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ABSTRACT

The cost of ionizing radiation exposure to people and property has

been estimated as between $10 and $250 per man-rem by several investigators

in the early 70's. These values were considered acceptable by the Inter-

national Commission on Radiological Protection (ICRP). However, in the

U.S. Nuclear Regulatory Commission's (NRC) "Numerical guide for design

objectives and limiting conditions for operation to meet the criterion

'as low as practicable' for radioactive material in Light Water Cooled

Nuclear Power Reactor effluents", the value $1,000/man-rem is used as a

standard for cost/benefit evaluation.

It is the discrepancy between NRC's $1,000/man-rem and the much

lower values accepted by the ICRP that initiated the interest of this

study. Since the lower values were obtained by intuitive assumptions

and simple calculations, the purpose of this study is to develop a more

detailed method in an effort to estimate more precisely the costs due to



radiation exposure, and hence the economic risk from nuclear power.

Using the frequency distribution data for the various risks from

nuclear accidents given in the NRC's Reactor Safety Study (RSS, 1975),

this study will first calculate the expected (average) risks from this

source. With the aid of various economic models, the expected risks are

then converted to costs.

Results obtained in this way will not only provide some insight

for examining the cost effectiveness of different rule-settings, but

also improve public understanding of the risk of nuclear accidents

by expressing them in simple monetary terms.
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I. RISK ANALYSIS

DEFINITION OF RISK

Risk is a word that has different meanings to different people.

Generally speaking, risk is "the possibility of loss, injury, disadvan-

tage, or destruction". Technically speaking, risk is the product of the

amount that may be lost and the probability of losing it. The above

definitions can be found in Webster's New International Dictionary.

In the operation of a nuclear power plant, radioactivity is generated

by the fission process. Different events associated with postulated

accidents release different amounts of radioactivity which may cause

various levels of physical, biological and environmental damage. The

risk to the public from a nuclear accident is therefore the expected

total damage due to radiation exposure. Experssing it mathematically,

risk is the sum total of the products of the consequence due to radiation

exposure and the probability of causing that consequence:

R = C. x P(CJ ) (1)

where R total risk from nuclear accidents per reactor year

C. = A certain consequence j caused by the operation of nuclear
7

power plants. It can be expressed in terms of the number of

deaths, the cost ($) of property damage, etc.

P(C.) = frequency of occurrence of consequence j per reactor year
3

n = total number of consequences, together with their Probabili-

ties of occurrence form the total risk from nuclear accidents.

In order to make an assessment of the economic risk of radiation

exposure, the estimated damage must be quantified and expressed in
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monetary terms, i.e., in units of dollars/man-rem and the like. Since

standards and regulations concerning radiation protection equipment and

facilities are set using the same units, the quantified economic risk of

nuclear accidents can be measured against these standards and regulations.

This may demonstrate the extent of risk and the cost effectiveness of

standards and regulations for radiation protection in a nuclear power plant.

Recently (beginning 1970) several investigations have made estimates

of the biological damage of ionizing radiation in terms of dollars/man-

rem (see discussion in Chapter1I). The most current study of this kind

in the nuclear field is the Reactor Safety Study
1

. Although it is not

infallible or all-inclusive, the RSS does provide the most comprehensive

coverage of various aspects of radiation damage of reactor accidents to

man.

DEFINING THE FREQUENCY OF A CONSEQUENCE TO THE PUBLIC

Using fault tree and event tree analyses, the RSS calculates the fre-

quency distribution of various consequences due to nuclear power plant

operation. Assuming a consequence C is caused by the combination of

effects of radioactive release, weather condition and population distri-

bution, and that the same consequence can he caused by various combinations

of these effects, the frequency P(C) of the consequence C is therefore
,y1

P(C) = L xP xP
k=1 r'k w'k P'k

(2)

where P
r ,k

= frequency of a certain (k) radioactive release,

P
w,k

= fractional occurrence of a certain (k) weather condition,

and P
p,k

= fraction of a certain (k) population at risk (i.e., being

exposed to the k radioactive release).

The k radioactive release together with the k weather condition and

the k population distribution form the kth combination that causes the
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consequence C. The total number of combinations of these three parameters

is m.

THE FREQUENCY OF RELEASE

In obtaining P
r
, radioactive release is divided into various release

categories for both pressurized and boiling water reactors. These cate-

gories were selected by the screening of key accident sequences to identify

sequences that are significantly different from one another in terms of

radioactivity released from the reactor to the environment. Each release

category is associated with a specific type and magnitude of release. The

frequency of release in each category is determined by the frequency of

dominant accident sequences (AS) as follows:

Frequency of category X release =

Frequency per year that accident sequence 1 leads to category X

release

+ Frequency per year that accident sequence 2 leads to category X

release

Or simply

P = 21 P .

r,x AS 1, x
i=1

(3)

The frequency of an accident sequence (AS) i is determined by the

frequencies of the initial event (IE), system failure (SF) given the IE,

and containment failure mode (CFM) given the IE and SF. i.e.,

PAS i PIE,i x PSFT,i x PSF2,i xPSFn,i x PCFM,i
(4)

where n is the total number of systems failed in accident sequence i.

For a given initial event, he event tree method identifies its



various possible outcomes. The number of possible final outcomes depends

upon the various options that are applicable following the initial event.

Given a specific failure (outcome), the fault tree method is used to

identify the various combinations and sequences of other failures that

lead to a given failure. The fault tree analysis therefore estimates the

frequencies of various failures, and the sum of these frequencies in turn

estimates the frequency of an accident sequence. The sum of frequencies

of all the possible accident sequences is then the estimated frequency of

release, Pr.

THE FRACTIONAL OCCURRENCE OF A WEATHER CONDITION

Several assumptions are made in the consideration of weather condi-

tion and the estimation of P
w

. From the many reactor sites in the United

States, a total of 6 broad types are selected as being representative of the

variability of climatic or topographic features. These 6 broad types

then form 6 composite sites: Eastern valleys, East Coast, southern, mid-

western, lakeside, and West Coast sites. Within each composite site,

hourly readings of stability, wind speed and direction and precipitation

at every individual reactor site are taken over a period of one year.

The average value of these readings among all the individual reactor sites

within a composite site is then taken as the sample value for that com-

posite site. Next a stratified sampling method is used to select various

weather condition samples and their frequencies of occurrence within the

composite sites. In this sampling method it is assumed that the meteo-

rological phenomena has a 4-day cycle. Sample data of hourly recordings

are then obtained by selecting starting times every 4 days plus one hour.

In this manner, each hour of the day is represented in 24 samples.

A total of 90 samples are ,:vailable from one year's worth of data
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for each composite site. Since all samples cover an equal time period,

they have an equal frequency of occurrence P
w

= 1/90. From each of the

90 samples selected, and for a given release magnitude a weather model

(Gaussian Plume) is used to calculate the concentration of radioactivity

in the air and on the ground as a function of time after the release and

distance from the reactor. The results are then used in the calculations

of various consequences from radioactive releases.

THE POPULATION AT RISK

When radioactivity is released from a reactor accident, the population

exposed to this radioactivity will receive external doses from the passing

cloud and ground contamination, and internal doses from deposited radio-

nuclides in the bone marrow, the lung, the thyroid, and the regenerative

cells of the lower large intestine. It is therefore important to deter-

mine the population that could be exposed to potential releases of radio-

activity.

Using Census Bureau data, a population model is constructed to cal-

culate the population as a function of distance from the reactor site.

In this model each reactor site and its environment is divided into 16

equal sectors radially (22.5 degrees each). By taking a 50-mile radius,

the population density in each sector is calculated. In this way the

total number of sector samples in a composite site is the number of

reactors in that composite site times 16.

To estimate Pp, the fraction of population in a sector within a

composite site, all sectors within that composite site are first ranked

by their population density based on the cumulative population within

50 miles. Sectors that have similar population densities are subsequently

combined to form one average pal ul,'_ition density so that eventually the
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population distributions of all sectors are used to generate 16 repre-

sentative sectors.

To illustrate the above method, consider the example of a composite

site at the East Coast. There are 14 reactors in this site, each having

16 population sectors. Ranking all the 16 x 14 224 sectors and com-

bining the ones with similar population densities, 16 'e..presentative

sectors for the East Coast site are obtained with their ranks and their

fraction of population at risk Pp, as shown in Table 0 below:

TABLE 0. CONSTRUCTION OF POPULATION SECTORS FOR THE COMPOSITE

EAST COAST SITE*

Representative
sector

Combination of
Sectors from the
Ranked Listing

Fraction of Population
at Risk (Population
Exposed in Sector/Popu-
lation in Composite Site)

1

2

3

4

1

2

3,

5,

4(a)

6(a)

1/224
1/224
2/224
2/224

5 Average of next 6 6/224
6 Average of next 6 6/224
7 Average of next 12 12/224
8 Average of next 22 22/224
9 Average of next 22 22/224

10 Average of next 23 23/224

11 Average of next 22 22/224

12 Average of next 22 22/224

13 Average of next 20 20/224

14 Average of next 20 20/224

15 Average of next 21 21/224

16 Average of next 22 22/224

224/224

(a)Two reactors in one site.

* Based on Table VI 10-3, RSS Appendix VI.

ESTIMATING THE FREQUENCY OF A CONSEQUENCE

Following the estimations of Pr, P
w
and Pp, a consequence model is

constructed to calculate the risk of nuclear power plants. This risk is
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given by the frequency and magnitude of the following consequences:

(1) Early fatalities these are deaths within approximately one

year after a potential accident.

(2) Early illness - this refers to illness that requires medical

attention and possibly hospital treatment.

(3) Latent cancer fatalities - some cases of radiation induced cancer

can cause fatalities over a period

of 10-30 years following an accident.

(4) Thyroid nodules on the average about 1/3 of all radiation-

induced thyroid nodules would be malignant.

10% of the malignant nodules are assumed to

have a fatal outcome and this number is added

to the number of latent cancer fatalities.

(5) Genetic effects - genetic mutations can occur spontaneously,

from unknown causes, or can be induced by

various physical or chemical agents including

ionizing radiation. The health consequences

of mutation can range from those of severe

functional and structural abnormalities, life

shortening, to small and trivial effects that

are neither disfiguring nor incapacitating.

The effect of ionizing radiation does not

cause new kinds of genetic disorders that are

different from those occurring naturally, but

it can increase the frequency of mutations.

(6) Property damage this is expressed in terms of the cost of

decontaminating the property including

appropriate values for the loss of agricultural
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crops, and the cost of relocating people for

the time needed to decontaminate their pro-

perty.

Estimation of P(C) is first made by calculating the P(C)s for each

release category in each composite site, then by combining the P(C)s into

the above 6 major consequences, and finally by selecting the median value

of P(C) among all the composite sites as the representative value in the

construction of frequency distributions for the major consequences.

To illustrate the above procedure, let us consider again the example

of the East Coast site. Suppose there are 4 BWRs (Boiling Water Reactors)

and 10 PWRs (Pressurized Water Reactors) in this composite site. There are

90 weather samples and 16 representative population sectors. Since there

are 5 release categoried in a BWR, the total number of consequences and

hence the total number of frequencies of these consequences for a BWR is

5 x 90 x 16 = 7,200. Similarly there are 9 release categories in a PWR,

hence the total number of consequences/frequencies of a PWR is 9 x 90 x

16 = 12,960.

The 7,200 frequencies for one BWR are now combined (by summation) to

form 6 frequencies which represent the P(C)s for the 6 major consequences

(early fatalities, etc.). A similar combination is made for the 12,960

frequencies in one PWR.

The above combination process is repeated for all 4 BWRs and 10 PWRs

in the East Coast site, so that for each major consequence there are 4

frequencies for the BWRs and 10 frequencies for the PWRs. Choosing the

median value P
0.5

(C) as the representative for each type of reactor, and

weighting the median values by the fraction of BWR and PWR in the composite

site, an overall frequency of a major consequence j is given by
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10 4P(C.) = P (C.) x + P (C.) x
J 0.5 3 14 0.5 3 14
East PWR BWR
Coast

(5)

Applyingthesameprinciple,Nc.)for every composite site in the

United States can be calculated. Finally, the median value is chosen

among the P(C.)s of all composite sites to represent thefrequency of

consequence j for all reactors in the United States. Results are pre-

sented as log-log plots of P (C.) vs
°*5

C3
3 U.S.

C.
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II. DATA INTERPRETATION

As has been discussed in the previous chapter, the frequency of

radioactive release P
r
is determined by the frequency of accident sequences

identified in event trees and calculated through the use of fault tree

analysis (RSS Appendix V). In obtaining Pr, data parameters (e.g.,

failure rates) are treated as random variables. Since the data vary in

a wide range from component to component and from plant to plant, the

lognormal distribution is chosen to describe the data, due to the fact

that lognormal distribution can best represent data that vary by factors.

In the frequency data for various release categories estimated by

the RSS, the mean (average value) is greater than the median (50-50 refer-

ence value), which in turn is greater than the mode (most probable value).

This is typical of the lognormal distribution where the sample mean or the

expected value of the positive random variable X is

E (XJ = x = exp + 1/2 o-
z

5

the median of X is X
0.5

= exp

and the mode of X is X
m

= exp

(6)

(7)

(8)

wherejv and 4- are the mean and variance of the population which has the

lognormal distribution.
2

If the mean value were used to represent P
r
, information about the

variation and uncertainty of data parameters is lost because in 90% of

the cases examined, the actual frequency of various accident sequences

could be less than the average. If the mode value were used, the low

frequency events that have high consequences would not be appropriately

considered. Therefore, the RSS chose to use the median value to repre-

sent P
r

.
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It would be justifiable to use the median value if the study of

radioactive release is the main concern. However, in the risk analysis,

we are primarily concerned about the frequency of certain consequences.

We want to know, up to a certain level of severity of a consequence,

what the average or expected risk is. For a given type of consequence,

we are also interested in knowing at what severity level most of the risks

are expected to occur, so that we know there is very little risk of

occurrence of a consequence beyond this level. Therefore, the mean fre-

quency appears to be a more reasonable parameter to use in the analysis

than the median frequency. Statistically speaking, the mean X of random

samples of size 30 or larger is nearly normally distributed, whether the

population is normally distributed or not
3

. It is the stability in the

probability behavior of the sample mean that makes it a favorable statistic

in the study of random samples.

CALCULATING THE EXPECTED RISK

The RSS presents frequency-consequence data by a logarithmic plot

of the frequency distribution. Although not explicitly stated, the fre-

quency of a consequence which is presented is in fact the median value

P0.5 f X > C}. From the frequency distribution in the RSS, the expected

risk of nuclear power can be estimated in the following manner:

Step 1 : Select appropriate intervals on the C (consequence) axis of

the P05 fX vs C plot and find the corresponding P05.1X>CJ

values.

Step 2 : Convert each P0.5 (X>C1 value to the mean value T ix n} .

Step 3 : Approximate the integral, i.e., the average risk, by summation.

The method of approximation and the derivations of the mean value

and the expected risk are descri ed in detail in the following sections.
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APPROXIMATING THE INTEGRAL BY SUMMATION

In the frequency distribution diagrams given in RSS, the consequence

C is plotted against the "probability per year that a consequence is

greater than C", i.e., P05 f X >C.)- per year. For simplicity let us

define this parameter as G
0.5

(C). The risk of a consequence is related

to the area under the frequency distribution curve. One simple way of

estimating this area is to apply the trapezoidal rule to select appro-

priate intervals on both axes and approximate the area by summation of

the rectangles whose sides are formed by the selected intervals. Since

both G
0 5

(C) and C are plotted on logarithmic scales, relatively fine

intervals are needed for the approximation. An illustration of this

method is shown in Figure 1.

