Human Costs of Nuclear Power

As public attention has focused on a
deteriorating environment, economists
‘have noted that a major contributing
factor has been the failure to charge
industry for emitting wastes into water
and air. They point out that the con-
sequences of this failure are not only
excessive pollution, but artificially low
prices and higher levels of consumption.
These economists (1) have proposed a
remedy with which to optimize pollu-
tion levels, namely, an emissions tax. If
such a tax were levied, it would prop-
erly be based on some objective esti-
mate of the effects of emissions on hu
man health, as well as the economic,
social, and environmental costs of
emissions.

This article is concerned with the
human costs of producing and utilizing
nuclear fuel to generate electricity and
-with the question of whether these costs
are equitably compensated for and rep-
resented in the price of such electricity.
The analysis is based on estimates of
the value of human life, lost produc-
tivity, and potential effects of radiation.
My conclusion, based on certain as-
sumptions, is that major inequities do
indeed exist.

Traditionally, cost-benefit ratios have
been the province of economists whose
major interest is in engineering the costs
of a particular project, with which they
compare the savings (benefits) antici-
pated from that project. An example
might be the cost-benefit estimates for
a flood control project, in which the
costs of a dam are compared to the
commercial benefits to navigation and
the savings in property damage from
the prevention of floods.

Recently the concept has been al-
tered somewhat to include a considera-
tion of human lives, as well as prop-
erty. An example of this is the calcu-
lation of costs to the nation of specific
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diseases, for example cardiovascular dis-
ease and cancer (2). This has some-
times taken the form of comparing the
benefits to patients with the costs of
treatment or the costs of technological
advances in medical care (3).

There is nothing to suggest that there
are greater distortions of human costs in
the nuclear industry than in other in-
dustries. On the other hand, a cost-
benefit evaluation is especially suitable
to the nuclear industry, for the follow-
ing reasons.

1) The International Commission on
Radiological Protection (ICRP), in pro-
posing radiation dose limits, recom-
mends that all exposure to radiation be
considered potentially damaging to man
(4) and that industrially produced ex-
posure of the public to radiation be
permitted only if it can be justified in
terms of risk-benefit ratios. The maxi-
mum permissible exposure for an in-
dividual in the general population under
any circumstances is 500 millirems per
year (a rem, the usual measure of
radiation dose, is defined as the deposi-
tion in tissue of 100 ergs of energy,
multiplied by an appropriate modifying
factor, which will be specific to the
particular type of ionizing radiation and
the biological effect produced.) Un-
fortunately, the ICRP has provided no
guidelines for calculating risk-benefit
ratios. The methodology I use here im-
plies that one can assign a dollar value
to each human exposure incurred and
then compare these costs to the costs
of reducing such exposures. Whether
the exposures are justified (benefits)
requires separate consideration and
will not be attempted in this article;
nor will I attempt to compare these
costs with the costs incurred in gen-
erating electricity from other fuel
sources, although such comparisons are
clearly relevant.

2) The nuclear industry is new, still
relatively small, and in its formative
stages; therefore, practices and capital

investments have not yet reached such
proportions that changes would cause
substantial political, economic, or social
dislocation, Thus, alterations suggested
by cost considerations are more likely to
be implemented in this industry than in
a mature industry, where large capital
investments have already been made.

3) Nuclear power has entered a
phase of rapid growth at a time when
public interest in and concern about
the environment have become intense,
resulting in a demand for extensive
analysis and justification of the use of
nuclear power.

4) Our knowledge of the biological
effects of radiation very probably ex-
ceeds our knowledge of the effects of
any other chemical or physical agent.
We therefore have at our disposal a
fairly sophisticated estimate of the
human risks involved in radiation ex-
posure. Although far from complete,
this knowledge may well be greater than
our knowledge about most of the other
environmental hazards that may require
similar attention.

5) The National Environmental
Protection Act of 1969 requires govern-
ment agencies to consider alternatives
to any proposed action that would affect
the environment. Under the provisions
of the Atomic Energy Act, the U.S.
Atomic Energy Commission (AEC) is
charged with the responsibility of regu-
lating the radioactive discharges of
nuclear reactors. The AEC first at-
tempted to meet its obligation by re-
quiring that a utility applying for a
license to construct a reactor facility
prepare and submit an environmental
report describing = alternatives. After
judicial review (5), the AEC issued a
revised requirement, dated 9 September
1971, which read in part: “The en-
vironmental report shall include a cost-
benefit analysis which considers and
balances the environmental effects of
the facility and the alternatives available
for reducing or avoiding adverse en-
vironmental effects, as well as the en-
vironmental, - economic, technical and
other benefits of the facility” (6). Al-
though not specific, these instructions
would clearly seem to necessitate con-
sideration of the human costs of build-
ing, fueling, and operating an electric
generating plant, whether it be nuclear
or conventional in design.

