove this result in nega-
tive marginal costs; the risk is increasing.



-19-

operation

total system

c

Figure 5. Principal relationshipof marginal"costs
of risk reduction (arbitrary scale).

Application to
U.S. EnvironmentalProtectionAgency Results

Considerationof specific risk r
p

The EPA (U.S. Environmental ProtectionAgency 1976) presents
cost-effectivenesscalculationsfor risk reduction systemsin the
total fuel cycles for pressurisedwater (PWR) and boiling water
(BWR) nuclear power reactors. The inverted marginal costs of
risk reduction are plotted on a log scale in Figure 6. It can
be seen that they fit the dashedlinear line quite well, indi-
cating an exponentialrelationship. If a specific risk r of

" p



1000. '00()

PWR DATA I BWR DATA
<J>

/00 I <J>
\0 \0 100.0 0

<j r-l

<, ｾ
II) II)
+J /0.0 +J ,OJ)o o
QJ QJ

l.H l.H
l.H l.H

ＯＮｏｾ
! r_ efff:<1 r p eff M

<J <, <J

II) " II)
+J "

" ..j,J
II)

QI
II)

4.10 rp 0 r po o <,

r-l r-l I
ttl ttl <, IV
ｾ 0.0/ ｾ 0-01 , <, 0

·ri <, ·ri ..... I
O'l -, tr.
ｾ ｾ
ttl -, ttl
ｾ O.DO/ ｾ ｾＬｏｄＧ I I ...........

<, <,

<,

().OO() I I I I ! ! I I I I I 0.0001 I I I I I \ \

0 .2- J( , , to Il III /6
"

.20 0 .2- if 6 B 10 Ｌｾ
,,, 16 "

so ＺＱｾ .ll( ｾ ｾ ｉ

Cumulative costs$ lO6/Gw(e) Cumulative costs$ lO6/Gw(e)
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1 death/$ 30 . 106 is applied, it can be seen that several
safety reduction systemshave been consideredthat would in
fact prevent less expectedhealth effects than would be caused
during their production.

At total cumulative costs
BWR, the marginal cost of risk
economic system--would become

6of about $ 12 . 10 for
reduction--considering
infinite (See Figures 4

PI"1R and
the total
and 5).

It has to be noted that equating one effect in the future
with one effect during constructionalready containsa value
judgment. We agreewith the suggestions(Cohen and Tewes 1979)
that no discounting factor should be applied for future effects;
that therefore one effect in the future should be consideredas
seriousas one effect today. However, this does introduce a
factor of conservatisminto the calculationsas no credit is
given to the developmentof improved methods for medical treat-
ment in the future.

Considerationof r p and labour requirements

As discussedabove, it is not suggestedthat this absolute
limit where marginal costs of risk reduction become infinite,
should be the barrier to risk reduction. It has been explained
that, at this minimum achievablerisk, 615 man-yearsof labour
requirementswould be associatedwith shifting each health
effect from the time period of operation (or later) to the
time period of construction.

The labour requirementsmay be included in the specific
production risk r p in order to presenta more realistic suggested
limit for safety ｾ ｸ ｰ ･ ｮ ､ ｩ ｴ ｵ ｲ ･ Ｎ However, this poses the value
question concerningthe aggregationof health effects and
labour needs. One way to look at this problem is to consider
the extent to which society is preparedto utilize the available
labour resourcesin the reduction of technologicalhazards. It
is clear that this problem needs considerablestudy and a solu-
tion cannot be provided here. However, if it is assumedthat
society should expend 1 man-yearof work to gain one man-yearof
life, one may equate,expectedeffects and the equivalentman-
years of labour. This would allow for an aggregationin terms
of man-lives. If one health effect is estimatedto lead to a
loss of one life, or 6,000 man-days, then 17,800 working hours
per DM 106 would be equivalent to about 22 man-lives per $ 30 . 106.