Using this method, approximations are made for the areas under the

frequency distribution curves for early fatalities, early illness, thyroid

nodules per year, latent cancer fatalities per year, genetic effects per

year and total property damage ($). Results are shown in Figures 2 to 7.

CALCULATING THE MEAN VALUE FROM THE MEDIAN

For a given consequence C., the frequency distribution curve in RSS

givesacorrespondingPO4X>C.I., or G0.5(Ci). The subscript 0.5 re-

presents the median value. In order to convert G
0 5

(C.) to the mean

valueG(C.), consider a set of variables X that are distributed according

to lognormal distribution. Then

x = eY (9)

where y is normally distributed, with (population) mean /u., and variance
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CI Cu

C= CONSEQUENCE

Figure 1. Approximating a curved section by a straight line on

logarithmic scales
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By definition, the density function of Y is

=
fa--.777

< td-

Therefore, the cumulative probability distribution function

(x) = Prob -I X = Prob e

Prob y < In Al Jj ( V-) a cd'

If we now define the upper and lower bound of X by

Prob X 34 = o. 9-S-

and Prob x 0. 0S-

(10)

(12)

20

from the standard normal distribution table, we can interpret the above as

Prob f y A 14 f. 61.13-

Prob y ,t4 - 4t_C- 0-1 =-- 03 (13)

or, converting the `('s to X's

,t1 r /.141So--
. 9Prob X e = 0 ,C

.2( , 6

Prob
1.

X e o. v 5

Comparing (12) with (14), we have

t = e

Ai 4- /

L
e

Solving for/I 6 a- , we have

./° = 2 /PI. ( )

(

By definition, for lognormal distribution the sample median

au A

(14)

(15)

(16)

X =
, (17)

and the sample mean

+

e
(18)



Hence the relationship between the sample median and sample mean is

J.-

= X0.5 (19)

R N c.
1

[ F(C
ul
.)

Cli
F( )j =

21

If the upper (95%) and lower (5%) bounds of X are given, then a, can be

calculated through (16). For a given median value, the mean can then be

calculated through (19).

DERIVING THE EXPECTED RISK

Given: P i X> CI per year vs. C.

Let: F(C) = P X '$.C1 and G(C) = P X ).0 .

Then: P (C)
dF(c)

d c

(0
The Risk: R = P(c) x Cdc = j C dF(c) (20)

Approximating the integral by summation,

C. I G(c ) G .)J (21)
i=1

i=1

Where n = total number of intervals,

C. = a certain C value within the interval i,
1

C
ui

= the upper end point of C in interval i,

Cli = the lower end point of C in interval i, and Cli C. < C
ui

.

1

G (C
ul

R Cui{G (Cli) G (C )3
'

1=1

andC.canbeanypointbetweenC.
u1

andC.
11

, to obtain an average value
1

for C. on a logarithmic scale, it is reasonable to choose the geometric

mean, i.e., let

C. = IC . x C
u.11 l

The expected risk can then be estimated by

R r,:,- 2, ( ) C1. x c
ul

. ) f n (c
11
.) - 6 (c

ui
)] = .c.1. x A (22)

.

2,
1=1 1=1
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SELECTING THE APPROPRIATE NUMBER OF INTERVALS

For a first trial, twelve intervals were taken for each of the six

consequence curves (early fatalities, etc.). In order to find out how

close the approximated risk is to the integral risk, four values of risk

were calculated for each interval i by choosing a Ci such that

(i) C. = geometric mean of the end points of interval i

(ii) C. = arithmetic mean of the end points of interval i

(iii) C. = the upper end point of interval i

(iv) Ci = the lower end point of interval i.

It was found that for a 12-interval approximation, in general the

differences between risk values calculated from (i) and (ii) for all six

curves are about 6 to 10 per cent, while those calculated from (iii) and

(iv) were about 44 to 60 per cent. To decrease these differences, a second

trial was made in which 24 intervals were taken. Results show a consi-

derable improvement: The former differences drop to 1.45 to 2.28 per cent,

and the latter differences drop to 24.71 to 31.75 per cent. Finer inter-

vals could be taken to further decrease these differences. However, since

we are mainly interested in the risk values obtained from the geometric

mean consequences, and these risk values vary merely by 1.5 to 3.6 per

cent (with an exception of 30 percent for latent cancer fatalities) for

doubling the number of intervals, it was decided not to pursue the matter

any further at this point.

The frequency vs. consequence curves with 24 selected intervals for

early fatalities, early illness, thyroid nodules, latent cancer fatalities,

genetic effects and property damage are shown in Figures 2 to 7. These

curves are based on Figures VI 13-30 to VI 13-34 and Figure VI 13-36 in

Appendix VI of RSS. Data point:- (median frequency G0 5
(C.) and consequence

C.) selected from these curves arc, tabulated in Tables 1 to 6. These data
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Table 1. Selected median frequencies and consequences for early

fatalities

C.=early fatalities

G05 (C
i

) = median frequency of early fatalities per reactor

year .3.; Ci.

G0.5 (Ci) Ci

4.5 E-07 E+00
f

3.9 E-07 4.0 E+00
3.2 E-07 1.0 E+01
2.4 E-07 2.2 E+01
2.0 E-07 4.0 E+01
1.38 E-07 7.0 E+01
1.2 E-07 1.0 E+02
7.9 E -08 1.4 E+02
5.3 E-08 2.2 E+02
4.0 E-08 3.0 E+02
3.0 E-08 4.0 E+02
2.2 E-08 5.0 E+02
1.8 E-08 6.0 -E+02
1.4 E-08 7.0 E+02
1.23 E-08 8.0 E+02
1.12 E-06 9.0 E+02
8.0 E-09 1.0 E+03
5.2 E-09 1.3 E +03

2.0 E-09 1.6 E+03
1.65 E-09 2.0 E+03
1.4 E-09 2.2 E+03
1.23 E-09 2.5 E+03
1.13 E-09 2.7 E+03
1.05 E-09 2.9 E+03
1.0 E-09 3.1 E+03
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Table 2. Selected median frequencies and consequences for early illnesses

C. = early illnesses

G
0.5

(C ) = median frequency of early illnesses per reactor year

Ci

X0.50.5 )1 Ci

7 .2 E..-06 1.0 E +00
6.4 E -06 5.0 E +00
5.4 E -06 1.0 E +01
4.0 E06 3.0 E +01
3.0 E...06 6.0 E +01
2.2 E -06 1.0 E +02
1.4 E....06 2.0 E +02
9.0 E -07 3.33 +02
6:3 E -07 5 .0 E +02
4:4 E -07 7.6 E +02
3.3 E -07 1 0 E +03
2.4 E....07 1.4 E +03
1.7 E -07 2.0 E +03
1.0 E -07 3.0 E +03
7.2 E -08 4.0 E +03
5.0 E ,5.4 E +03
3.2 E -08 7.0 E +03
2.23 E -08 9.0 E +03
1 .44 E -08 1 2 E +04
8.5 E -09 1 .5 E +04
5 .5 E....09 2 .0 E +04
3 6 E..09 2.4 E +04
2.4 E -09 3.0 E +04
1 4 E -09 3 8 E +04
1.0 E -09 4.4 E +04
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Table 3. Selected median frequencies and consequences for thyroid nodules

C. = thyroid nodules per year

G
0.5

(C.) = median frequency of thyroid nodules per reator

year C.

G
0.5

(C
i

) C.
1

3.4 E05 1.0 E +00

3.0 E 4.0 E +00

2.5 E.05 1.0 E +01

2.2 E -05 3.0 E +01

1.9 E-05 6.0 E +01

1.5 E -05 1.0 E +02

1.22 E -05 2.0 E +02
8.0 E 3.2 E +02

5.5 E -06 5.0 E +02

3.32 E -06 7.2 E +02

2.2 1.0 E +03

1.0 E -06 1.4 E +03
5.2 E -07 2.0 E +03

3.0 E -07 2.4 E +03
2.0 E -07 3.0 E +03

1.0 E 3.5 E +03

6.0 E -08 4.0 E +03

4.0 E -08 4.5 E +03

2.5 E -08 5.0 E +03

2.0 E -08 5.5 E+03
1.5 E 6.0 E +03

9.0 E-09 6.5 E +03

5.7 E -09 7.0 E +03
2.2 E-09 7.4 E +03

1.0 E -09 8.0 E +04
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Table 4. Selected median frequencies and consequences for latent cancer

fatalities

C. = latent cancer fatalities per year

G
0.5

(C.) = median frequency of latent cancer fatalities per

reator year Ci

G
0.5

C ) C.
3.

2.6 E-05 1.0 E+00
2.4 E -05 3.3 E +00
2.24 E...05 6.0 E +00
1.9 E-05 1.0 E +01
1.3 E.-05 2.0 E+01
8.0 E-06 3.4 E+01
5.4 E-06 5.0 E+01
3.3 E -06 7.4 E +01
2.3 E -06 1.0 E+02
1.5 E -06 1.3 E +02
1.0 E-06 1.6 E +02
7.0 E-07 2.0 E +02
5.2 E-07 2.4 E +02
3.2 E-07 3.0 E+02
2.0 E -07 3.4 E+02
1 3 E-07 4.22 E +02
7.0 E-08 5.0 E+02
4.4 E -08 6.0 c +02
2.5 E-08 7.0 E +02
1.6 E -08 8.0 E +02
1.0 E-08 9.0 E +02
6.0 E-09 1 12 E +03
3.2 E-.09 1.2 E +03
1.9 E -09 1.23 E +03
1.0 E-09 1.4 E +03
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Table 5. Selected median frequencies and consequences for genetic

effects

C. = genetic effects per year

G
0 5

(C
i

) median frequency of genetic effects per reactor

year C.

G
0.5 (C

i
) C

3.0 E-05 1.0 E-01
2.5 E-05 1 33 E -01
22 E -05 2.0 E-01
18 E-05 6.0 E-01
1.5 E-05 1.0 E+00
1.3 E-05 2.0 E+00
1 15 E.-05 3.0 E+00
7.9 E -06 5.0 E+00
5.8 E-06 7.0 E +00
3.9 E -06 1.0 E+01
2.4 E-06 1.4 E+01
1.4 E...06 2.0 E+01
1.0 E -06 2.4 E+01
6.4 E-07 3.2 E+01
3.7 E -07 4.0 E+01
2.2 E -07 5.0 E+01
1.22 E-07 6.0 E+01
7.9 E-08 8.0 E+01
4.3 E-08 8.0 E+01
2.9 E -08 9.0 E+01
2.0 E -08 1.0 E+02
1.0 E -08 1.2 E+02
5.22 E-09 1.32 E+02
2.8 E-09 1.4 E+02
1.0 E -09 1.5 E+02
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Table 6. Selected frequencies and consequences for property damage

C. = property damage in dollars

G
0 5

(C.) = median frequency of proper damage per reactor

year > C. dollars

X0.50.5 I.

.) C,

4.7 E-05 1.0 E+06
4.0 E-05 4.0 E+06
3.2 E-05 1.0 E +07
2.8 E-.05 ,2.4 E+07
2.2 E -05 4.0 E +07
1.7 7.0 E +07
1.4 E05 1.0 E +08
1.0 E-05 1.4 E +08
7.0 E-06 2.2 E +08
5.0 E -06 3.0 E +08
3.0 E-06 4.4 E +08
1.6 E 6.3 E +08
1.03 E -06 9.0 E +08
5.0 E-07 1.4 E +09
2.4 E -07 2.0 E +09
1.5 E-.07 2.4 E +09
1.0 E-07 3.0 E +09
5.6 E-08 4.0 E +09
3.3 E-08 5.0 E +09
3.14 E -08 6.0 E+09
1.32 E-08 7.0 E+09
8.0 E -09 8.4 E +09
500 E -09 1.0 E +10
2.4 E -09 1.2 E +10
1.0 E-09 1.34 E +10
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Table 7. Frequency increments, geometric mean consequences, and risks

for early fatalities

DELTA G = mean frequency increment per reactor year

MEAN CONSEQUENCE = geometric mean number of early fatalities

RISK = average cumulative risk of early fatalities per reactor

year.

DELTA G MEAN CONSEQUENCE RISK

9.6830E-08 2.0000E 00 1.9366E-07
1.1297E-07 6.3246E 00 9.0814E-07
1.2911E-07 1.4832E 01 2.8231E-06
6.4554E-08 2.9665E 01 4.7381E-06
1.0006E-07 5.2915E 01 1.0033E-05
2.9049E-08 8.3666E'01 1.2463E-05
6.6167E-08 1.1832E 02 2.0292E-05
4.1960E-08 1.7550E 02 2.7656E-05
2.0980E-08 2.5690E 02 3.3046E-05
1.6138E-08 3.4641E 02 3.8636E-05
1.2911E-08 4.4721E 02 4.4410E-05
6.4554E-09 5.4772E 02 4.7946E-05
6.4554E-09 6.4807E 02 5.2129E-05
2.7435E-09 7.4833E 02 5.4183E-05
1.7752E-09 8.4853E 02 5.5689E-05
5.1643E-09 9.4868E 02 6.0588E-05
4.5187E-09 1.1402E 03 6.5740E-05
5.1643E-09 1.4422E 03 7.3188E-05
5.6484E-10 1.7889E 03 7.4199E-05
4.0346E-10 2.0976E 03 7.5045E-05
2.7435E-10 2.3452E 03 7.5688E-05
1.6138E-10 2.5981E 03 7.6108E-05
1.2911E-10 2.7982E 03 7.6469E-05
8.0692E-11 2.9983E 03 7.6711E-05
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Table 8. Frequency increments p G, geometric mean consequences, and

risks for early illnesses

DELTA G = mean frequency increment per reactor year

MEAN CONSEQUENCE = geometric mean number of early illnesses

RISK = Average cumulative risk of early illnesses per reactor

year.

DELTA G MEAN

1 .291 1E -06

C ONSE QUE NCE

2.2361E 00

RISK

2.8969E...06
1.6138E -06 7.0711E 00 1 .429RE
2.2594E -06 1.7321E 01 5 3432E -05
1 6138E ...06 4.2426E 01 1 2190E -04
1 .2911E -06 7 .7460E 01 22191E-04.
1 -.2911E 06 1 4142E 02 4 0449E 04
8.0692E -07 2.5807E 02 6 1273E ...CM
4 .3574E ...07 4 .0804E 02 7. 905 35.:
3 .0663E ..-07 6.1644E 02 9.795 5E
1.7752E -07 8.7178E 02 1 134.1E -03
1 .45 25E -.07 1.1832E 03 1 3062E 03
1 .1297E ...07 1.6733E 03 1.4 952E -03
1 1297E 2.4495E 03 1 7719E. -03
4 .5 1 87E -08 3 .4641E 03 1. 92857..;.-03
'3 .5504E -08 4.6476E 03 2.0935E-03
2 .904 9E ...08 6.1482E 03 2.2721E-03
1 .5 654E ...08 7 9373E 03 2.3963E -03
1.2749E -08 1 .0392E 04 2.5288E-03
9.5216E -09 1.3416E 04 2.6566E -03
4.8415E -09 1.7321E 04 2 7404E -03
3 .0663E 2.1909E 04 2 . 8076F, -03
1 9366E 09 2.6833E 04 2.8596-O3
1 6138E ...09 3.3764E 04 29140E...03
6 .4554E -10 4.0890E 04 29404E..03
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Table 9. Frequency increments 4:6, geometric mean consequences, and

risks for thyroid nodules per year

DELTA G = mean frequency increment per reactor year

MEAN CONSEQUENCE = geometric mean number of thyroid nodules

per year

RISK = average cumulative risk of thyroid nodules per year

per reactor year.

