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ABSTRACT

A critical review of t!ie literature pertaining to the
risks associated with nuclear electric power was sponsored
by the Committee on Science and Public Policy of the National
Academy of Sciences. Although the full report (consisting of
over 25 chapters) has not yet been published, this paper pre-
sents highlights from the "Summary and Synthesis Chapter,"
which was released separately. Of the risks whose magnitudes
can be estimated with reasonable accuracy, the most serious
is the exposure of future generations to iliC from reactors
and reprocessing plants. Prospects are good for reducing
this risk considerably, since carbon can be collected and
stored as waste.

This paper is adapted from a critical review of the literature per-
taining to the risks associated with nuclear electric power. The review
was sponsored by the Committee on Science and Public Policy of the National
Academy of Sciences. Although the full report (consisting of over 25
chapters) has not yet been published, this paper presents highlights from
the "Summary and Synthesis Cuapter,"2 which was released separately. The
essential aspects uf the scope and limitations of this work include the
following:

• Since a comprehensive review of the many scores of thousands of techni-
cal documents in the areas covered could not be attempted in a report of
this size, attention has been focused primarily, but not exclusively, on
the review literature, that is, on surveys and evaluations of available
knowledge in the field.

• Even this survey of review literature is far from exhaustive; however,
the reviewers have striven to take into account all significant points
of view in the issues treated, using many items in the primary technical
literature as sources and attempting to find the primary sources for
assertions that have been made in books and articles written for non-
specialist readers. Issues have been identified in which — lfter they
have been reduced to purely factual terms — there is now essentially no
disagreement in the technical community.



Figure 1 illustrates some of the details of the nuclear fuel cycle.
The column of boxes and arrows summarizes the principal steps in the
nuclear fuel cycles now used, or prominently discussed for future use, for
the production of electricity in the United States. These steps extend
from the initial mining of uranium (of thorium) at the top to the ultimate
disposal of wastes at the bottom. The technologies involved at each stage
have been described briefly in Chapter 2 (Ref. 3). Transportation opera-
tions are usually required at the places indicated by the arrows. At many
stages in a nuclear power program, choices may be made between alternative
technologies; some of the more important of these choices are noted in the
next to the last column. The principal immediate causes of risk associated
with each stage of the fuel cycle are identified at the right and left of
the boxes — those associated with routine operation on the left and those
associated with accident or malice on the right.

Most of the material presented in this summary is organized into sec-
tions according to the kinds of immediate causes. This organization cuts
across that used for the remaining chapters of the report, most of which
have dealt with specific stages in the fuel cycle. The central discussion
of risks is presented in a section surveying some of the basic scientific
facts required in assessing the various kinds of risks.

This overall assessment of the risks associated with nuclear power
concentrates on risks of radiological origin, augmenting these only with
some concerns arising from the weapons potential of nuclear fuels. The
risks associated with nuclear power via various types of nonradiological
injury to humans are much less important than the radiological risks and
also much smaller than the nonradiological risks associated with most
alternative means of producing electricity (coal, solar, etc.). Risks of
ecological damage due to discharge of waste heat, although sometimes
appreciable, are not unusual to nuclear power and can be reasonably well
anticipated. The radiological risks to nonhuman life on land and in water
have been ignored in this report, since these seer:: normally to be less
serious than the corresponding risks to humans.

To assemble the knowledge of radiological risks to humans into a use-
ful overall picture, one should consider, for each possible source of ex-
posure, the following characteristics:

• The statistical expectation for the population dose equivalent in
person-rems that will be delivered by this source per unit of electrical
energy generated. (By this is meant the sum of the dose equivalents
received by all exposed individuals.)

• The distribution of this dose equivalent in time, particularly as re-
gards present versus future generations.

• The likelihood of catastrophes that will have an economic or psychologi-
cal shock effect not measurable by the person-rem dose just described.

• The reliability with which these quantities (statistical expectation of
population dose and probabilities of catastrophes) can be estimated for
a given assumed technology.

Table I summarizes characteristics for each of the major sources of
risk identified. It gives the statistical expectation of the population-
dose equivalent per gigawatt-year of electricity generated [GW(e)year] for
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Fig. 1 Principal risks and relevant alternatives in the nuclear fuel cycle.