Thus the value of the effective specific production risk
r p eff becomes

r =p eff
22 man-lives

r p + $ 30 . 106 = 23 man-lives
$ 30 . 106- (15)

This value is also indicated in Figure 6 and is clearly
dominated by the labour requirements.
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The condition for minimum risk using this revisedvalue,
r p eff, is that the marginal cost of risk reduction has to be
equal to $ 1.3 . 106•

Application to Remote ReactorSiting

Basedon data from the draft documentof WASH 1400 the mar-
ginal costs of risk reduction for remote reactor siting were cal-
culated (Niehauset ale 1977). Figure 7 plots those marginal
costsof risk reduction in $/equivalentman-remversus distance
betweena nuclear plant and a denselypopulatedarea. Using the
equivalencebetween1 death and 104 man-rem, l/r can be con-
verted into $ 3,OOO/man-remor $ 30,OOO/man-rem,Prespectively.
These values are also indicated in Figure 7. However, they are
not conservativeestimatesbecausethe constructionof high-vol-
tage transmissionlines will involve a higher risk than will the
production of safety equipment. These results show that, beyond

acute death
310 man-remr-, ｾ ｰ = s .3·0,OOO/man-rem

+-1 acute death ｾ 104 man-rem
---- _...........--_.__._.-

; = $ 3,000/man-rem
p

5010 20 30 40 60.*
Distance

70
(kIn)

80 90 100 ] 10

*Distance betweennuclear power plant and denselypopulatedarea.

Figure 7. Marginal costs of risk reduction for remote reactor siting.
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a distanceof about 30 km, more health effects are expectedto
occur during constructionof the transmissionline than are
expectedto be saved through remote reactor siting. If a
rpeff of 23 man-lives per $ 30 • 106 is used, the equivalent
conversionsfor l/rpeff become $ 130 and $ 1,300 per man-rem
and these are far below the marginal costs of risk reduction
implied by remote reactor siting as plotted in Figure 7. This
means that the extra labour man-hours for constructionof the
transmissionline will be greater than the expectedloss in
population lifetime for all conceivableaccidentsto the reactor
system.

Reduction of Radiation Doses to Nuclear Plant Operators

A value of $ ＱＬＰＰＰＯｭ｡ｾｲ･ｭｨ｡ｳ been advocatedby the U.S.
Nuclear Regulatory Commission and others (Niehaus and Otway 1977,
U.S. Nuclear Regulatory Commission 1975) as an appropriateindex
for use in determining the cost-effectivenessof nuclear radi-
ation risk reduction measures. From the figures given above
it is evident that if the risk is to be reducedby construction
of added safety features, then this value is an upper limit
from a risk and labour time aspect. Conversely, it has been
argued (Atomic Industrial Forum 1978) that if radiation expo-
sures can be reducedby planning and administrativeprocedures,
then costs can be minimised by reduceddown-time and use of
fewer men. In this case, the risk reduction would not be asso-
ciated with added risks elsewherein the systemand the minimum
risk would not be applicable.

CONCLUSIONS

It has usually been assumedthat it is always possible to
reduce a risk below any given value and that the only limitation
is the associatedincreasedcosts. As a result of this assump-
tion the question of "how safe is safe enough" is posed. How-
ever, such a relationshiponly holds true for a single system
element (e.g. a specific facility). If the total economic system
is consideredone has to take account of the fact that safety
equipmenthas to be produced. This production leads to an
occupationalrisk and also a risk to the public in the same
way as the manufactureof any industrial goods. This risk is
estimatedto be one equivalentdeath per $ 30 . 106 worth of
safety equipmentproduced. In addition, about 615 man-years
of labour are involved.

Thus this paper concludesthat the risk-cost relationship
actually shows a minimum beyond which additional expenditures
intended to reduce a risk will actually increaseit. It has
been demonstratedthat several applied or proposedrisk reduction
measuresalready exceedsuch a minimum level.

The levels quoted here have been derived in a general manner
and may not be applicable to any particular situation, neverthe-
less they do reflect the orner of magnitude that would be obtained
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with a more specific analysis. However, before this methodo-
logy is applied to any particular cost-effectivenessproblem the
following aspectshave to be consideredin greaterdetail:

how to define risks (expectedhealth effects have been
used here);
how to compare health effects and labour requirements
(and costs);
how to comparehealth effects today versus health
effects which would occur in the future: and
how to compareoccupationaland public health effects.

One may deduce from the results shown above and using the
assumptionsgiven that there is a tendency for presentday expendi-
tures on certain safety items to be excessive. In other words
the risk is not minimised. However, the basic assumption,
namely that risk ought to be minimised, has not been questioned.
Although cost-effectivenesstechniquescan be used to identify
the minimum risk, no evaluation is given as to whether this
minimum is itself low enough. The solution to this problem
which is closely allied to the four aspectsmentionedabove,
demands further investigation into individual and group atti-
tudes towards risk and risk reduction.

The conclusionsdrawn in this paper do dependon the various
assumptionsmade. Alternative assumptionscould give different
results, however, the generalmethodology is valid and could
still be applied.
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