DELTA G MEAN CONSEQUENCE RISK

6.4554E -06
8.0692E...06
4 8415E -06

2.0000E
6.3246E
1 7321E

00
00
01

1 .2911E -05
6.3945E...05
1.4780E...04

4.8415E-06 4.2426E 01 3.5321E -04
6.4554E -06 7.7460E 01 8.5324E -04
4.5187E -06 1.4142E 02 1.4923E -01
6.7781E -06 2.5298E 02 3.2070E -03
4.0346E -06 4.0000E 02 4 8209E -03
3.5182E...06 6.0000E 02 6 9318E -03
1 8075E -06 8.4853E 02 8.4655E -03
1 9366E -06 1 1832E 03 1.0757E -02-02
7 0464E -07 1.6733E 03 1 2053E -02
3 .5504E .-07 2 1909E 03 1 2831E -02
1 6138E -07 2.6833E 03 1.3264E ..02
1.6138E 07 3.2404E 03 1.3787E -02
6.4554E...08 3.7417E 03 1 4029E 02
3.2277E -08 4.2426E 03 1.4165E -02
2.4208E...08 4.7434E 03 1.4280E ..02
8.0692E -09 5 2440E 03 1.4383E -02
8.0692E ..09 5 7446E 03 1.4369E...02
9.6830E -09 6 2450E 03 1.4429E -02
5 .3257E -09 6.7454E 03 1 4465E -02
5 6484E -09 7 1972E 03 1.4506E -.02
1 9366E -09 2.4331E 04 1.4553E...02
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Table 10. Frequency increments A 6, geometric mean consequences, and

risks for latent cancer fatalities per year

DELTA G = mean frequency increment per reactor year

MEAN CONSEQUENCE = geometric mean number of latent cancer

fatalities per year

RISK = average cumulative risk of latent cancer fatalities

per year per reactor year.

DELTA G MEAN CONSEQUENCE RISK

3.2277E -06 1.8166E 00 5.8634E...06
2.5821E -06 4.4497E 00 1.7353E-05
5.4871E...06 7.7460E 00 5.9856E-05
9.6830E -06 1.4142E 01 1.9679E...04
8.0692E-06 2.6077E 01 4.0721E -04
4.1960E...06 4.1231E 01 5.8022E...04
3.3891E-06 6.0828E 01 7.8637E-04
106138E..06 8.6023E 01 9.2519E-.04
1.2911E...06 1.1402E 02 1.0724E...03
8.0692E-07 1.4422E 02 1.1888E...03
4.8415E...07 1.7889E 02 1.2754E.-03
2.9049E...07 2.1909E 02 1.3390E...03
3.2277E-07 2.6833E 02 1.4256E..03
1.9366E-07 3.1937E 02 1.4875E...03
1.1297E-07 3.7879E 02 1.5303E...03
9.6830E..08 4.5935E 02 1.5748E...03
4.1960E.-08 5.4772E 02 1.5977E-03
300663E..08 6.4807E 02 1.6176E...03
1.4525E...08 7.4833E 02 1.6285E...03
9.6830E...09 8.4853E 02 1.6367E-..03
6.4554E...09 1.0040E 03 106432E-.03
4.5187E...09 1.1593E 03 1.6484E...03

2.0980E09 1.2149E 03 1.6510E...03
1.4525E...09 1.3122E 03 1.6529E...03
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Table 11. Frequency increments Aj,, geometric mean consequences, and

risks for genetic effects per year

DELTA G = mean frequency increment per reactor year

MEAN CONSEQUENCE = geometric mean number of genetic effects

per year

RISK = average cumulative risk of genetic effects per year

per reactor year.

DELTA G MEAN CONSEQUENCE RISK

8.0692E..06
4.8415E-06
6.4554E.06

1.1533E...01
1.6310E-01
3.4641E-01

9.3058E-07
1.7202E...06
3.9564E...06

4.8415E...06 7.7460E -01 7.7066E-06
3.2277E -06 1.4142E 00 1.2271E...05
2.4208E...06 2.4495E 00 1.8201E...05
5.8098E.06 3.8730E 00 4.0702E-05
3.3891E.-06 5.9161E 00 6.0752E...05
3.0663E...06 8.3666E 00 8.6407E...05
2.4208E -06 1.1832E 01 1.1505E....04
1.6138E...06 1.6733E 01 1.4205E...04
6.4554E...07 2.1909E 01 1.5620E-04
5.8098E-07 2.7713E 01 1.7230E04
4.3574E07 3.5777E 01 1.8789E.04
2.4208E-07 4.4721E 01 1.9871E.04
1.5816E...07 5.4772E 01 2.0738E.-04
6.9395E.08 6.9282E 01 2.1218E-04
5.8098E-.08 8.0000E 01 2.1683E-04
2.2594E-08 8.4853E 01 2.1875E-.04

.1.4525E...08 9.4868E 01 2.2013E-04
1.6138E..08 1.0954E 02 2.2189E..04
7.7141E-09 1.2586E 02 2.2287E -04
3.9055E -09 1.3594E 02 2.2340E04
2.9049E-09 1.4491E 02 2.2382E-04
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Table 12. Frequency increments AG, geometric mean consequences, and

risks for property damage

DELTA G = mean frequency increment per reactor year

MEAN CONSEQUENCE = geometric mean value of proper damage in

dollars

RISK = average cumulative risk of property,damage ($) per

reactor year.

DE LTA G MEAN CONSEQUENCE. RISK

1 1297E...05 2.0000E 06 2 2594E 01
1 .291 1E -05 6.3246E 06 1.0425E 02
6.4554E -06 1.5492E 07 2.0425E 02
9.6830E-06 3.0984E 07 5.0427E 02
8.0692E-06 5.2915E 07 9.3125E 02
4 8415E 06 8.3666E 07 1.3363E 03
6.4554E -06 1 1832E 08 21001E 03
4 8415E ...06 1.7550E 08, 2.9498E 03
3.2277E -06 2.5690E 08 3.7790E 03
3 2277E -06 3.6332E 08 4 9517E 03
2.25 94E-06 5 2650E 08 6.1412E 03
91989E07 7.5299E 08 6.8339E '03
8.5533E-07 1.1225E 09 7.7940E 03
4 .1960E...07 1.6733E 09 8.4961E 03
1 .4525E-07 2.1909E 09 8.8144E 03
8.0692E-08 2.6833E 09 9.0309E 03
7.1009E -08 3.4641E 09 9.2769E 03
3.7118E'08 4.4721E 09 9.4429E 03
2 .5 821E...09 5.4772E 09 9.4570E .03

2.9372E -08 6.4807E 09 9.6474E 03
8 3920E -09 7.6681E 09 9.7117E 03
4.8415E-09 9.1652E 09 9.7561E 03
4 1960E -09 1.0954E 10 9.8020E 03
2 .25 94E...09 1.2681E 10 9.8307E 03
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were used to calculate the mean frequencies G (C.), the frequency incre-

mentsAG,andthegeometricmeanconsequenceC.,and finally the risk

R.. Results are shown in Tables 7 to 12. A comparison of the risk values

calculated from the 12- and 24-interval approximation is given in Table 13.

A statement of the computer program used to calculate the above results

is shown in Appendix 1.

Table 13. Expected risks from nuclear power

Type of Consequence

Risk per reactor year

12-interval Approx 24-interval Approx.

Early Fatalities

Early Illnesses

Thyroid Nodules
per year

Latent Cancer Fatalities
per year

Genetic Effects
per year

Property Damage
(dollars)

8.1285 x 10
-5

2.8800 x 10
-3

1.4091 x 10
-2

1.1548 x 10
-3

2.1565 x 10
-4

$9.6811 x 10
3

8.3121 x 10
-5

2.9404 x 10
-3

1.4453 x 10
-2

1.6529 x 10
-3

2.2382 x 10
-4

$9.8307 x 10
3
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PRESENTING THE RISK DISTRIBUTION

From the data given in Tables 7 to 12, it is possible to describe

the risk distribution for various consequences by a risk vs. consequence

plot. Observation of the shape, location and steepness of the risk dis-

tribution curve will give us a better understanding of the risk pattern.

Figures 8-13 show the risk distributions for early fatalities, early

illnesses, thyroid nodules per year, latent cancer fatalities per year,

genetic effects per year and property damage from nuclear power.

These figures demonstrate the fact that most of the risks from

nuclear power occur at medium size accidents rather than from large catas-

trophes. The slopes of these S-shape curves are steep, indicating most

of the risks occur within a narrow consequence range, which varies by

about one order of magnitude.

The meaning of risk distribution goes beyond the mere facts it shows.

From the knowledge of the consequence range where most of the risks occur,

investigations should be made into accidents that contribute to this con-

sequence range. In making decisions on radiation protection, emphasis

should then be placed on safety measures that would reduce the risks of

these consequences, instead of those of the large catastrophes.
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III. ESTIMATING THE MAN-REM

THE UNIT "MAN-REM"

When ionizing radiation is imparted to a certain volume of matter,

the mean energy imparted by the ionizing radiation per unit mass of the

matter in this volume is called the absorbed dose (D). The unit for ab-

sorbed dose is rads, or joules per kilogram. The biological effectiveness

of a given absorbed dose depends on the type of radiation and on the ir-

radiation conditions. An indication of the effect upon a given organ is

inferred by weighting the absorbed dose in that organ by certain modifying

factors. The resulting expression is called dose equivalent (H)
4

. The

unit for dose equivalent is the rem, i,e.,

H (dose equivalent, in rems) = D (absorbed dose, in rads)

x Q (quality factor of the matter ir-
radiated)

x N (product of any other modifying
factors). (23)

When the biological effectiveness of a given absorbed dose to a

certain population is considered, with the assumption that the effect on

all people in the population under consideration is approximately the same,

the unit man-rem is used to indicate the effect on the population. For

example, the total biological effect of an absorbed dose of 1 rem to each

of 1,000 people is 1,000 man-rem.

DEDUCING THE MAN-REM FROM LATENT CANCER FATALITIES

In the final report of RSS, the frequency distribution of dose equi-

valent in terms of man-rem is not given. However, there exists a simple

relationship (RSS Appendix VI, . 9-33):
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10
6
man-rem<=21.6 expected latent cancer fatalities.

Hence to deduce the number of man-rem from latent cancer fatalities,

we can write:

number of man-rem per year = number of expected latent cancer

fatalities per year/ (1.216 x 104) (24)

If we now follow the procedure described in Chapter 2 for estimating

the risk of latent cancer fatalities, convert all the consequence values

for latent cancer fatalities to man-rem, we can estimate the risk of

radiation exposure in terms of man-rem. Results of these calculations

are presented in Table 14.

ESTIMATING THE MAN-REM FROM BEIR & EPA DATA

As a comparison, we shall use two other conversion factors to cal-

culate the number of man-rem from latent cancer fatalities:

(1) The Advisory Committee on the Biological Effects of Ionizing

Radiations, on p. 91 of the BEIR Report
5

, estimates the latent cancer

fatalities for a latent period of about 30 years. It states; "By

extrapolation, it can be estimated that the number of deaths per 0.17

rem per year in the entire U.S. population might range roughly from

3,000 to 15,000 with the most likely value falling in the range of

5,000 to 7,000 (or 3,500 per 0.1 rem per year)."

At the time of the BEIR estimation, the U.S. population totaled 197.9

million. Hence:

197.9 x 10
6
persons x 0.1 rem/year <====-;> 3,500 latent cancer fatal-

ities/year

3,500
i.e., 1 man-rem/year<--> latent cancer fatalities/year

197.9 x 10

= 1.77 x 10
-4

latent cancer fatalities/year

To deduce the number of man-rem from latent cancer fatalities, we use
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no. of man-rems/year = no. of latent cancer fatalities/year

1.77 x 10 -4

(2) In 1977, the U.S. Environmental Protection Agency (EPA) estimated6

that cancer mortality = 200 deaths per year for 106 man-rems

annual exposure.

Hence the relationship between man-rem and latent cancer fatalities is

no. of man-rems/year = no. of latent cancer fatalities/year

2.00 x 10-4

Man-rems calculated from all three approximations metioned above are

shown in Tables 14 to 16.

ESTIMATING THE MAN-REM BY LINEAR REGRESSION

As shown in Table 13, the risk estimation for latent cancer fatalities

is the least satisfactory one among all six estimations. Since it is not

practical to divide the frequency distribution curve for latent cancer

fatalities into finer intervals, a linear regression method is used as a

different approach to estimate the risk of man-rem.

Regression analysis is a statistical method developed to investigate

the relationships among variables7. Assuming a variable Y is related to

two other variables X1 and X2, observations are made on samples that con-

sist of elements Y, X1 and X2. Relationships between samples are then

summarized by fitting a line or curve using the method of least squares,

with Y as the dependent variable, X1 and X2 as the independent variables8.

If a further assumption is made that Y and X1, X2 are linearly related,

then this relationship can simply be explained by the linear equation

Y = ao + a1X1 + a2X2
(25)

where a o , a
1

and a
2

are regression coefficients.
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Table 14. Frequency increments t-1;, geometric mean consequences,

and risks for man-rem per year deduced from RSS latent cancer

fatalities per year

DELTA G = mean frequency increment per reactor year

MEAN CONSEQUENCE = geometric mean number of man-rem per year

per reactor year

RISK = average cumulative risk of man-rem per year per reactor

year

DELTA G MEAN CONSEQUENCE RISX

3.2277E -06
2.5821E -06

1.4939E
3.6593E

04
04

4.8218E...02
1.4271E -01

5.4871E...06 6.3700E 04 4 9223E ...01
9.6830E...06 1 1630E 05 1 6184E 00
8.0692E...06 2.1445E 05 3.3488E 00
4.1960E -06 3.3907E 05 4.7715E 00
3.3891E...06 5.0023E 05 6.4668E 00
1.6138E...06 7.0743E 05 7 6085E 00
1.2911E...06 9.3764E 05 8.8191E 00
8.0692E -07 1 1860E 06 9.7761E 00
4.8415E..07 1.4711E 06 1.0488E 01
2.9049E -07 1 8017E 06 1.1012E 01
3.2277E...07 2.2066E 06 1 1724E 01
1 9366E...07 2.6264E 06 1.2233E '01
1 1297E....07 3.1150E 06 1.2584E 01
9.6830E -08 3.7775E 06 1.2950E 01'
4.1960E...08 4.5043E 06 1 3139E 01
3.0663E -08 5 3296E 06 1.3303E 01
1.4525E...08 6 1540E 06 1 3392E 01
9.6830E -09 6 9780E 06 1.3460E 01
6.4554E...09 8.2565E 06 1 3513E 01
4.5187E...09 9.5338E 06 1.3556E 01
2.0980E -09 9.9910E 06 1.3577E 01
1.4525E -09 1.0792E 07 1 3593E 01
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Table 15. Frequency increments 6G, geometric mean consequences,

and risks for man-rem per year deduced from BEIR latent

cancer fatalities per year.