6) Examining the effects on health of
each segment of an industry would
seem to have some merit in rationalizing
public health efforts. Surely, the magni-
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tude of preventive and research ex-
penditures should bear some resem-
blance to the risks involved in the
activities to which they are directed.
Unfortunately, public health efforts are
often stimulated more by emotionally
derived public attitudes toward a prob-
lem than by any objective consideration
of the problem’s real costs to society.

The nuclear industry shows glaring
examples of such imbalance in its
safety and preventive expenditures.

Human costs of two kinds can be
considered: accidental injuries and
deaths, usually (but not always) occur-
ring among individuals ‘whose occupa-
tions are involved with the nuclear fuel
cycle; and potential health hazards in-
curred by those who are exposed to
radiation generated throughout the fuel
cycle, both in-plant and elsewhere. In
order to make comparisons, both of
these costs are assessed in dollars. By
doing so, I risk the charge of insensi-
tivity, but no other workable method is
now in use.

This article represents a “first cut” at
assessing the human costs of generating
nuclear power. No consideration will be
given here to the other portions of the
equation: environmental costs
human benefits. Since a great many
assumptions and evaluations were, of
necessity, arbitrary, the results are pre-
sented more as a suggested working
model than as a precise estimate of
these costs.

Accidents

The very word “accidents” implies
the unexpected and even unacceptable.
There is, in this society, a myth that
we consider life priceless and that no
price is too great to pay if it will avoid
an accident. Yet, an examination of our
practices reveals that we do indeed ac-
cept what has been a relatively constant
rate of accidents. The record of the
past 50 years demonstrates that the
death rate in industrial accidents has
gradually fallen as automobile death
rates have risen, the total showing a
gradual, but only slight, decline (7).

Accidental deaths, among both in-
dustrial and nonindustrial populations,
resulting from nuclear power—generating
activity have been small, compared to
deaths resulting from other industrial
activities (8). The Department of Labor
reports that both the frequency and
severity of accidents in the nuclear in-
dustry are lower than the national aver-
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age for manufacturing (9). This springs
partly from the fact that the hazardous
nature of radiation was recognized
early and has led to strict regulatory
control.

Occupational Injuries:
Morbidity and Mortality

The assumptions underlying the fol-
lowing assessments are, to some extent,
arbitrary and will undoubtedly be con-
tested. Individuals with more precise
data are invited to refine these numbers.
In any case, I make the following as-
sumptions.

1) The loss of one day’s productivity
as a result of injury is assumed to ap-
proximate $50. In August 1971, gross
weekly earnings for nonsupervisory em-
ployees were $173.43 for mining,
$220.23 for contract construction, and
$141.69 for manufacturing (10); beyond
this, the employer bears expenses such
as vacation, pension, sick leave, and
other administrative costs.

2) In addition to loss of productivity
(direct costs), medical expenses (in-
direct costs) of the injury must also be
assessed and allocated. Accepting the
ratio of indirect to direct costs that ob-
tains nationally for accidents (11), I
consider these costs equal and estimate
$50 per day as the indirect cost of
injury.

3) The Department of Labor, in its
scale of time charges (9), assesses a
fatality as 6000 working days (20
years) lost. That assessment is ac-
cepted here. At $50 per day for lost
time, a fatality would be charged at
$300,000. Since death is inevitable, no
indirect costs are assessed: that is,
society ultimately pays the medical costs
of all deaths, whether natural or other-
wise. Furthermore, accidental deaths
are, by their nature, far less costly in
medical terms than are deaths result-
ing from chronic disease.

Estimates of the economic value of
human life vary widely, depending on
a number of variables. One example
may serve to illustrate the methodology:
Fromm estimated the value of a life lost
through an airplane accident (12). In
addition to the loss of the victim’s fu-
ture earnings and personal consump-
tion, he considered the loss in con-
tributed community service time, em-
ployer’s recruiting and training costs,
and accident investigation costs. On the
basis of these factors and the income
and age characteristics of the average

individual killed in an aviation accident
in 1960, a total value of $373,000 was
assigned. The $373,000 is the sum of
the following economic losses resulting
from the individual’s death: to himself,
$210,000; to his family, $123,000; to
the community, $28,000; to his employ-
er, $4000; to the government, $4000;
and to the airlines, $4000. The value
in 1960 of the individual’s future earn-
ings and assets was computed from an
average salary of $13,000, a yearly in-
crease of 2.5 percent, assets of $25,000,
an interest rate of 6 percent, and 40 as
the average age at death. The assump-
tion is also made that the individual is
paid the full value of his labor and is
not exploited. »

Another estimate is that of Dublin,
Lotka, and Spiegelman, who calculated
in 1946 the worth of gross future earn-
ings of a person, age 40, earning $3500
per year. They deducted income tax,
estimated savings at 2.5 percent inter-
est, and calculated a future worth to
the victim and his dependents of
$54,005 (13).

Carlson (14) used an indirect method
of estimating value of life based on
Air Force expenditures for develop-
ment and maintenance of an ejection
system for the B-58 bomber. Since these
yearly costs were estimated to be $9
million, and since it was anticipated that
one to three lives per year might be
saved by this system, the implied value
of life would lie between $3 million and
$9 million.

Uranium Mining

The United States is the largest pro-
ducer and consumer of uranium in the
world today (15). Before World War II,
demand was small and uranium was
used principally by the ceramic industry;
however, the uranium-containing ores,
of which pitchblende is one, were mined
extensively in the earlier half of the
century for the radium found in as-
sociation with uranium. Following the
demonstration of the fission process in
1942, U.S. demand for uranium rose
rapidly, primarily to meet AEC needs
for weapons development and produc-
tion. As the use of nuclear power for
the generation of electricity increases,
uranium will be in demand more for
reactor fuels than for weapons.

A 1000-megawatt (electrical) nuclear
reactor of current design requires an
average reload equivalent to 0.140
metric ton of uranium oxide (U30g) in
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concentrate per megawatt per year
(16); this is aside from the initial core,
which remains as a constant plant in-
ventory.

Averaging employment and produc-
tion data for the 3 years 1967 to 1969
(17), one finds that the mining and
milling of 140 metric tons of UzOq
would require, at the rate of 2.3 metric
tons per man, 62 man-years. Assuming
that there are 1760 hours of employ-
ment per man per year, the total num-
ber of hours at risk per reactor per year
would be 109,120. Since the rate of
fatal accidents was 0.892 per million
man-hours (1969 and 1970 averaged)
(18), 0.1 fatality per year can be al-
located to each 1000-megawatt reactor,
or one fatality per year for the 10,030-
megawatt capacity in the United States
as of 1 December 1971 (19).

In addition, nonfatal injuries ac-
counted for the loss of 1065 days per
million man-hours worked. Charged at
$100 per day, total injury costs, both
direct and indirect, would be $11,700
per 1000-megawatt reactor. Together
fatal and nonfatal injuries resulting
from mining and milling activities
would cost the nuclear industry $417,-
000 per year.

Fuel Manufacture and

Reactor Construction

After the mining and milling of the
' raw uranium ore, it is necessary that the
proportion of the ore which is fission-
able and therefore useful as reactor fuel,
the isotope uranium-235, be increased
relative to the nonfissionable isotope
uranium-235. This is accomplished by
converting the uranium to a gas (UFy),
in which state the increase in uranium-
235 can be most easily accomplished.
The fuel is then converted to a metal,
uranium dioxide, and is formed into
small pellets, which are, in turn, en-
cased in long metal tubes, or cladding.
Large numbers of these tubes are as-
sembled as bundles and constitute the
basic fuel element within the reactor
core, which consists of many of these
bundles. Before fuel rods are irradiated
in the reactor core, they do not pro-
duce penetrating radiation; therefore,
no significant exposures are encoun-
tered in this stage of the fuel cycle.
The Department of Labor maintains
injury statistics for each of these stages
of manufacture, as well as for design,
engineering, and construction of the re-
actor itself (9). These are shown in
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Table 1. Accidents in fuel and reactor manufacturing—1969.

. Employees Deaths 0. 0.
Activity (No.) (No.) days
lost)
Production of feed materials 1,482 0 193
Production of special materials
used in reactors 1,439 0 2,281
Fuel element fabrication 2,905 0 1,876
Reactor design and manufacturing 15,572 1 3,122
Design and engineering nuclear
facilities 4,793 1 89
Nuclear instrument manufacturing 2,771 1,463
Private research labs, including
reactor test facilities 1,257 0 114
Miscellaneous (nuclear activities
not classified elsewhere) 2,705 0 56
Total 32,924 2 9,194

* Excludes deaths.

detail in Table 1 and as assumed total
costs in Table 2. The data are for 1969,
the most recent year available. Since
those rates had been stable, as com-
pared with previous years, it can be
assumed that they are still valid today.