DELTA G = mean frequency increment per reactor year

MEAN CONSEQUENCE = geometric mean number of man-rem per year

per reactor year

RISK = average cumulative risk of man-rem per year per reactor

year

DELTA G ME AN CONSEQUENCE RISK

3.2277E -06 1.0263E 04 33126E...02
2.5821E...06 2.5140E 04 9.8041E 02
5.4871E ..06 4.3763E 04 33817E...01
9.6830E -.06 7 9899E 04 1 1118E 00
8.0692E...06 1.4733E 05 2.3006E 00
4 1960E 2.3294E 05 3.2781E 00
3.3891E...06 3 43668 05 4.4427E 00
1 6138E ...06 4 8601E 05 5.2271E 00
1.2911E-06 6.4417E 05 6.0587E 00
8.0692E -07 8.1481E 05 6.7162E 00
4 8415E...07 1.0107E 06 7.2055E 00
2 9049E...07 1.2378E 06 7.5651E 00
3.2277E...07 1.5160E 06 8.0544E 00
1 9366E...07 1.8044E 06 8.4039E 00
1 .1297E -07 2 1400E 06 8.6456E 00
9 6830E ...08 2.5952E 06 8.8969E 00

. 4.1960E -08 3.0945E 06 9.0268E 00
3.0663E -08 3.6614E 06 9.1390E 00
1.4525E -08 4.2279E 06 9.2004E 00
9.6830E -09 4 7939E 06 9.2469E 00
6.4554E -09 5.6723E 06 9.2835E 00
4.5187E...09 6.5498E 06 9.3131E 00
2.0980E -09 6 8639E 06 9.3215E 00
1.4525E...09 7.4138E 06 9.3382E 00
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Table 16. Frequency increments aa, geometric mean consequences, and

risks for man-rem per year deduced from EPA latent cancer

fatalities per year.

DELTA G = mean frequency increment per reactor year

MEAN CONSEQUENCE = geometric mean number of man-rem per year

per reactor year

RISK = average cumulative risk of man-rem per year per reactor

year

DELTA G MEAN CONSEQUENCE RISK

3.2277E-06 9.0830E 03 2.9317E -02
2.5821E -06 2.2249E 04 8.6766E -02
5.4871E...06 3.8730E 04 2.9928E...01
9.6830E -06 7.0711E 04 9.8397E -01
8.0692E -06 1.3038E 05 2.0361E 00
4.1960E -06 2.0616E 05 2.9011E 00
3.3891E -06 3.0414E 05 3.9318E 00
1.6138E -06 4.3012E 05 4.6260E 00
1.2911E -06 5.7009E 05 5.3620E 00
8.0692E...07 7.2111E 05 5.9439E 00
4.8415E...07 8.9443E 05 6.3769E 00
2.9049E -07 1.0954E 06 6.6951E 00
3.2277E-07 1.3416E 06 7.1282E 00
1.9366E...07 1.5969E 06 7.4374E 00'
1.1297E -07 1.8939E 06 7.6514E 00
9.6830E...08 2.2967E 06 7.8738E 00
4.1960E -08 2.7386E 06 7.9887E 00
3.0663E -08 3.2404E 06 8.0880E 00
1.4525E -08 3.7417E 06 8.1424E 00
9.6830E -09 4.2426E 06 8.1835E 00
6.4554E -09 5.0200E 06 8.2159E 00
4.5187E -09 5.7966E 06 8.2421E 00
2.0980E -09 6.0745E 06 8.2548E 00
1.4525E -09 6.5612E 06 8.2643E 00
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SELECTING THE VARIABLES

In the 1974 draft report of RSS, frequency distribution curves were

given for man-rem, property damage, thyroid nodules, early fatalities and

early illness. In the final (1975) report of RSS, frequency distribution

curves were given for property damage, thyroid nodules, early fatalities,

early illness, genetic effects and latent cancer fatalities. To predict

the 1975 frequency distribution for man-rem from the 1974 data by regres-

sion analysis, we need to treat man-rem as a dependent variable, and

select the independent variables whose values are given for both years.

These variables are property damage, thyroid nodules, early illness and

early fatalities. Since the majority of accidents from nuclear power

plants described in the RSS involve low radioactive releases, it is felt

that early fatalities and early illness are less important factors re-

lated to man-rem than thyroid nodules and property damage. Furthermore,

since all the frequency distribution curves are presented in log-log plots,

we simply assume the following regression relationship exists:

ln Y = ao + al ln X + a
2

ln X
2

where Y = man-rem per year

X
1

= property damage ($) p er year

X
2
= thyroid nodules per year

and ao, al, a2 are regression coefficients.

(26)

METHOD OF ANALYSIS

Having selected the regression equation and variables, the analysis

is carried out in the following steps;

(1) From the frequency distribution curve for man-rem in the 1974 draft

report of RSS, select a total of 28 frequency values. Record the
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corresponding consequence values for man-rem, and convert them to

logarithmic values.

(2) For each of the 28 frequency values, record the corresponding con-

sequence values from the frequency distribution curves for property

damage and thyroid nodules for both 1974 (draft) and 1975 (final),

and convert them to logarithmic values.

(3) Using the 1974 data (see Table 17), a regression analysis is performed

to obtain the coefficients ao, al and a2 for the regression equation.

A sample program of this regression analysis is shown in Appendix 2.

The resulting regression equation relating man-rem, property damage

and thyroid nodules is

In Y = 3.5699 + 0.1586 In X
1

+ 0,8826 In X
2.

(27)

(4) From the 1975 data for X
1

(property damage) and X
2

(thyroid nodules),

the 1975 estimated values for Y (man-rem) are obtained by direct

substitution of the X
1

and X
2

values into the regression equation.

The resulting Y values and their associated frequency values are

then used to calculate the expected risk of man-rem. Table 18 shows

the results of the above calculations.

AN ALTERNATIVE ESTIMATION

One of the purposes of a regression analysis is to try to find out

as much as possible how closely the variables are related to one another.

In doing so, an F-test is performed to indicate the significance level

at which an independent variable is related to the dependent variable.

By testing the significance levels of X1 and X2 to Y, and calculating

the correlation coefficients, it was found that X
2

is much more strongly

related to Y than X1. In fact, dropping X1 from the regression equation

affects the regression relationlip only very slightly; The entering F



Table 17. Selected data from 1974 RSS Draft Report for linear

where

regression analysis of man-rem

Y = man-rem per year

X
1
= property damage ($)

X
2
= thyroid nodules per year

In Y In X
1

In X
2

7.601 13.816 2.565
8.517 14.108 2.773
9.393 14.845 3.526
9.999 17.707 4.500
11.212 18.683 5.635
11.918 19.008 6.215
12.578 19.262 6.551
12.995 19.807 7.170
13.528 20.030 7.696
13.855 20.338 7.783
14.023 20.475 7.973
14.346 20.723 8.161
14.604 20.906 8.517
14.914 21.060 8.854
14.979 21.060 8.987
:15.297 21'.416 9.409
:15.590 21.556 9.680
'15.803 2/1.753 10.086
:16.013 21.886 10.309
16.300 22.032 10.597
16.380 22.110 10.820
16.455 22.158 10.968
16.706 22.165 11.035
16.907 22.182 11.156
16.994 22.205 11.264
17.148 22.271 11.290
17.217 22.313 11.327
:17.342 22.'333 11.408

51
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Table 18. Risk of man-rem estimated by the linear regression equation

where

In Y = 3.5699 + 0.1586 In X
1
+ 0.8826 In X

2

Y = man-rem per year

Xi = property damage ($)

X
2
= thyroid nodules per year

DELTA G MEAN CONSEQUENCE RISK

3.23 E-06 2.061 E+03 6.657 E-03
6.82 E-06 2.936 E+03 2.686 E-02
6.46 E-06 4.934 E+03 5.874 E-02
6.45 E-06 1.688 E+04 1.676 E-01
8.70 E-06 3.326 E+04 4.360 E-01
3.23 E-06 4.791 E+04 5.908 E-01
4.84 E-06 9.131 E+04 1.033 E+00
3.23 E-06 1.188 E+05 1.417 E+00
3.227 E-06 1.468 E+05 1.891 E+00
1.614 E-06 1.874 E+05 2.193 E+00

1.614 E-06 2.275 E+05 2.561 E+00
1.614 E-06 2.810 E+05 3.015 E+00
1.613 E-06 3.896 E+05 3.643 E+00
3.23 E-07 4.341 E+05 3.784 E+00
1.291 E-06 5.591 E+05 4.506 E+00
6.457 E-07 6.945 E+05 4.954 E+00
4.357 E-07 9.107 E+05 5.351 E+00
2.098 E-07 1.188 E+06 5.600 E+00
1.614 E-07 1.521 E+06 5.846 E+00
6.457 E-08 1.782 E+06 5.961 E+00
4.357 E-08 2.169 E+06 6.056 E+00
2.098 E-08 2.405 E+06 6.106 E+00
1.614 E-08 2.775 E+06 6.151 E+00
6.457 E-09 3.048 E+06 6.171 E+00
4.357 E-09 3.461 E+06 6.186 E+00
2.098 E-09 3.624 E+06 6.194 E+00
1.614 E-09 3.977 E+06 6.200 E+00

DELTA G = mean frequency increment per reactor year

MEAN CONSEQUENCE = Y

RISK = average cumulative risk of man-rem per year per reactor year



53

value for including X
1

and X
2
is 2263.736, while the departing F value

for dropping X1 from the regression relationship is only 6.042. Also,

dropping X1 decreases the correlation coefficient only by 0.00035 (from

0.99725 to 0.99690).

The above analysis shows that a linear equation of the form

In Y = bo + bl In X
2

(28)

may be used as an alternative estimation for Y. Following the same pro-

cedure as that used before, a linear regression analysis is performed to

calculate Y. The resulting equation is

In Y = 5.1642 + 1.0218 In X
2

(29)

The consequences and risks of man-rem calculated from this regression

equation are tabulated in Table 19. A summary of the various estimations

of the risks of man-rem discussed in this chapter is presented in Table

20. The risk distribution curves for man-rem deduced from the RSS and

EPA latent cancer fatalities and from the two linear regression models are

shown in Figure 14.
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Table 19. Risk of man-rem estimated by the linear regression equation

In Y = 5.6142 + 1.0218 In X
2

where Y = man-rem per year

X
2
= thyroid nodules per year

DELTA G MEAN CONSEQUENCE RISK

3.23 E-06 1.419 E+03 4.583 E-03
6.82 E-06 2.061 E+03 1.864 E-02
6.46 E-06 3.477 E+03 4.110 E-02
6.45 E-06 1.311 E+04 1.257 E-01
8.70 E-06 2.726 E+04 3.457 E-01
3.23 E-06 3.970 E+04 4.739 E-01
4.84 E-06 7.734 E+04 8.482 E-01
3.23 E-06 9.951 E+04 1.170 E+00
3.227 E-06 1.219 E+05 1.563 E+00
1.614 E-06 1.572 E+05 1.817 E+00
1.614 E-06 1.893 E+05 2.122 E+00
1.614 E-06 2.312 E+05 2.495 E+00
1.613 E-06 3.190 E+05 3.010 E+00
3.23 E-07 3.583 E+05 3.126 E+00
1.291 E-06 4.495 E+05 3.706 E+00
6.457 E-07 5.485 E+05 4.065 E+00
4.357 E-07 7.207 E+05 4.374 E+00
2.098 E-07 9.135 E+05 4.566 E+00
1.614 E-07 1.147 E+06 4.751 E+00
6.457 E-08 1.315 E+06 4.836 E+00
4.357 E-08 1.583 E+06 4.905 E+00
2.098 E-08 1.719 E+06 4.941 E+00
1.614 E-08 1.924 E+06 4.972 E+00
6.457 E-09 2.091 E+06 4.986 E+00
4.357 E-09 2.331 E+06 4.996 E+00
2.098 E-09 2.434 E+06 5.001 E+00
1.614 E-09 2.671 E+06 5.005 E+00

DELTA G = mean frequency increment per reactor year

MEAN CONSEQUENCE = Y

RISK = average cumulative risk of man-rem per year per reactor year
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Table 20. Estimated risk of man-rem per reactor year

Method of estimation Expected risk
(man-rem/reactor year)

Deduction from,RSS latent cancer fatalities,
12-interval approximation

Deduction from RSS latent cancer fatalities,
24-interval approximation

Deduction from BEIR latent cancer fatalities,
24-interval approximation

Deduction from EPA latent cancer fatalities,
24-interval approximation

Linear regression of property damage and
thyroid nodules, 28-point approximation

Linear regression of thyroid nodules only,
28-point approximation

13.755

13.593

9.338

8.265

6.200

5.005



Figure 14. Estimated cumulative risk distribution curves for
man-rem per year
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IV. EVALUATING THE COST OF RISKS FROM NUCLEAR ACCIDENTS

ESTIMATING THE CONSEQUENCES

After having estimated the frequencies of various consequences due

to reactor accidents, the RSS calculated these consequences by the com-

bined use of a meterological and a health effect model. The meterological

model computes the dispersion of radioactive materials in terms of con-

centrations in the air and on the ground as a function of time after the

accident and distance from the reactor. Having computed the concentrations

of radioactivity, the model then calculates the potential doses that

could accrue from

(1) external irradiation from the passing cloud

(2) external irradiation from ground contamination

(3) internal irradiation from inhaled and ingested radionuclides

as a function of time.

The health effect model classifies the dose effects into various

categories. The dose to each organ in the human body is calculated as a

function of distance from the reactor. Assuming all persons located at

the same distance in a given sector would receive the same dose, the

mortality or morbidity rates in a group of people are determined by com-

paring the dose to the early acute dose-mortality (or dose-morbidity) crite-

rion (established by NCRP corresponding to that organ, tissue or system.

CATEGORIES OF HEALTH EFFECTS

The RSS divides health effects of nuclear power into 3 categories:

(1) Early and continuing somatic effects - early fatalities and early

illnesses within one year of a reactor accident. These effects are

associated with individual total-body doses of 100 rads or more and
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thus would be limited to persons in the immediate vicinity of the

reactor.

(2) Late somatic effects - latent cancer fatalities and morbidities as

well as benign thyroid nodules. Such effects are typically observed

2 to 30 years after irradiation.

(3) Genetic effects ionizing radiation may increase the frequency of

mutation, causing ill health in the descendents of irradiated indi-

viduals.

The costs of health effects will be evaluated in the following sec-

tions by estimating the costs of

(1) early fatalities

(2) early illnesses

(3) latent cancer fatalities

(4) thyroid nodules

(5) genetic effects.

THE VALUE OF LIFE

When a worker is prevented from working as a result of a fatal in-

jury, then in a time of full employment the society loses this worker's

output for the remainder of his/her work life. In order to make a mone-

tary estimate of the value of a human life to the society, it has been a

common practice to consider this value the loss of future production (in

dollars) during the remainder of the worker's work life had he/she sur-

vived. Calculations are done such that the values of production in the

future have to be discounted to give present day values.

To estimate the cost of possible fatalities due to the use of nuclear

power, several assumptions need to be made:

(1) Fatality leads to the removal of a member of the community. No
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adjustment takes place (e.g., no consideration is given to the pos-

sibilities that children may not have been born, widow may have to

go to work, etc.).

(2) Average values are taken for wages and duration of work life for the

"average American worker".

(3) Production will vary with age. But as the estimates are very approxi-

mate, it is not considered that making allowances for age differ-

ence would increase the accuracy of the result
9

The annual rate

of wage increase is therefore considered a constant.