Rates of the frequency and severity
of injuries are not reported separately
for fuel reprocessing, but for fuel fabri-
cation and reprocessing together. Be-
cause there are no specific data, the
800 employees involved in reprocessing
were removed from the larger group
shown in Table 1 and the rates for
the larger category were applied to
them, thereby producing an estimate of
517 days of injury for the 800 em-
ployees.

Radiological Effects

Although effects on human beings of
single, high doses of radiation have
been identified and quantified, no ef-
fects from the levels of radiation en-
countered in the nuclear power in-
dustry are known or detectable. (An
exception, uranium-mining activities,
will be discussed.) Nevertheless, it can-
not logically be, and has not been,
assumed that effects do not occur. The
assumption of ICRP, as well as of

other groups, is that a maximum esti-
mate of risk at low levels of exposure
can be made by presuming linearity—
that is, by presuming that risk is in
a consistent proportion to dose, whether
the dose is high or low (20). That as-
sumption will be accepted here in order

“to assess radiation damage to the in-

dividual.

Still another assumption that will, of
necessity, be accepted here is that dose
rate has no influence on effect. Because
dose rate affects human beings in almost
all exposures to chemical or physical
factors (including radiation), this as-
sumption introduces into estimates of
risk a safety factor that lies somewhere
between zero and infinity. Studies of
risk of human carcinogenesis from
radiation exposure are based on effects
of radiotherapy and atomic bombs,
cases in which the dose rate is on the
order of 100 rems or more per minute;
therefore, estimates extrapolated to dose
rates associated with reactor operation,
rates that are on the order of millirems
to a few rems per year, are clearly
likely to be inflated.

Another concept, in which both line-
arity and absence of a dose rate effect
are implied, is that of the man-rem, a
measure of both radiation exposure and
numbers of people exposed. Specifically,

Table 2. Total yearly costs to society from 10,030-megawatt (electric) nuclear industry.

Occupational costs

Public
. Industry Injuries Radiation radiation T(%t)al
() $ ®

Uranium mining 417,000 46,200 463,200
Manufacturing 1,519,300 1,519,300
Reactor operation 9,890 72,000 14,790 96,680
Reprocessing 51,700 40,020 1,500 93,220
Long-lived nuclides 3,120 3,120

Total 1,997,890 158,220 19,410 2,175,520
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Table 3. Risk to individuals involved.

. }’ersons Cost Annual cost
Activity involved ) per person
(No.) $)
Uranium mining :

and milling 620 463,200 747.09
Manufacturing 33,724 1,519,300 45.00
Reactor operation 1,290 81,890 63.00
Reprocessing 800 91,720 115.00

Public near reactor 33,841,000 19,410 0.0004
Total U.S. 200,000,000 2,175,520 0.10

a man-rem represents the effect of 1
rem of exposure, whether delivered to
one individual or fractionally to a larger
number of people.

A number of estimates of the dollar
value of the risk of 1 man-rem have
been made. Cohen’s estimate is the
highest, $250 (21I). Other estimates are
$100 (22), and “a few pounds sterling”
(23).

On the basis of all available scientific
. evidence, and relying on the conserva-
tism of both the theory of linearity and
the disregard of any dose rate effect,
ICRP has established an upper level of
radiation risk. In 1965, they estimated
(20) that 1000 millirems of radiation
received by each of 1 million people
at any time will result in approximately
15 cases of leukemia and a total of 15
cases of all other types of cancer dur-
ing the lifetimes of the exposed popula-
tion, in addition to the approximately
250,000 cases that would normally
occur in a nonirradiated population of
1 million persons. In other words, 1000
millirems would increase the risk of
cancer by about 0.01 percent. Accept-
ing that estimate of radiation risk, and
‘accepting the assumptions both of lin-
earity and of the absence of a dose rate
effect, one can calculate the risk of
cancer to persons exposed to the maxi-
mum levels near a nuclear plant and to
those persons living within the vicinity
of the plant who receive typical expo-
sures. .

The risk estimates used in these cal-
culations were reviewed by ICRP in
1969 (24). Reference was made to the
growing incidence of cancer among
patients receiving radiation therapy for
rheumatoid spondylitis. Making the as-
sumption that, among these persons, all
cancers found in numbers greater than
are found in the general population re-
sulted from radiation, the ICRP esti-
mated that cases of other types of can-
cer may occur six times more frequently
than leukemia as a result of radiation.
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However, in the paper that originally
reported this study of spondylitis (25),
as well as in the 1969 ICRP report, it
was carefully pointed out that many of
the cancers occurring among spondy-
litic patients could be the result of
factors other than radiation—for ex-
ample, drug treatment, excess smoking,
or a spontaneous effect (not caused by
treatment) associated directly with the
disease.

Based on the assumption that 1 rem
produces 100 cases of cancer per mil-
lion persons exposed (that is, per mil-
lion man-rems) and that the cost per
life is $300,000 (derived purely from
economic considerations), then risk-
cost per rem per person would be $30,
the estimate to be used here. Implicit in
that estimate is the assumption that
death caused by radiation-induced can-
cer would shorten life as much as death
caused by accidental injury would—
that is, by 6000 working days. Precise
data on the latent period between radia-
tion exposure and malignancy do not
exist. The data that do exist are con-
flicting and, furthermore, are based on
single exposures and high doses. Latent
periods for leukemia, which are the
best documented, are relatively short.
Among the Japanese who survived the
atomic bombs, leukemia began to ap-
pear early, reached a peak in about
1953, and declined after 1958 to the
rates found among nonexposed groups
in the mid-1960’s (26). In the British
study of spondylitics treated with radia-
tion (25), leukemia rates rose to a peak
2 years after exposure and then slowly
declined.

The latent period for types of cancer
other than leukemia may well be much
longer. Cancer among persons exposed
as children to the atomic bomb is only
now beginning to appear (27), and
types of cancer other than leukemia
have a distinctly longer latent period
among the spondylitic population. Evans
has noted that the latent period is in-

versely related to body burden of
radium among radium dial painters (28).
An estimate of $30 can also be
reached by extrapolating from the
known lethal dose for a single exposure,
1000 rems. Assuming a risk reduced by
a factor of 10 for long-term exposures
(based on a single lethal dose of 1000
rems and an estimate of 100 cases of
cancer per million man-rems), then

$300,000
(1000) X (10)

Still another approach would be to
consider radiation-induced life shorten-
ing. Storer has recently reviewed studies
relating to life shortening and concludes
that the best estimate for man is 1 day
life shortening per rem of exposure
(29). This life-shortening approach to an
estimate of radiation risk therefore pro-
duces a value of $50 per man-rem,
which is, considering all of the varia-
bles and unknowns involved, fairly close
to the $30 estimate arrived at through
a consideration of cancer induction.

Missing from consideration in the
above estimate of radiation risk are the
genetic effects that have been amply
demonstrated in studies of animals. To
date, however, and in contrast with the
somatic effects described above, no
genetic effects have been demonstrated
in irradiated human populations. Be-
cause it is not known whether such ef-
fects might occur at low doses, or what
form they might take, no attempt is
made here to quantify them in economic
terms.

= $30

Uranium Mining

It has been demonstrated beyond
any reasonable doubt that exposure to
radiation at high dose rates in uranium
mining leads to lung cancer (30). The
source of the radiation is not uranium,
but the radium and products of radium
decay that are found in uranium ores.
Radium decays to radon, a gas that
is radioactive and that, in turn, decays
to a number of other radioactive mate-
rials, generally called radon daughter
products. Daughter products quickly be-
come absorbed on dust particles that
can be inhaled and deposited on lung
surfaces, where they can further decay,
genérating highly energetic alpha parti-
cles.

Estimates of radiation dose from this
form of exposure cannot easily be ex-
pressed in rems because of the great
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number of physiological and physical
variables involved, variables that are
only poorly understood. For this rea-
son, estimates of dose, and epidemiolog-
ical studies based thereupon, are based
on concentrations of radon daughter
products in the air. The unit is known
as a working level (WL), which is any
combination of short-lived radon daugh-
ters in 1 liter of air that will result in
the ultimate emission of 1.3 X 105 mega
electron volts of potential alpha energy.
Occupational exposure to 1 WL for a
period of 1 month is known as a work-
ing level month, or WLM. Since 1968,
standards for wunderground uranium
mines have limited exposures to 12
WLM per year; as of 1 July 1971 ex-
posures were limited to 4 WLM per
year (31).