The equation used to calculate the present value of future earnings is

is

n

L = To (i+g)t
t=1

(l+d)
t

n

g

t=1
d

t

(30)

where L = present value of future earnings of a deceased worker, or, the

loss of output by this worker to the society

g = annual rate of wage increase

d = discount rate

n = total number of remaining work years had the worker lived

t = time in years

Io = income of the worker at the year of death.

Let r = 1 + g
1 + d

n
n

then ( g )

d
t=1

t=1

2 3
+ r

n
= r + r + r +

=r(l+r+ r2
+ + r

n-1
)

r ( 1-r ) ( 1 + r + r
2

+ + r
n-1

(1 -r)

(31)



Hence

p

1 r

- r
n
).

L =
Io r

( 1 - rn).
1 r

(32)
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In order to find n, the total number of remaining work years of an

"average American worker" had he/she not died from a reactor accident, one

must first calculate the average age of an American worker today. Data

given by the U.S. Bureau of Labor Statistics for the number of employed

persons in various age groups
10

are shown in Table 21. To obtain an

approximation of the mean age of an American worker, the following steps

are taken:

(1) Calculate the mean age Ai in each age group i,

(2)Calculatethepercentagee.of employed persons in group i,

(3) Estimate the mean age of the American workers A by

130-0 Ai ' ei
i=1

where m = total number of age groups.

Results of calculations (see under Table 21) show that the mean age

of an employed person in the U.S. is 37.7 years old.

The current retirement age for an average American worker is 65.

However, in the near future, because of better health care and legislation

changes, the retirement age may be extended to 70. Assuming that in the

next decade or so the retirement age is 70, then the remaining working

life of an average worker is

(33)

1 {

100

(70-17.5) x 7.656 + (70 - 22) x 13,946 + (70 - 29.5) x 26.178

+ (70 39.5) x 19.269 + (70 - 49.5) x 17.740 + (70-59.5) x

12.133 + (70 - 65) x 3.078 3 = 32.3
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Table 21. Distribution of U.S. Labor Force
10

Age Group Age Range Mean Age

A.
1

No. of Employed
Persons
( x 1,000)

Per cent
Employed

e.
1

16 19 17.5 7,041 7.656

2 20 24 22.0 12,826 13,946

3 25 34 29.5 24,074 26.178

35 - 44 39.5 17,720 19.269

5 45 - 54 49.5 16,314 17.740

6 55 64 59.5 11,158 12.133

7 65 and over 65.0 2,813 3.078

TOTAL 91,963 100.000

The estimated mean age

7

A
100

A.1 . e.

i=1

1

100
(17.5 x 7.656 + 22 X 13.946 + 29.5 x 26.178 + 39.5 x 19.269

+ 49.5 x 17.740 + 59.5 x 12.133 + 65 x 3.078)

= 37.7
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or simply 70 37.7 = 32.3 years.

The latest consumer income data (March 1978) given by the U.S. Bureau

of the Census
11

show that the mean size of an American family is 3,4

persons, and the mean annual income per family is $ 16,142, The mean

annual income per person can then be estimated as

$ 16,142 / 3.4 = $ 4,748.

From the consumer income data for the last 10 years, it is found

that the average wage increase per person has been 6.95 per cent, taking

inflation into consideration.

In choosing a proper discount rate for the calculation of life value,

two numbers were considered;

(1) The long term rate for U.S. government bonds

(2) The average growth rate of GNP (Gross National Products),

The latest Federal Reserve Bulletin
12

(February 1978) shows the long

term rate for U.S. government bond to be 8,14 per cent. According to the

Survey of Current Business
13

(February 1978), in the last 10 years the

average annual growth rate of the GNP is 9.81 per cent. Between the

years 1976 and 1979, the average annual growth rate of GNP is estimated

to be 11.15 per cent.

We shall use 8.14 per cent as the discount rate, and use 11,15 per

cent as an alternative for comparison.

The value of life is now estimated by the following parameters:

I
o

= $ 4748. n = 32,3 years. g = 6,95%, d g 8.14%

Equations (31) and (32) then give;

l+g 1+0.0695
r =

l+d 1+0.0814
= 0.989

I r
o (1 - rn) $4748 x 0.989

L = ( 1 - 0.989
32 3

) = $128,285.
1-r 1 - 0.989
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For an average family with 3.4 persons, assuming that the head of

household is the sole wage earner, then his/her value of life will be

L = $128,285 x 3.4 = $436,169

This seems to be a reasonable estimate. For if this sum of money is

invested into savings, then the annual family income from an interest of

8.14% will give

$436,169 x 8.14% = $35,504

which is more than double the current mean family income of $16,142.

As

(11.15%)

L =

a comparison, if

as the discount

$4748 x 0.962

we choose to use the average GNP growth rate

rate, the individual value of life is

(1 - 0.962
32.3

) = $86,062
1 0.962

and the life value of the only wage earner in the family will be

$86,062 x 3.4 = $292,611.

Again if this money were invested at an interest rate of 11.15%,

the annual income will be

$292,611 x 11.15% = $32,626

which is not an unreasonable estimate either.

RSS ESTIMATE OF LATENT CANCER FATALITIES

One of the two major late somatic effects of radiation in the RSS

is latent cancer fatalities. These are random phenomena whose frequency

of occurrence for an individual is some function of the dose received.

There exists no direct relationship between being irradiated and incur-

ring cancer 30 years later. Therefore, latent cancer fatalities are

calculated on the basis of population dose, i.e., cases per million man-

rem.
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Since a reactor accident would be a one-time event, RSS examines only

the initial dose rate and determines this by the dose received within the

first month after the hypothetical reactor accident. The expected latent

cancer deaths due to each organ are then calculated by taking the product of

the population fraction of the age range, the years at risk and the risk

coefficient for the age range. Data for these parameters were obtained

from the BEIR Report
5
with minor changes in the risk coefficients based

on data accumulated since the BEIR Report was published
14

. Risk coef-

ficients are expressed in terms of the expected numbers of latent cancer

fatalities per million man-rem.

The total number of latent cancer fatalities is obtained by the sum-

mation of latent cancer deaths calculated from individual sites (organs).

It is expressed as "the increase in the normal incidence of cancer for

the exposed population" because no clinical distinction can be made between

a cancer that was induced by radiation and one that occurs spontaneously.

MODELING FOR LATENT CANCER FATALITIES

Since radiation induced cancer may occur within a 30-year period after

irradiation, and some cancer patients may be cured within the same time

period, a mathematical model is set up to calculate the number of cancer-

ous and non-cancerous patients and deaths annually.

In this model it is assumed that initially (year 0) there are XN(0)

number of non-cancerous people in the so-called "cancer pool". The

number of cancerous patients initially is zero, i.e., XM(0) = O. Each

year people leave the pool by developing cancer, hence the number of

cancerous patients increases, while the number of non-cancerous people

in the pool decreases.

We shall further assume that within the first five years (year 1 to
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year 5) there may be cancer deaths, but no patient is cured. After the

first five years, people who have been cured of cancer will return to the

cancer pool again.

The above statements can be interpreted mathematically as follows:

Let t = time in years

XN(0) = 100 and XM(0) = 0

d(XN) - change in size of cancer pool = XN(t +l) XN(t)
dt

d(XM)
change in number of cancerous patients = XM(t+l) XM(t)

dt

/a.
f

= average cancer fatality rate per year.

= fraction of people in the cancer pool who develop cancer per
year.

then in the first five years (year 1 to year 5) the equations for XN and

XM are

XN(t+1) = XN (
r xN(t+i) + XN

2 (34)

r
xm(t+i) = XM (t) +

xN(t+i)
2 2

+ XN(t) {xm(t+1)+xm(t)i (35)
k

After the first five years, some patients are cured of cancer. The total

number of patients in year (t, t+1) who have been considered "cured",

having survived known cancers for 5 years is:

)5 XM (t-5) + XM (t-4) )
2

these leave the pool of cancerous patients and reenter the "cancer pool".

Equations (34),(35) are now changed to

f
XN (t+1) = XN(t)

2

XN(t+1) + XN (t)1
j+ ( 1 .f)

5 EXM(t-5)
2

+ XM(t-4)]

(36)

xm(t+1) = xm(t) +
>,{ xN(t+i) + XN(t) zuf)5 (XM(t -5) + XM(t -4)]

fl
XM(t+1) + XN(t)

2

(37)
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Given the values of JUf and X. , equations (36) and (37) can be

solved. Following the calculations for XN(t) for each year, we can

estimate the total number of deaths, total number of patients cured,

average time needed to cure cancer, and the average time between terminal

cancer occurrence and death.

A printout of the computer program used for calculations in this

model is shown in Appendix 3.

ESTIMATING jaf AND A.

To estimate the average annual cancer fatality rateitt
f'

data for

expected cancer deaths per 10
6
man-rem given in RSS

15
were used to cal-

culate the fraction of expected cancer deaths for each site (organ).

Given the 5-year survival rate for these sites,
16

and assuming that all

other cancer sites have the average 5-year survival rate of 0.33 (one

third)
17

f
can be estimated by the following simple calculations:

Let f
k
= fraction of expected cancer deaths for site k

D
k
= 5-year death rate for site k

then the average 5-year survival rate for all sites is
N

S = 1 2: fkDk
k=1

where N = total number of cancer sites.

But by definition

S - ./af)5

Hence equation (38) becomes

(1
f
)5 = 1 - fkDk

k=1

or

= 1 - ( 1 - 21 f D
k
)1/5

k

(38)

(39)
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This calculation is exhibited in Table 22. The derived value of

.., f is 0.22.

We shall assume that the average irradiated persons will get cancer

after 30 years. The fraction of cancer incidence is therefore ). = 1/30.

To see what difference it makes if the latent period is shortened to

20 and 10 years, X is taken to be 1/20 and 1/10 for comparison. Results

of all calculations mentioned above are shown in Appendix 3, parts II-IV.

THE COST OF LATENT CANCER FATALITIES

According to the American Cancer Society
17

, in the years 1962-1972,

the total medical expenditure on cancer care has increased 140%. The

annual compound rate increase is therefore 9.15%. If the annual rate in-

crease remains as high indefinitely, it will not seem reasonable or af-

fordable to the cancer patient, for the long term bond rate is only 8.14%.

However, in our calculations we are concerned with cancer treatment with-

in the time span of one generation. Moreover, in discussing this matter

.

with the American Cancer Society staff
19

, it was thought that a 9.15%

annual rate increase was justifiable, for, in the past 10 years, the

methods and procedures in diagnosis, examination and treatment have be-

come much more complicated and sophisticated. In addition to this, mal-

practice insurance has increased tremendously. For example, according

to data provided by the Argonaut Insurance Company
20

, from 1964 to 1973

the average medical mal-practice insurance cost for physicians and sur-

geons in New York has increased from $9,200 per year to $36,400 per year.

For the above reasons, the annual rate increase in cancer care is

chosen to be 9.15% in the following calculations.

Let us suppose again that the mean age of an American worker is 37.7

and the retirement age is 70, tt: <ri the remaining work life for this worker
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Table 22. Distribution and Rate of Cancer Fatalities by Sites

Cancer Site
k

Cancer Type Fraction
b

of
Expected Death

f
k

5-year Survival
Rate Sk %

5-year Death
Rate D

k
%

1 Leukemia 0.234 14.5a 85.5

2 Lung 0.183 10.5
a

89.5

3 Stomach 0.084 13.0a 87.0

4 Alimentary 0.027 31.0a 69.0
Canal

5 Pancreas 0.027 1.5
a

98.5

6 Breast 0.210 65.0
a

35.0

7 All Other 0.235 33.3
c

66.7

TOTAL 1.00

Average cancer fatality rate according to equation (39):

_At = 1 ( 1 Z fkDk )1/5
k=1

= 1 (1 - (0.234 x 0.855 + 0.183 x 0.895 + + 0.235

x 0.667)] 1/5 = 0.22

a
See Reference 16.

b
See Reference 15.

See Reference 17.
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is 32.3. If there are 100 irradiated people in the cancer pool initially,

with the average annual cancer fatality rate A
f

= 0.22, we can calculate

the cost of latent cancer fatalities for 3 cases in which the latent

periods of cancer occurrence are 30, 20 and 10 years.

Case 1 : Latent period = 30 years. Hence ) = 0.03

(i) Cost of cancerous patients who die

Mean year of cancer death after irradiation = 12.9

Loss of output using equation (30) is

L = I
o

32.3 11.9 20.4(l+g
= I

o
1

t / 1 + g It
(

g

t=12.9 1+ d 1 + d t=1 1 + d '

Using equation (31) where r =
1 + g
1 + d

and equation (32), we have

( 1-r
20.4

) =
I
n

r
L = Io r

11.9
x 1- r 1 r (1 - r

20.4
) (40)

12.9

Given g = 0.0695, d = 0.0814 and I° = $4,748 as before,

we get r = 0.989.

Equation (40) then gives

L =
$4,748 x 0.989

1 0.989

12.9
x (1 - 0.989

20.4
) = $75,617

Given: Total number of cancer deaths = 25

Time of death after terminal cancer occurrence = 0.4 year

Time terminal cancer occurs = 12.5 years after irradia-

tion

Average medical cost of cancer care (including loss of

work time) per year
17

= 15 billion/1 million patients

= $15,000 per patient

Using the same type of formula as equation (30) for discounting the med-

ical costs to present values, we can calculate the cost of cancer care



for 0.4 year by

C = C
o

2: (
+

1 + dh )

t

t=p

70

(41)

where C = total medical costs at present values

C
o

= present annual medical cost

h = annual rate of medical cost increase

d = discount rate

t = time in years

p = beginning time in years

q = ending time in years.

Let C
o

= $15,000 per patient

d = 0.0814

1 + h
and let s =

1 + d
= 1.009

then

h = 0.0915

p = 12.5 years q = 12.9 years

q q 1.4
1 + hl t st 11.5

1 + d

t s12.5 (1 - s
1.4

)

i
t=p t=p t=1

1- s

Hence equation (35) gives

1.009
12.5

C = $15,000 x
1 1.009

x (1 1.009
1.4

)

= $23,526

Total costs for 25 patients who die of cancer within the time span of

their work lives

= 25 x ($75,617 + $23,526)

= $2,478,575.

(ii) Cost of cancerous patients who are cured

Total number of cancerous patients = 113

Number of patients cured = 113 25 = 88

Average time needed for curing cancer = 5.6 years
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Let C
o

= $15,000 h = 0.0915

d = 0.0814 p = 12.5 years q = 12.5 + 5.6 = 18.1 years

then s = 1.009

and
18.1 6.6

12.5

s = s
11.5

s
t

=
s

1 s
(1 - s

6.6
)

t=12.5 t=1

Hence equation (35) now gives
nna12.5

C = $15,000 x
1 1.009

= $113,529

Total costs for 88 patients

= 88 x $113,529

= $9,990,552

x (1 1.0096.6)

(iii) Cost of remaining people in the cancer pool

Number of remaining people in the cancer pool = 100 25 = 75

Assuming that they will die of cancer sometime after they retire.

The loss of production will then be eliminated.

The average life expectency of a 70-year-old American is 13 years.
21

Suppose every year the average frequency of cancer occurrence is

1/13, then the mean year of terminal cancer occurrence = 7 years

after retirement.

It takes 0.4 years of medical treatment before death.

Let C
o

= $15,000

d = 0.0814

h = 0.0915

p = (70 37.7) + 7 = 39.3 years

q = p + 0.4 = 39.7 years s = 1.009
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hence
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1.4
3q.7 38.3 1 st s

39.3
(1

s1.4)
2: st = s

s

t=39.3 t=1

1.009
39.3

C = $15,000 x x (1 - 1.0091'4)
1 - 1.009

= $29,911

Total costs for 75 people

= 75 x $29,911

= $2,243,325

Total costs for 100 persons calculated from (i), (ii) and (iii)

= $2,478,575 + $9,990,552 + $2,243,325

= $14,712,452.

Case 2 : Latent period = 20 years. Hence X= 0.05

(i) Cost of cancerous patients who die

Mean year of cancer death after irradiation = 13.2

Loss of output using equation (30) is

32.3 20.1

l+g rL = Io ( )
l+d

= I
o

r12.2

t=13.2 t=1

= I r
13.2

(1 r
20.1

)
0

1 r

again r = 0.989, hence L = $74,372.

Given: Total number of cancer deaths = 40

Time of death after terminal cancer occurrence = 0.4 years

Time terminal cancer occurs = 12.8 years after irradiation

Let C
o

= $15,000

d = 0.0814

s = 1.009

h = 0.0915

p = 12.8 years q = 13.2 years



then
13.2

C
512.8

C = C st =
o

( 1 s
1.4

)
o

t=12.18 1 s

1.009
12.8

= $15,000 x
1 1.009 x (1 - 1.009

1.4
)
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= $23,589

Hence the total costs for 40 patients who die of cancer within the

time span of their work lives

= 40 x ($74,372 + $23,589)

= $3,918,440

(ii) Cost of cancerous patients who are cured

Total number of cancerous patients = 182

Number of patients cured = 182 40 = 142

Average time needed for curing cancer = 4.3 years

Now p = 12.8 years q = 17.1 years

Hence

1.009
12.8

C = $15,000 x x (1 1.0095'3)
1 1.009

= $ 90,899.

Total costs for 142 patients

= 142 x $90,899

= $12,907,683.

(iii) Cost of remaining people in the cancer pool

Number of remaining people in the cancer pool = 100 - 40 = 60

Following the same method used in Case 1, with C = $29,911 the

total costs for 60 people = $1,794,660.

Hence total cost for 100 persons calculated from (i), (ii) and (iii)
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= $3,918,440 + $12,907,683 + $1,794,660

= $18,620,783

Case 3: Latent period = 10 years. Hence A = 0.10

(i) Cost of cancerous patients who die

Mean year of cancer death after irradiation = 10.8

Loss of output

32.3
I
o

r
10.8

L = I
o

rt
1 r

r
22.5

)

t=10.8

= $4,748 x 0.989
10.8

x (1 0.989
22.5

)

1 0.989

= $84,417

Given: Total number of cancer deaths = 58

Time of death after terminal cancer occurrence = 0.5 year

Time terminal cancer occurs = 10.3 years after irradiation

Let p = 10.3 years q = 10.8 years

then
10.8

C
o
s
10.3

1.5
(1 - s )

C = C
o

st
1 - s

t=10.3

1.009
10.3

= $15,000 x
1 - 1.009

x ( 1 - 1.009
1.5

)

= $24,730

Total costs for 58 patients who die of cancer within the time span of

their work lives

= 58 x ($84,417 + $24,730)

= $6,330,526.

(ii) Cost of cancerous patients who are cured

Total number of cancerous r lients = 263
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Number of patients cured = 263 58 = 205

Average time needed for curing cancer = 5.9 years

Now p =

Hence

C =

=

=

10.3 years

16.2

C
o

t=10.3

$15,000 x

$116,559.

q

C s
10.3

=

(

(

16.2 years

1 - s
6.9

)

1 1.009
6.9

)

st =

1 s

1.009
10.3

1 1.009 x

Total costs for 263 patients

= 263 x $116,559

= $30,655,017.

(iii) Cost of remaining people in the cancer pool

Number of remaining people in the cancer pool = 100 58 = 42

Following the same method used in Case 1, with C = $29,911

the total costs for 42 people = $1,256,262.

Hence total costs for 100 persons calculated from (1), (ii) and (iii)

= $6,330,526 + $30,655,017 + $1,256,262

= $38,241,805.

A comparison of the various assumptions and costs in the above cases

is tabulated in Table 23.
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Table 23. A comparison of the costs for 3 ways of estimating

latent cancer fatalities among 100 irradiated people

Parameters Case 1

.

Case 2 Case 3

Latent Period (years) 30 20 . 10

No. of Deaths 25 40 58

Mean Year of Death
Occurrence 12.9 13.2 10.8

Cost of Lives, (i) $2,478,575 $3,918,440 $6,393,108

No. of People Under
Cancer Care 113 182 263

Cost of Cancer Care,
(ii) and (iii) $12,233,877 $14,702,343 $31,912,594

% of Total Cost Spent
on Medical Care 83.2 79.0 83.3

Total Costs $14,712,452 $18,620,783 $38,241,805

Several interesting facts observed from this table are:

(1) The shorter the latent period, the higher the number of cancer

fatalities, hence the higher the cost of lives.

(2) The shorter the latent period, the higher the number of people get-

ting cancer, and more frequently is the cancer reoccurrence,

(3) The major contribution to the overall cost of latent cancer fatali-

ties is the medical expenses. This is due to the fact that in

addition to the present high cost of cancer care, the annual rate

increase of cancer cost (9.15%) is higher than both the discount

rate (8.14%) and the average rate of wage increase (6.95%).

Accruing the future costs (Yi cancer care to present value therefore

results in very large number
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THYROID NODULES AND THEIR TREATMENTS

A thyroid nodule is an abnormal growth in the thyroid gland. It can

be benign or malignant. The incidence of nodules is from external and

internal dose (in the form of 1-131 and x-rays) to the thyroid. The RSS

assumes
22

that thyroid nodules occur in all people within the first year

after irradiation. Per million man-rem there are 197.4 expected cases of

benign nodules, and 134.1 expected cases of cancer. Thyroid cancer is

assumed to have a latent period of 10 years. Among the cancers, 10% are

expected to have fatal outcome. This portion of the thyroid cancers have

been added to the calculations of latent cancer fatalities as described

in the previous section.

The treatment of thyroid cancer usually involves diagnosis, surgery,

post surgery examinations, and a life time supply of thyroid tablets. At

23,24
present the costs of diagnosis and examinations are about $150 per case

the surgery including hospitalization, etc. costs about $1,500
23

, and a

bottle of 100 50-mg thyroid tablets (propylthiouracil) costs $5.4025.

Treatment of the benign thyroid nodules usually involves diagnosis

and examinations, physician's visits, and taking daily thyroid tablets

for an average of 6 to 9 months. In general after 3 to 6 months of thy-

roid intake, if the nodules do not regress, surgery is needed
26

. About

1/3 of the benign nodules have to be surgically removed at present
23

.

Again, it seems safe to assume that patients who have undergone surgeries

will take thyroid tablets for the rest of their lives.

The cost of each individual case of thyroid nodules is considered

in the following section. 9.15% is chosen as the annual rate increase

for the treatment of thyroid illness. This is a comparable figure to

the average rate increase in medical expenditure for the last decade
27

.
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ESTIMATING THE COSTS OF TREATMENTS

(1) Cancerous nodules

According to RSS, there are 197.4 expected cases of benign nodules and

134.1 expected cases of thyroid cancers per million man-rem. 10% of the

cancers will have a fatal outcome, and they have been included in the

latent cancer fatalities calculations.

Hence:

Fraction of cancer (non-fatal)
134.1

x 0.9 = 0.364
197.4 + 134.1

197.4
Fraction of benign nodules

197.4 + 134.1
= 0.595

On the average, thyroid cancers occur within a 10-year latent period.

Taking the mean as 5.5 years, and assuming that a person will get thyroid

cancer and undergoes surgery 5.5 years after irradiation, the loss of work

time of this person is

2 weeks of rests + 1 day each for 3 post-surgery examinations

= 13 work days = 0.06 work year.

If the person is now earning an income of I0 = $4,748, then 5.5 years

from now this person would have been earning I
o
r
5.5

dollars discounted to

today's value. Therefore a loss of 0.06 year of work time costs

0.06 x Ior5 = 0.06 x $4,748 x (0.989)
5.5

= $268.

After the surgery, the patient will take thyroid tablets for life.

This requires about 150 mg of propylthiouracil per day
23

. At present a

bottle of 100 50-mg thyroid tablets costs $5.40. Hence a year's supply

will cost

150 x 365 x $5.40 = $60

100 x 50



Suppose the patient is 37.7 + 5.5 = 43.2 years old after surgery.

The average life expectancy of a 43.2-year-old person is 33.0 years
21

.

If the cost of future supply of thyroid tablets discounted to present

value is

C = C
0 st

t=p

where C
o

= $60

then

s = 1.009

p = 5.5 q = 5.5 + 33 = 38.5

s
5

1-s
C = $60 x x (1 -

s34.5)

= $2,525,

79

At present the diagnosis and examination each costs $150. The phy-

sician's visit costs $15 each
23

. Surgery and hospitalization cost $1,500.

Five and a half years from now, each of these costs will have to be dis-

counted by the factor s
5.5

= 1.051. Hence the itemized costs of treatment

of thyroid cancer are:

Diagnosis $ 158

Surgery $ 1,576

Loss of Output $ 268

Post-surgery Exam $ 158

Physician (4 times) $ 63

Thyroid Tablets
for Life $2,525

TOTAL $4,748
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(2) Benign nodules

i). After 6 months of thyroid tablets intake, if there is no regression

of the nodules, the patient will have to undergo surgery. 1/3 of

the patients with thyroid nodules are in this category. If a

patient has the surgery at the age of 37.7 + 0.5 = 38.2, and this

patient's life expectancy is 37.6 years
21

, thenthe cost for a

life time supply of thyroid tablets discounted to today's value is

38.1
C
o
s
0.5

C=Co st
s38.6).

1 s
t =0.5

With Co = $60, s = 1.009,

C = $2,767

The itemized costs for this case is:

Thyroid Tablets for the
first 6 months

Diagnosis

Surgery

$ 30

$ 151

$1,507

Loss of Output $4,748 x 2
= $ 19050

Post-surgery Exam $ 151

Physician (4 times) $ 60

Thyroid Tablets
for Life $2,767

TOTAL $4,856
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ii) The rest of the patients will have benign nodules that can be cured

by simply taking thyroid tablets for about 9 months. The itemized

costs are:

Examinations $150

Physicians (7 times)
22

$110

Thyroid Tablets
for 9 months $

TOTAL $305

The average cost of treatment for thyroid nodules (benign and cancer-

ous) is therefore

0.364 x $4,748 + 0.595 x 0.33 x $4,856 + 0.595 x 0.67 x $305

= $2,803 per incident
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DESCRIPTION OF EARLY ILLNESSES

RSS defines early morbidities as those requiring medical attention

and possibly hospital treatment within days or weeks after irradiation.

Symptoms of early illnesses include respiratory impairment, gastrointes-

tinal damage, cataracts, hypothyroidism, temporary sterility, prodromal

vomiting, etc. Some of these symptoms (temporary ster.ility, vomiting)

have no lasting effects. Other symptoms either contribute negligible

amount (cataracts, hypothyroidism) to early illnesses, or have high thres-

hold doses (gastrointestinal and severe lung damages) such that if other

organs in the body receive the same doses, death will result. Therefore,

the representative of early illnesses in the RSS is respiratory impair-

ment, with all other early illnesses included in the 25% uncertainty in

estimation.

Early changes induced by radiation from external sources and inhaled

radionuclides in the lungs can cause a loss of functioning lung volume.

As the volume of damaged lung increases, pulmonary infections may occur.

Since RSS assumes a one-time whole body dose of less than 400 rads delivered

within an hour, dose received in the lungs are not high enough to cause

radiation pneumonitis
28

. In general the irradiated person will experience

symptoms similar to those of pneumonia, i.e., dry cough, hoarseness,

shortness of breath, and slight inflammatory reactions in response to

tissue injury
29

. Symptoms of this sort are usually treated with anti-

microbial therapy which involves the intake of penicillin or some form

of antibiotic drugs
30

. According to Dr. Bruce Williams
28

in general

hospitalization is not needed, but two weeks of bed rests should be help-

ful. Diagnosis and examination include 2 sets of chest X-rays and some

laboratory work. The patient ner,ds no more than 3 physician's visits
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before cure . Drugs are usually the least expensive item in the treatment

and they cost less than $25.

An itemized list of costs for the treatment of simple respiratory

impairment due to radiation is presented below:

Diagnosis and examination

Chest X-rays $ 50

Laboratory Work $ 50

Loss of output $4,748 x $19050

Physician (3 times) $ 45

Antibiotic drugs $ 25

TOTAL $360 (per incident)

GENETIC EFFECTS OF IONIZING RADIATION

Genetic material (deoxyribonucleic acid, DNA) of the human consists

of several thousand genes arranged in 23 pairs of chromosomes. Each pair

of chromosomes carries a unique portion of the total genetic information,

with one member of the pair inherited from the father and the other from

the mother. Among the chromosome pairs, 22 are called autosomes which

are approximately alike in genetic content. The 23rd pair determines

sex, hence it is called the sex chromosomes (XX in the female, XY in the

male).

Mutation can be defined as an unusual permanent change in the primary

structure of DNA or in the nuclear content of DNA. In general, a gene

mutation involves a change in the primary structure and a chromosome

mutation a change in the amount of DNA. Mutation can be recessive such

that its effect will be apparent only if the offspring has inherited the

same defective gene from both parents, or it can be dominant such that
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its effect will be apparent when either the maternal or the paternal gene

is defective.

Mutations can occur spontaneously (cause unknown) or can be induced

by a variety of physical and chemical agents, including radiation. Ioni-

zing radiation can increase the frequency of mutation, although it does

not produce new types of genetic disorders (i.e., disorders that are

different from those occurring naturally).

PRINCIPAL TYPES OF RADIATION INDUCED GENETIC DAMAGE

(1) Single-gene disorders

These include

i) Autosomal dominant mutation whose incidence is roughly 1% of

persons born. Examples of disorders induced by this mutation

are dwarfism, polydactylism(extra fingers or toes), etc. Its

effect is produced in the first generation offspring of the

exposed parents.

ii) Autosomal recessive mutation whose effect may not occur for a

long time until two mutant genes are inherited, one from each

of the two parents. In fact there is a good chance that the

defective gene will be eliminated from the population before

it ever encounters another like itself. Example of recessive

diseases are mental deficiency, blindness, sickle cell anemia,

etc.

iii) Sex-linked (X-Chromosome) mutations are expressed almost ex-

clusively in males. These characteristics are dominant and may

cause color blindness, muscular dystrophy, etc.

(2) Multifactorial diseases

They depend on variation at more than a single gene pair. Dis-
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orders in this category include a variety of congenital malfor-

mations and constitutional and degenerative diseases such as

heart and circulatory disorders, mental retardation, asthema, etc.

(3) Chromosomal aberrations

They include

i) Aneuploidy, the change in number and

ii) translocation, the change in structural sequence.

Chromosomal aberrations can cause Down's syndrome (mongolism),

malformations in live-born children, and embryonic deaths.

It is possible that at low dosesthe induction of chromosomal

aberrations would be negligible.

RISK OF GENETIC DAMAGE FROM NUCLEAR POWER

In evaluating the risk of genetic damage, several assumptions were

made in the RSS. These assumptions were based mainly on data given in the

BEIR Report
5

:

(1) The "doubling dose", or the radiation dose sufficient to produce

an additional amount of mutations equal to that occurring spontan-

eously, (i.e. mutations which arise naturally without any apparent

reason) is taken as 100 rem. The BEIR estimated this to lie be-

tween 20 and 200 rem.