Of the men involved in mining and
milling from 1967 to 1969, 31 percent
were in milling; of those who were
engaged in mining, only 67.9 percent
were underground rather than on the
surface or in open-pit mining. There-
fore, of the 62 men required to do the
mining and milling for nuclear fuel to
supply one reactor per year, only 29
would be underground and exposed to
radiation. In their recently published
monograph, Lundin, Wagoner, and
Archer have made refined estimates of
the anticipated number of lung cancers
to be found among 10,000 miners
working at 1, 4, and 12 WLM per year,
beginning at age 20 and continuing to
age 50 (30). They predict 353 lung
cancers to age 80 for men exposed to
0 WLM per year, 512 for 4 WLM per
year (average exposure of 0.3 WL) and
684 for 12 WLM per year (average ex-
posure of 1 WL). From these numbers,
it can be easily calculated that one man
working for 1 year at 4 WL incurs an
additional risk of lung cancer of
0.00053 case. For the 29 men required
to work underground at 4 WLM per
year to supply one reactor, total pro-
jected cases would be 0.0154, at a cost
of $4620 for one reactor, or $46,200
for the currently operating 10,030-
megawatt U.S. industry.

Reactor Operation

Radioactive materials are released to
the environment both as gases that leave
the stack and form a plume and as
soluble and insoluble materials that are
diluted and released into the water of
the cooling stream. These materials

11 AUGUST 1972

could find their way into the human
food chain through many pathways
(32), but in practice this has been found
to be a negligible source of exposure,
compared to the clouds of radioactive
gases. These gases -are, for the most
part, noble gases; they produce exter-
nal exposures only, and do not enter
into any biological processes. Gamerts-
felder (33) has estimated that the total
exposure of the general population to
radioactive gases from U.S. reactor
operations is 483 man-rems per year.

Since exposures to radiation among
employees of reactor plants occur
primarily among contract employees,
particularly during shutdown for refuel-
ing, reported exposures are undoubtedly
underestimated.

Goldman (34) estimated the total
U.S. in-plant exposures in 1971 to be
2400 man-rems. Actual film badge read-
ings of exposures for 1970 totaled 2039
man-rems (35). These estimates include
only utility employees, not contract
personnel. The former estimate would
produce a cost of $72,000.

Fuel Reprocessing

Following their removal from the
reactor, the “spent” fuel rods, which are
intensely radioactive, are first stored at
the reactor site to allow for preliminary
decay; the rods are then transported to
a reprocessing center, where they are
both physically and chemically treated
to reclaim uranium and other materials;
the fission products are separated and
prepared for final storage elsewhere.

The sole reprocessing plant for fuel
rods from operating nuclear power
plants is located in West Valley, New
York. Although the radionuclide mix-
ture released from this facility differs
considerably from that of a power reac-
tor, the dose limits are the same as
those established for a reactor facility.
A U.S. Public Health Service survey
shows this facility to be operating well
within these limits (36); therefore, it
will be assumed that total exposure to
radiation of the nonemployee popula-
tion living adjacent to the plant is 50
man-rems from this source, at a cost of
$1500.

Occupational exposures for fuel re-
processing were 1334 man-rads in 1970
(35). This calculation, from film badge
readings, excludes film badge readings
between 0 and 125 millirems, the great
majority of which are 0.

Long-Lived Nuclides

In addition to exposing populations
near nuclear facilities to radiation, long-
lived fission products generated from
both reactor operation and from repro-
cessing (particularly the latter) accumu-
late in the environment and are distrib-
uted, through natural processes, over
very large areas. The importance of
these products derives not from the
magnitude of dose to individuals, which
is small, but from the large number of
people exposed. The two nuclides of
greatest significance, in terms of curies
released and half-life, are krypton-85,
a noble gas, and tritium in the form of
tritiated water. Neither of these can be
easily contained by presently available
technology, and they are liberated to the
environment. FEstimates of individual
exposures from current nuclear opera-
tions are 0.005 millirem from krypton-
85 (37) and 10—¢ millirem from tri-
tium (38). This would produce total
U.S. man-rem exposures of 100 and
4, respectively, or a cost of $3000 and
$120, respectively.

Injuries to the Public

No accidental injuries or radiation
exposures beyond permissible limits to
members of the public are known as a
result of the U.S. nuclear power in-
dustry. Clearly, some risk of accidental
release of radioactivity exists. Otway
estimates that, if the total U.S. power
demand were met by 200 reactors
located near urban areas, total deaths
caused by reactor accidents would be
expected to be 0.02 per year (39). Since
this risk is small, I have ignored it,
and I assume that this neglect will not
affect my conclusions.