(2) Elimination rates per generation are (based on the BEIR Report)

20% for autosomal dominant mutations, and

10% for multifactorial disorders.

(3) The BEIR estimates of damage are for a 5-rem exposure in each

generation. In the RSS, damage is estimated for each generation

per rem per million population. Effects are summarized over

two 30-year periods imn liately following the hypothetical
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accident and overlapping the continuing exposures arising from

the accident.

(4) Internal exposures from radionuclides in the body are due mainly

to inhalation during the passage of the radioactive cloud, hence

it is limited to the population alive at the time of the accident.

External exposure results mostly from contaminated ground, hence

it affects both the population alive at the time of the accident

and their descendants,

Based on the above assumptions, the RSS estimated the number of var-

ious radiation induced disorders from sources other than reactors (back-

ground, medical radiation, etc.) expressed in terms of number per rem per

population of 1 million or, number/million man-rem, Results were summari-

zed, and the term "genetic effects" was defined in terms of living births

with a genetically caused disorder that could he transmitted to their

children. According to this definition, the total number of genetic dis-

orders (excluding spontaneous abortion)
31

is

4,200 (autosomal dominant) + 17,000 (multifactorial) + 2,700 (chromo-

somal and recessive) = 23,900 per million population per 30 years

= 797 per million population per year.

The health effect of radiation is estimated in p, 70 of the BEIR

Report
5

. It states: "We estimated that the equilibrium amount of illness

from 5 rem of exposure per 30-year generation would be increased between

0.5 and 5 per cent."

Based on this approximation, calculations were made to estimate

the amount spent on medical care for the fractional

increase in ill health in the population due to 5 rem of exposure per

30-year generation. Following the same principle, one can roughly



87

estimate the cost of additional genetic damage to the population due to

radiation, because genetic effect is one type of ill health which is in-

duced by ionizing radiation.

The most current information on national health expenditure
32

gives

$638 per capita for the year 1976. At an average annual increase of 9.15%,

the national health expenditure per capita for 1978 would be

$638 x (1 + 0.0915)2 = $760.

Using this $760 per capita per year value for ill health, an increase

of 0.5% to 5% of ill health would cost a person an additional 0.5% x $760

= $3.80 to 5% x $760 = $38 per year. As we know, radiation induced ill-

nesses include cancer, genetic effects, etc. Since cancer is the most

costly illness, we shall allocate medical expenses by assuming that the

upper limit $38/year is the cost of illness due to cancer, and the lower

limit $3.80/year is that due to genetic effect.

The value 5 rem/30 years or 170mrem/year is approximately the annual

dose from radiation sources (background, medical, etc.) other than nuclear

power (see Table 1, p. 50 of BEIR Report). Since these sources cause an

estimated (by RSS) 797 x 10
-6

genetic effect per person per year, one can

estimate the cost of genetic effect by

797 x 10
-6

genetic effect/person-year <=). $3.80/person-year

Hence each genetic effect costs
$3.80 = $4768

797 x 10
-6

The above is only a rough estimate because the BEIR calculations

neither took into account the annual medical rate increase for future ex-

penditure nor discount the future medical cost to present value. Further-

more, the loss of output to the society while the patient was under

medical care or rehabilitation was not even included as a part of the cost.

However, since the expected risk of genetic disorders from nuclear power
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only increases the naturally occurring genetic disorders by a very

small fraction (to the order of 10-6), the cost of this risk is certainly

very small compared to those of other types of risk considered in the

previous sections. Therefore, an average annual cost of $4,768 per

genetic effect per person due to nuclear accidents is thought to be an

appropriate estimate at this time.

THE COST OF PROPERTY DAMAGE

No property beyond the reactor plant site will be physically

damaged in reactor accidents ( RSS Appendix VI, Section 12). The cost

of property damage, according to the RSS, include

(1) cost of managing a possible evacuation

(2) cost of temporary accommodation for the evacuees

(3) value of any goods (farm products and crops) that might be

condemned

(4) decrease in value of interdicted property

(5) cost of decontaminating property.

An economic model was set up for the calculation of the above costs

in the same Section in RSS. All unit costs used in the calculations

were taken from published data issued by the U.S. Government. Results

in the RSS are used directly in this study without modification or further

calculations; hence the detailed description of the RSS economic model

and justifications for the use of various published data will not be

repeated here.
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V. CONCLUSION

The total cost of risk from nuclear accidents to the public is now

calculated by

tv]

Ct = R x CC

where C
t
= total cost, $/reactor-year

(42)

R.
1
= expected risk of a consequence i, no. of incidents/year

CC = cost per unit consequence i, $/incident

M = total number of consequences.

Given 1R.
1

(from Table 13) and CC.
1

(from Chapter IV), Ct is calculated from

(42). Results are presented in Table 24.

The cost of radiation insults from nuclear accidents is estimated by

Total cost of risk from nuclear accidents, $/reactor-30 years

no. of man-rem/reactor-30 years

= $/man-rem.

From Table 24, it is found that the total cost of risk from nuclear

accidents falls in the range $18,639 - $30,639/reactor-30 years. Going

back to Table 20 on page 55, we can find the various estimated values

of man-rem/reactor-year. Multiplying each of these estimated values by

30 will give results in the unit of man-rem/reactor-30 years. Dividing

$18,639 - $30,639/reactor-30 years by these man-rem/reactor-30 years

values gives us the various estimated costs of radiation exposure in

$/man-rem.

Results of this calculation are tabulated in Table 25. They

indicate that the cost of radiation exposure from nuclear accidents is

within the range $46 - $204/man-rem.



Table 24. Average risk and cost of various consequences

caused by nuclear accidents

Type of
Risk

i

Type of
Consequence

Ave. Annual Risk
R.
i

(Incid: /reactor-
year)

Expected Risk
in 30 years

(Incid. /reactor-

30 years)

Cost per
Incident

CC.
i

(present $)

Cost of Risk
in 30 years

C

(present t $/

reactor-30 years)

1

2

3

4

5

6

Early
Fatalities

Early
Illnesses

Thyroid
Nodules

Latent Cancer
Fatalities

Genetic
Effects

Property
Damage

-

1.5 x 10
-2

1.7 x 10
-3

2.2 x 10
-4

9 x 10
-5

3 x 10
-3

4.5 x 10
-1

5.1 x 10
-2

6.6 x 10
-3

$9,831

$128,285

$360

$2,803

$147,125 -
$382,418

$4,768

$12

$ 1

$1,261

$7,503 -
19,503

$31

$9,831

TOTAL $18,639
30,639
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Table 25. Estimated costs of radiation exposure from nuclear accidents.

Source Average Annual
Risk

man-rem/reac-
tor year

Total Expected
Risk

man-rem/reac-
tor-30 years

Estimated Cost
of Radiation

present $/man-
rem

RSS, 1975 13.593 407.79 46 75

BEIR, 1972 9.338 280.14 67 - 109

EPA, 1977 8.265 247.95 75 124

Linear Regression
of Property Damage
& Thyroid Nodules 6.200 186.00 100 165

Linear Regression
of Thyroid Nodules 5.005 150.15 124 204

Values obtained in this study are based on the most current available

data to the best of our knowledge. Every honest effort has been made to

be as thorough as possible in developing the models for various calcula-

tions. However, in the evaluation of risksand costs concerning the public,

there are still factors beyond our control. For example, uncertainties

exist in the risk data, costs of medical treatment may vary from place

to place, and the fact that we have to choose "an average American worker"

to represent the entire public. If we can take one reactor at a time, and

obtain accurate data for the failure rate, weather condition and popula-

tion distribution in the vicinity of that specific reactor, then apply the

methodology developed in this study to each reactor and summarize the

results for the country, the difficulties mentioned above can be over-

come.
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VI DISCUSSION

Various approaches have been taken in the early 70's by U.S. and

European researchers to arrive at a monetary estimate of radiation damage.

Hedgran and Linde1133, in an oral presentation given at the second

International Congress of the International Radiation Protection Asso-

ciation (1970, Brighton, England), arbitrarily adopted the letters "PQR"

to symbolize a quantitative measure of the impact of any given radiation

exposure at low doses. They further defined the term "PQR Cost" as the

product of the PQR and the number of man-rems in any given operation.

With the assumptions that dose and biological effect are linearly re-

lated, and that there is no threshold dose, they minimized the man-rems

in various radiation exposures according to the law of diminishing

return, and arrived at a value of about $100/man-rem.

Using the BEIR approximation that equates a 5 rem per generation

exposure to a 5% increase in the ill health of the population, Cohen
34

selected data for the population and governmental and medical expen-

ditures to calculate the cost of radiation exposure and obtained the

35
value $200/man-rem. Lederberg considered the contribution to ill

health from background radiation and evaluated the lower limit of the

cost of radiation by the additional expenditures on health care for

cancer and genetic effects due to background radiation. He estimated

the upper limit by allocating the entire GNP (Gross National Product)

to health. The range of costs calculated by this method is therefore

$100 - $250/man-rem. Dunster and McLean36, in an oral presentation

given in the same Congress mentioned earlier, defined a "justifiable
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dose" which was selected for any set of circumstances by a process of

cost-benefit analysis. In this process the cost is the marginal cost of

reducing doses, and the benefit is the avoidance of future detriment,

either somatic or genetic. If the justifiable dose is well below the

tolerable dose in any normal situation, then the dose-reduction cost

should not be more than a few pounds sterling ($10 - 25) per man-rem.

Three other investigators have estimated the cost of man-rem by simply

considering a rem as a fraction of dose that would cause illnesses and

deaths, then deducing the cost of man-rem from the value of life. For

example, Sagan 38 assumed that 1 rem would produce 100 cases of cancer

per million persons exposed, and that the cost per life is $300,000, then

the cost of man-rem is $30. Cohen
37 and Otway39 both equated death to

1,000 rem (lethal dose) and estimated the cost of radiation by dividing

the cost of life by 1,000 rem. However, Cohen assumed the cost of life

to be $250,000 based on legal awards in loss-of-life claim judgment,

while Otway used the value $200,000 based on results derived from his

previous survey of a number of people on their recollections of catas-

trophic accidents. The result from Cohen's study is therefore $250/

man-rem, and that from Otway's study is $200/man-rem.

While the above estimates are mostly intuitive in nature, they all

fall within a range of $10 to $250 per man-rem (see Table 26). All these

estimates were derived from situations where doses were appreciably

below the relevant dose limits.

The International Commission on Radiological Protection (ICRP), in

its recommendations that "doses be kept as low as readily achievable", pre-

sented a simplified analysis of costs and benefits of radiation exposure
40

. In
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Table 26 Estimated cost of a man-rem

Investigator $/man-rem

Dunster and McLean, 1970. 10 - 25

Sagan, 1972. 30

Hedgran and Lindell, 1970. 100

Lederberg, 1971. 100 - 250

Cohen, 1973. 200

Otway, 1970. 200

Cohen, 1970. 250

Hsieh, this study, 1978. 46 - 204

NRC, 10 CFR 50, Appen. I 1,000

this analysis, the ICRP said: "....Values such as those estimates that fall

within the range $10 $250 per man-rem can be used directly in the ana-

lysis."

For the operation of a nuclear power plant in the U.S., the U.S.

Nuclear Regulatory Commission (NRC) sets the regulations and standards

for the control of radioactive release. In Title 10, Part 50 of the Code

of Federal Regulations (abbreviated as 10 CFR 50), Appendix I, entitled

"Numerical guide for design objectives and limiting conditions for opera-

tion to meet the criterion 'As low as practicable' for radioactive ma-

terial in Light Water Cooled nuclear power reactor effluents", section II

(D) states:

"As an interim measure and until establishment and adoption of
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better values (or other appropriate criteria), the value $1,000 per total

body man-rem and $1,000 per man-thyroid-rem shall be used in the cost-

benefit analysis."

The justification of using the value $1,000/man-rem, according to the

NRC, is that although most calculations show a value of about $200/man-rem,

they "do not provide an adequate basis to choose a specific dollar value

for the worth of decreasing the population dose." Hence, "as an interim

measure, we accept the conservative value of $1,000/man-rem."

Results from this study ($46 - $204/man-rem) add to the existing liter-

.ature in which the cost of radiation exposure falls in the range $10 -

$250/man-rem. It demonstrates the fact that the cost of radiation exposure

from nuclear accidents is not any higher than that from other sources, on

which the calculations by all other investigators are based. It also

indicates that the NRC value is much too high and not cost-effective.

One might argue that the $46 - $204/man-rem values are derived from merely

technical considerations; there is no room for consideration of the quali-

ty of life, risk avoidance, ethical issues, and psychological aspects

of risk. It is true that an individual considers the value of his/her

life much higher than any assigned value given in a cost-benefit or cost-

effectiveness analysis. But it is also true that these analyses can have

only limited contribution to decision making if the above intangibles are

to be evaluated41 . Setting a standard value such as $1,000/man-rem for-

cost-benefit analysis in this case would seem to be a waste of time.

Decision making on setting up standards and regulations for nuclear

power production does need value judgment by the regulatory agencies in

addition to the technical information they obtain from cost-benefit
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analysis. While making judgements, it is only realistic to place em-

phasis on situations where most of the risks of nuclear power occur, for

these are situations reflecting most of the accidents that can happen in

real life.

The main purpose of adopting a policy concerning nuclear power is

to protect the public from possible damage and loss caused by nuclear

power. If we are to select an insurance policy for nuclear reactors,

we can estimate the maximum premium anticipated from radiation exposure

by the product of the maximum cost of radiation ($/man-rem) and the maxi-

mum expected risk of man-rem (per reactor-year). Using the results

derived from Table 25, it is found that the maximum premium should be

$204/man-rem x 13.593 man-rem/reactor-year

= $2,773/reactor-year.

At present the nuclear industry is paying an average annual premium

of $260,000 for liability, $6,000 for default coverage (retrospective

premium), and $18,000 for NRC indemnity, making a total premium of

43
$284,000. At this premium the public is protected by up to $140,000,000

in liability plus up to an additional $335,000,000 should a nuclear

accident at any reactor result in liability losses which exceed $140,000,000.

In addition, the NRC indeminity provides an insurance of up to $85,000,000

payable by the government for a single reactor accident. The sum total

is therefore $560,000,000. This liability limit for a single nuclear

accident was set by the Price-Anderson Act of 1957.
42

Latest information
44

shows that the Supreme Court upheld the constitutionality of this

federal law (June 26, 1978) because "the possibility of a reactor
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accident causing more than $560,000,000 in damage is exceedingly remote."

Results derived from this study illustrate the small risk of nuclear

power in real life. They also indicate the fact that the nuclear indus-

try is paying for much more, perhaps 100 times as much, protection of

the public than is actually needed.
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Appendix 1. Statement of program for the calculation of risks

PROGRAM RISKS

GIVEN THE CONSEQUENCES AND THEIR MEDIAN FREQUENCIES,
THIS PROGRAM WILL APPROXIMATE THE INTEGRAL RISKS OF THESE
CONSEQUENCES BY SUMMATION OF RISKS INTERVALS. MEDIAN
FREQUENCIES ARE FIRST CONVERTED TO THEIR MEAN VALUES.
FOUR ESTIMATES OF RISK ARE THEN MADE BY USING THE
GEOMETRIC MEAN, ARITHMETIC MEAN, UPPER VALUE AND LOWER
VALUE OF TWO ADJACENT CONSEQUENCE VALUES.