Summary and Interpretation

Approximately 10,030 megawatts of
nuclear power are produced by plants
now operating in the United States
(19). According to the estimates de-
veloped here, the human costs of gen-
erating that electric power are approx-
imately 0.026 mill per killowatt hour.
In terms of risk per person exposed
(Table 3), the mining of uranium is
the costliest portion of the entire fuel
cycle. This is particularly significant be-
cause these effects are real, in contrast
to the hypothetical effects of low-level
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Table 4, Cost of dose reduction from Brown’s Ferry nuclear plant.

Incremental

Cost per cost per
Reduction in man-rem of
Equipment external dose ((:git radiation m?:é;;}:)gf
(man-rem) red&c;ion reduction
($)

Recombiners only 3,600 6,000,000 1,700 1,700
Recombiners and

6 charcoal beds 4,305 9,000,000 2,070 4,250
Recombiners and

12 charcoal beds 4,350 10,500,000 2,400 30,000

radiation exposure, and would clearly
deserve far more attention than the off-
site exposures from reactors, which
have been receiving the greatest amount
of public attention. Nor is it clear that
the miners themselves or their political
representatives have perceived accu-
rately the magnitude of the risk. Com-
pensation for this risk might be re-
flected either in adequate death bene-
fits (that is, $300,000) or in wages.
Death benefits in the state of Colorado
average $17,000. Starr (40) has argued
that wages for various soft- and hard-
rock mining activities reflect the degree
of risk involved. This view has been
challenged by Connelly and Mazur
(41). Whether wages in industrial ac-
tivities generally in our society do con-
tain some element of compensation for
risk has not yet been carefully studied.

In a study carried out for the Federal
Radiation Council, the economic effects
of reducing radiation levels within
uranium mines from the former require-
ment of 1.0 WL to 0.3 WL (as now
required) were considered (I7). The
investigators concluded that additional
production costs, primarily for ventila-
tion equipment required to achieve this
level, would be 24 cents per pound of
U,04. The total production costs for
the industry would rise to about $7
million per year, or an increase in cost
to the consumer of 0.18 percent.

Again using the model of Lundin,
Wagoner, and Archer (30, table 44,
p. 109), I find that a reduction of radon
levels from 1.0 to 0.3 will reduce the
future lung cancer risk for the 2700
U.S. underground miners by, 1.54 cases
per year of exposure and therefore re-

duce the cost of uranium mining by.

$462,000 per year in return for the $7
million annual increase in operating
cost. To implement such a program of
risk reduction would imply an assumed
value for human life of $4.5 million.
Based solely on the controversial
theory that some excess risk may exist
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at 1.0 WL, the Environmental Protec-
tion Agency required that the 0.3 WL
be mandatory as of 1 January 1971
(31). Unfortunately, the $7 million
that the industry must spend to reach
0.3 WL does not benefit the miners,
but the ventilation equipment manufac-
turers. Deaths that do occur among
uranium miners as a result of lung
cancer or trauma are compensated at a
maximum of $24,492.25 for a widow
with three or more children (42)—a
small fraction of what is assumed here
to be the just value of a man’s life, and
an amount too small to provide an eco-
nomic incentive to improve safety con-
ditions. Death benefits vary among
states, but average a legal maximum of
about $20,000 (43).

It cannot be assumed that the much
larger costs of nonfatal injuries are en-
tirely compensated, Analysis (43) of
workmen’s compensation provisions for
injury, whether permanently or tem-
porarily disabling, shows that income
during disability is typically at two-
thirds of full employment levels.

With respect to radiation exposures
from reactor operation alone, a far
greater total exposure is incurred by
plant employees than by other persons.
Off-site exposures are very small in
comparison with radiation from natural
sources or medical exposures. However
total exposures are distributed between
the public and industrial employees,
these costs (risks) should be compen-
sated; and, from both an economic and
a biological point of view, it is the
total exposure that is of concern. For
this reason, occupational and public ex-
posures should be considered together,
particularly since technology, or stan-
dards influenced by public pressures,
may reduce public exposures while pro-
ducing for reactor employees inordi-
nately greater exposures to radiation.
Indeed, Goldman has recently argued
that the use of additional equipment
within the plant to reduce off-site ex-

posures may actually produce a greater
occupational exposure because of the ad-
ditional maintenance requirements (34).

The AEC, which regulates reactor
emissions, requires that the level of
those emissions be maintained as low
as technologically practicable (44). Un-
der intense public pressure, it has pur-
sued this goal beyond economic justi-
fication. The following example, based
on data developed by the Tennessee
Valley Authority (TVA) for the three
reactors at the Brown’s Ferry plant (45),
illustrates the point. Radioactive gases
generated by the fission process in the
reactor core will decay to very low
levels of radioactivity if there is sub-
stantial delay before they are released.
Delay is influenced by the volume of
gas generated, and since large quanti-
ties of hydrogen and oxygen are pro-
duced by radiation effects on cooling
water, hydrogen recombiners can re-
duce radiation dose by a factor of 6.
In addition, charcoal beds, by absorbing
radioactive xenon and krypton, can
further delay release and thus reduce
exposure, Cost of equipment, dose re-
duction, and incremental cost per man-
rem of dose reduction are shown in
Table 4 for recombiners and for re-
combiners with one and two sets of
charcoal beds,

Because a reasonable estimate of the
cost of biological damage from 1 man-
rem is $30, the addition of any of this
equipment could not be justified in eco-
nomic terms. Nevertheless, TVA has
decided to add both the recombiners
and six charcoal beds to the plant in
order to meet AEC requirements. Ideal-
ly, in a society with unlimited resources,
no expenditures would be spared to re-
duce risk, regardless of cost; but prac-
tically, radiation protection must com-
pete with other pressing societal needs.

Studies of radiation protection alone
indicate that there are far greater econ-
omies in reducing public exposure from
other sources of radiation than in re-
ducing public exposure from nuclear
plants. For instance, Terrill (46) has
presented a comparative cost-benefit
analysis for radiation dose reduction
from medical and from reactor-pro-
duced exposures. He found that, from
the use of automatic collimators on di-
agnostic x-ray equipment, costs per man-
rem reduction are about $7, compared
to his estimated cost of $10,000 to
$100,000 per man-rem for reducing
reactor-produced radiation. He points
out that current exposures of the U.S.
population to radiation are 430 man-
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rems from nuclear plants versus 18.7
million man-rems from diagnostic x-
rays. :

What is left to be explained is
why occupational injuries, particularly
deaths, are not adequately compensated,
whereas the risk to the public of radia-
tion exposure is uneconomically over-
regulated, researched, and financed. To
an extent, this reflects the general atti-
tude within our society that certain
occupational groups are expected to
accept higher risks than the public. This
attitude can be demonstrated in a num-
ber of ways, both within the nuclear
industry and without. Standards for
permissible levels of exposure to radia-
tion are tenfold higher for employees
than they are for the general public. It
is also significant that federal support
for research in occupational health in
all areas (through the National Institute
for Occupational Safety and Health) is
less than $5 million per year, while re-
search funds for radiation biology are
$90 million annually from the Atomic
Energy Commission alone. Undoubtedly
an argument can be made that those
individuals whose jobs are involved with
‘radiation should take greater risks than
others, but it is difficult to conceive of
an argument that would allow the risks
to remain less than fully compensated,
other than the undemonstrated thesis
that undercompensation serves as a
deterrent to accidents. In these days of
egalitarianism, such a discrepancy is an
anachronism. Hopefully, the Department
of Health, Education, and Welfare's
Commission on Workmen’s Compensa-
tion will recommend reforms in com-
pensatory practices to correct this abuse,
which is not peculiar to the nuclear in-
dustry.

In contrast, public and political inter-
est in protection from radiation expo-
sure has been intense and has led to
technological restrictions far out of pro-
portion to what can be justified on an
economic basis. This undoubtedly re-
flects a number of widespread biases
arising from the knowledge that nuclear
energy is used in weaponry, and that
radiation in high doses is associated
with cancer.

Although radiation-induced lung can-
cer is compensated among uranium
miners, there is extreme difficulty in
compensating others occupationally ex-
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posed to radiation because of the prob-
lem of establishing a causal relation
between their past exposure and disease.
In the absence of techniques for distin-
guishing radiation-induced disease from
other causes, a “no fault” insurance
against leukemia and cancer, contrib-
uted to by both employer and employee,
would seem an equitable solution.

Conclusion

This analysis provides some useful
insights into the magnitude and distribu-
tion of the human costs of generating
electricity from nuclear fuels. Our
society is able to maintain low prices
by evading environmental costs and, as
shown here, by failing to pay the
costs of occupational injuries. At the
same time, the price of nuclear energy
is maintained at an artificially high level
by an overprotective governmental
policy that restricts the public’s expo-
sures to radiation to a far greater ex-
tent than can be justified in terms of
risk reduction or the costs of reducing
other (that is, medical) exposures to
radiation.
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