DIMENSION GMED(50)4GMEAN(50),GAVE(50),C(50)
READ(10,3) (GMED(I),C(I),I=1,25)

3 FORMAT(2E12.4)
WRITE(2,10)

10 FORMAT(//,7)c,'DELTA G',6X,'MEAN CONSEQUENCE',11X,'RISY',/)
XU=5.
XL=0.2
SIGMA=ALOG(XU/XL)/3.29
Y=EXP(SIGMA**2/2.)
DO 20 J=1,25

. GMEAN(J)=GMED(J)*Y
20 CONTINUE

RISHG=0.
RISKA=0
RISKU =O.
RISHL=0.
DO 30 K=1,24
DELG=GMEAN(K).-.GMEAN(K+1)
CMEAN=SQRT(CtK)*C(X+1))
CAVE=(C(K)+C(K+1))/2.
RISKG=RISKG+DELG*CMEAN
RISKA=RISKA+DELG*CAVE
RISKU=RISKU+DELG*C(K+1)
RISKL=RISKL+DELG*C(K)
WRITE (2,25) DELG,CMEAN,RISKG

25 FORMAT(3X,E12.4,7X,E12.4,9X,E12.4)
30 CONTINUE

DELR=(1.-.RISKL/RISKU)*100
DELAA=ABS(1.-RISKA/RISMG)*100.
WRITE(2,40) RISKL,RISKU,DELR

40 FORMAT(//s4WLOWER LIMIT FOR RISK = ',E12.4,/,4X,
C'UPPER LIMIT FOR RISK = ',E12.4o/s4X,'DIFFERENCE =
CF7.3,4X,'PER CENT')
WRITE(2,50) RISKA,RISYG,DELRA

SO FORMAT(//,4X,'RISK GIVEN BY ARITHMETIC MEAN CONSEQUENCE
C = ',E12.4,1,4X,'RISK GIVEN BY GEOMETRIC MEAN CONSEQUENCE
C = ',E12.4,/,4X,'DIFFERENCE = ',F7.3,4X,'PER CENT')
STOP
END
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Appendix 2. Sample program for linear regression analysis

# S IPS

SIPS VERSION 4.1

SEQUIP,1=F ILE

S LOG,1

S VAR,10

READ,DATA74, 1 -3

SNAME,1,Y,2,X1,3,X2

SREGRESS,Y,X1,X2

Y = 1.4236E +01

: ADD, Xl, X2,F

Y = 3.5699E +00
'- +8.8262E -01 X2

ENTERING F VALUE:
DEGREES OF FREEDOM:

AVTABLE

+1.5 863E -01 X1

2263.7364
2 4 25

S OURCE

ANALYSIS OF VARIANCE

DF SUM OF SQUARES

TABLE

MEAN SQUARE
T OTAL 27 2.09002893E 02 7.74084788E 00

REGRESSION 2 2.07855149E 02 1.03927574E 02

RESIDUAL 25 1.14774375E 00 4 .5 9097502E -02

R SQUARED = .99450848



:RESIDUAL
OBS. VALUE

C 1)= -4.24436781E-01
2)= 2.61659674E-01
3)= 3.56140831E-01
4)= -3.51520637E-01
5)= -2.95110968E-01
6)= -1.52582478E-01

C 7)= 1.70566961E-01'
8)= -4.52247355E...02
9)= -1.18549154E-02

( 10)= 1.89500057E-01
C 11)= 1.68070940E-01
( 12)= 2.85799350E-01
( 13)= 2.00559050E-01
( 14)= 1.88688669E-01
( 15)= 1.36300710E-01
( 16)= 2.53650988E-02
( 17)= 5.69681819E-02
( 18)= -1.19623722E-01
( 19)= -1.27544663E-01
( 20)= -1.17897824E-01
( 21)= -2.47094227E-01
( 22)= -3.10335573E-01
( 23)= -1.19581257E-01
( 24)= -2.80744978E-02
( 25)= -4.00454951E-02
( 26)= 8.05370365E-02
( 27)= 1.10217861Er01
( 28)= 1.60553386E-01

:RESIDUAL,4

:SUM,4
4

:DROP,X1,F

3.026798368E..008

Y = 5.6142E+00

103

+1.0218E+00 X2

DEPARTING F VALUE: 6.0424
DEGREES OF FREEDOM: 1 25
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AVTABLE

S OURCE

ANALYSIS OF VARIANCE

DF SUM OF SQUARES

TABLE

MEAN SQUARET OTAL 1 27 2.09002893E 02 7740.84788E 00
REGRESS ION 1 2.07577745E 02 2.07577745E 02
RESIDUAL 26 1.42514818E 00 5 .48133 915E...02

R SQUARED = 99318120
I ADD,X1

Y 3.5699E+00 +1.5 863E -.01 X1+8 8262E...01 X2

DROP,X2F

Y =- 8.0193E +00 +1.0967E +00 X1
DEPARTING F VALUE: 226.5217
DEGREES OF FREEDOM: 1 25

EXIT
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Appendix 3. Calculation of latent cancer fatalities

I. Computer program for the calculation of latent cancer fatalities

PROGRAM CANCER

SINCE RADIATION INDUCED CANCER MAY OCCUR WITHIN THE TIME
SPAN OF 1 TO 30 YEARS, AND INDIVIDUALS IN THE IRRADIATED,
POPULATION MAY BE CURED WITHIN 30 YEARS, THIS PROGRAM
CALCULATES THE ANNUAL CHANGE IN CANCER POPULATION OVER
A 30 -YEAR PERIOD.

ASSUMING XN(1) IS THE TOTAL NUMBER OF NON- CANCEROUS
PATIENTS IN THE 'CANCER POOL' AT THE BEGINNING, AND
XM(1) IS THE NUMBER OF PATIENTS IN THE SAME POOL WHO
DEVELOP CANCER.
GIVEN THE FRACTIONS AND 5 -YEAR SURVIVAL RATES OF VARIOUS

'CANCER SITES, ONE CAN APPROXIMATE MU, THE FRACTION OF
CANCER PATIENTS WHO DIE ANNUALLY.. GIVEN THE TIME SPAN
OF CANCER OCCURRENCE, ONE CAN CALCULATE LAMBDA, THE
FRACTION OF PEOPLE WHO DEVELOP CANCER EVERY YEAR.

CONVERTING THE DIFFERENTIAL EQUATIONS FOR XN AND XM TO
DIFFERENCE EQUATIONS, WE CAN ESTIMATE XN AND XM FOR EVERY
YEAR AFTER IRRADIATION.

DIMENSION XM(100),XN( -100)
DO 60 J=1,3
WRITE(61,5)

5 FORMAT( /o2X,'READ IN LAMBDA AND MU')
READ(60,10) ALAMB,AMU

10 FORMAT(2F6.2)
WRITE(2,15) ALAMB,AMU

15 FORMAT(//,5WLAMBDA = ',F6.2,
C/,SX,'MU = ',F6.2,//,5X,'YEAR',5X,ICANCEROUS',5X,
C'NONCANCEROUS',5X,'DEATH',/)

ASSUMING IN THE FIRST 5 YEARS EVERY PATIENT IN THE CANCER
POOL UNDERGOES MEDICAL TREATMENT. SOME PATIENTS MAY
DIE,BUT NO ONE RECOVERS.

XM(I)=0.
XN(1)=1000
A=(1.-0.5*AMU)/(1.4.0.5*AMU)
B=(1.-0.5*ALAMB)/(I.+0.5*ALAMB)
C=1./(1 +0.5*AMU)
D=I./(1.+0.5*ALAMB)
SUMDIE=0.
SUMU=0.
CANAGE=0.
DIEAGE =O.
CURED=0.
CUREAGE=0.
SUMCURE=0.
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DO 30 1=1,6
XN(I+1)=B*XN(I)
NEWCAN=0.5*ALAMB*(XN(I+1)+XN(I))
XM(I+1)=A*XM(I)+C*NEWCAN
DEATH=0.5*AMU*(XM(I+1)+XM(I))
U=XM(I)DEATH+NEWCAN
V=XN(I)NEWCAN
K=I-1
SUMDIE=SUMDIE+DEATH
SUMU=SUMU+U
CANAGE=CANAGE+FLOAT(X)*U
DIEAGE=DIEAGE+FLOAT(K)*DEATH
WRITE(2220) I,U,V,DEATH

20 FORMAT(5X,I3,8X,F4.1,12X,F4.1,9X,F4.1)
30 CONTINUE

AFTER THE FIRST 5 YEARS SOME PATIENTS RECOVER AND
RE ENTER THE CANCER POOL. NEW CANCER CASES CONTINUE TO
OCCUR, AND SOME PATIENTS CONTINUE TO GET WELL. EQUATIONS
NOW CHANGE TO t

DO 50 1=7,33
CURED=0.5*(1.AMU)**5*(XM(I-5)+XM(I6))
XN(I+1)=B*XN(I)+D*CURED
NEWCAN=0.5*ALAMB*(XN(I+1)+XN(I))
XM(I+1)=A*XM(I)+C*(NEWCANCURED)
DEATH=0.5*AMU*(XM(I+1)+XM(I))
U=XM(DDEATH+NEWCANCURED
V=XN(I)NEWCAN+CURED
K=I1
SUMDIE=SUMDIE+DEATH
SUMU=SUMU+U
SUMCURE=SUMCURE+CURED
CANAGE=CANAGE+FLOAT(K)*U
DIEAGE=DIEAGE+FLOAT(K)*DEATH
CUREAGE=CUREAGE+FLOAT(K)*CURED
WRITE(2,20) I,UoViDEATH
IF(U.LE.O.) GO TO 55

50 CONTINUE
55 CANAGE=CANAGE/SUMU

DIEAGE=DIEAGE/SUMDIE
CUREAGE=CUREAGE/SUMCURECANAGE
WRITE(2,57) SUMU,CANAGE,SUMDIE,DIEAGE,CUREAGE

57 FORMAT(//,2X,'TOTAL NO. OF PERSONS WHO GOT CANCER
CF6.1s /,2X,
C'MEAN YEAR OF CANCER OCCURRENCE AFTER IRRADIATION ='
C;F6.1,/s2X,'TOTAL NO. OF CANCER DEATHS =',F6.1,/,2X,
C'MEAN YEAR OF CANCER DEATH AFTER IRRADIATION =',
CF6.1,/,2X,'MEAN NO. OF YEARS NEEDED TO CURE CANCER =',
CF6.1)

60 CONTINUE
STOP \
END
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II. Results for latent period = 30 years

LAMBDA =
MU =

YEAR

.03
.22

CANCEROUS NON-CANCEROUS DEATH

1 1.8 98.0 .2
2 3.2 95.0 .6
3 -4.4 92.2 .8
4 5.3 89.4 1.1
5 6.1 86.7 1.3
6 6.7 84.1 1.4
7 6.9 81.8 1.5
8 6.7 80.0 1.5
9 6.2 78.7 1.4

10 5.5 77.8 1.3
11 4.7 77.1 1.1
12 3.9 76.6 1.0
13 3.2 76.3 .8
14 2.6 76.0 .6
15 2.2 75.5 .5
16 2.0 75.0 .5
17 2.1 74.2 .5
18 2.4 73.2 .5
19 2.8 72.0 .6
20 3.3 70.7. .7
21 3.8 69.2 .8
22 4.3 67.7 .9
23 4.7 66.3 1.0
24 4.1 65.9 1.0
25 3.5 64.7 .8
26 2.9 63.7 .7
27 2.3 62.8 .6
28 1.7 62.1 .4
29 1.1 61.5 .3
30 .6 61.0 .2
31 .4 60.3 .1
32 .4 59.4 1
33 .5 58.4 .1

TOTAL NO. OF PERSONS-WHO GOT CANCER = 112.5
MEAN YEAR OF CANCER OCCURRENCE AFTER IRRADIATION = 12.5
TOTAL NO. OF CANCER DEATHS = 24.7
MEAN YEAR OF CANCER DEATH AFTER IRRADIATION = 12.9
MEAN NO. OF YEARS NEEDED TO CURE CANCER = 5.6



108

III. Results for latent period = 20 years

LAMBDA
MU =

YEAR

= .05
.22

CANCEROUS NON- CANCEROUS DEATH.

1 3.6 96.0 .4
2 6.5 91.1 1.1
3 8.8 86.5 1.7
4 10.7 82.1 2.1
5 11.3 78.9, 2.4
6 11.7 74.9 2.5
7 11.6 71.6 2.6
8 10.7 69.4 2.5
9 9.3 68.1 2.2

10 7.6 67.5 1.9
11 6.0 67.3 1.5
12 4.5 67.3 1.2
13 3.3 67.3 .9
14 2.4 67.2 .6
15 2.0 66.7 .5
16 2.1 65.9 .5
17 2.6 64.5 .5
18 3.5 62.8 .7
19 4.5 60.7 .9
20 4.6 59.5 1.0
21 4.9 57.1 1.1
22 5.2 54.9 1.1
23 5.4 52.8 1.2
24 5.3 51.0 1.2
25 5.0 49.6 1.1
26 4.7 48.4 1.1
27 4.3 47.4 1.0
28 3.9 46.5 '99
29 3.6 45.7 .8
30 3.3 44.9 .8
31 3.1. 44!.2 .7
32 3.0 43.4 .7
33 \ 3.1 42.5 .7

TOTAL NO. OF PERSONS WHO GOT CANCER = 182.1
MEAN YEAR OF CANCER OCCURRENCE AFTER IRRADIATION = 12.8
TOTAL NO. OF CANCER DEATHS = 39.7
MEAN YEAR OF CANCER DEATH AFTER IRRADIATION =. 13.2
MEAN NO. OF YEARS NEEDED TO CURE CANCER = 4.3
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IV. Results for latent period - 10 years

LAMBDA =
MU =

YEAR

.10
.22

CANCEROUS NON-CANCEROUS DEATH

1 8.f 91.0 .9
2 13.7 82.5 2.4
3 17.3 74.9 3.4
4 20.2 67.1 4.1
5 21.6 61.0 4.6
6 21.8 55.6 4.8
7 20.9 51.0 4.7
8 17.6 49.9 4.2
9 13.6 49.4 3.4

10 9.7 49.9 2.6
11 5.9 51.1 / 1.7
12 3.6 51.4 1.0
13 1.8 52.5 .6
14 1.0 52.9 3
15 1.2 52.1 .2
16 2.5 50.3 .4
17 3.5 48.4 .7
18 5.2 44.9 1.0
19 7.1 41.1 1.4
20 8.9 38.2 1.7
21 8.8 34.7 1.9
22 9.3 31.6 2.0
23 9.4 29.2 2.1
24 8.2 28.4 1.9
25 6.8 27.4 1.6
26 5.3 26.8. 1.3
27 3.8 26.6 1.0
28 2.5 26.6 .7
29 1.4 26.7 .4
30 .6 26.7 2
31 .4 26.2 .1
32 .5 25.4 .1
33 1.0 24.2 .2

TOTAL NO. OF PERSONS WHO GOT-CANCER = 262.4
MEAN YEAR OF CANCER OCCURRENCE AFTER IRRADIATION = 10.3
TOTAL NO. OF CANCER DEATHS = 57.6
MEAN YEAR OF CANCER DEATH AFTER IRRADIATION = 10.8
MEAN NO. OF YEARS NEEDED TO CURE CANCER =, 5.9