Table I Summary of Risks Associated with Low-Level Radiation Exposures Attributable to the Production of Nuclear Electric Power

Expectation of population dose, in person-
rems per GW(e)year of electricity produced,

with present technology

Source of risk

Occupational
exposure

Public exposure
from normal
effluents

Section of
Ref. 2

HI

in. v.2

Present
generation

-1600°

fllOO^*

U350"'*

Future
generations

(•1700*

Uoooft

Degree of uncertainty
for a given technology

Opportunities for
modification Remarks

Probably only a fraction
of the value given

Probably only a fraction
of the value given for the
case of no reprocessing;
a little more uncert3ir'
with reprocessing

Public exposure
from tailings
piles

Reactor
accidents

Other
accidents

Leakage from
waste
repositories

V. 1 Very small

IV.2,3,4,5 Reactor Safety
StudyX estimates
~ 120; absence of
major accidents''
to date gives in-
equality <10 4 -10 5

IV. 1,6 Very small,
according to
most studies

V.3 Small/

Estimates for per-
petually uncovered
piles range from
1.5 x 10s to 2x 10';
actual values may be
much less

Much less than
"present generation"

Much less than
"present generation"

Few attempts at
quantitative esti-
mation have been
made; these have
usually indicated
small dose expecta-
tions even if leakage
occurs'

Very uncertain, as result
dependent on future
population distribution,

• weather, and geology.
especially with covering
by transport of dust

Conceded to be quite un-
certain, with most
qualified judgments
favoring values between
a fraction of the Reactor
Safety Study value and
100 times it

All literature is in
reasonable agreement,
except for a few workers
who speculate on the
possibility of higher
releases for some trans-
portation accidents'

Although active acceptance
of the conclusions to
the left is limited, there
seem to be no specific
dose and probability
analyses disagreeing with
them; some unresolved
issues concerning likelihood
of leakage

Probably modest, but data on
variation with types of re-
actors and their ages are
scanty-

Larger if escape of xenonc

or I 4 C (footnoted) is
allowed to increase,
future-generation doses
severalfold; smaller if " C
is captured in reprocessing6

May be greatly reduced by
covering; surely greatly
reduced by reburial, re-
duced by a factor of - 5 0
in a breeder economy

Might be appreciably reduced
for light-water reactors;
probably substantially less
for at least some of the
other reactor types

Reprocessing plant accidents
can occur only if there is
reprocessing; transporta-
tion accidents can be de-
creased by "nuclear parks"

Although many of the pro-
posed modes of disposal
would yield low dose ex-
pectations, very careful
site selection might make
the expectations far lower
still

Mostly from reactor
operation; some from
mining

I'uture-generation dose
dominated by 1 4C (half-
life 5570 years)

Incremental dose rate
at all times a minute
fraction of background;
may be compensated at
very long times by re-
moval of uraniunv

Accidents in reprocessing
and perhaps in trans-
portation, although rare,
have the greatest pos-
sibilities to deliver
sizable population do;ss

Most important desideratum
is to minimize chance
of escape to the environ-
ment in the first few
hundred years



Table I (continued)

Expectation of population dose, in person-
rems per GW(e)year of electricity produced,

with present technology

Source of risk

Proliferation
of nuclear
weapons
among
nations

Terrorism

Section of
Ref. 2

VII. 1

VII.2.3

Present
generation

Future
generations

Larger if nuclear warfare results; small other-
wise

Small unless successful terrorist acts become

Degree of uncertainty
for a given technology

Opportunities for
modification Remarks

quite frequent or succeed in dispersing much
more radioactivity than would be possible
from a bomb or a spent-fuel shipment

Very diverse judgments
exist as to whether and
in what manner a nuclear
electric-power program
will affect weapons pro-
liferation

Diverse judgments on
motivations and capabili-
ties of terrorists and of
their preferences between
nuclear and nonnuclear
means; no serious anti-
population attempts to
date

International centers:*-' co-
precipitation of uranium
and plutonium or isotopic
denaturing of fissile
uranium

Can be reduced by avoiding
use of highly enriched
fuel, by measures similar
to those on the line above,
and in general by tightened
security

Suggestions associating
nuclear power with
proliferation most often
do so via enrichment
or reprocessing facilities
or power reactors using
highly enriched fuel

Most plausible paths
seem to be bomb con-
struction or capture
and dispersal of spent-
fuel shipments

"Figures given are whole-body doses, i.e., doses delivered at about the same level to all organs of the body. Particular organs sometimes receive rather larger doses; thus the
overall probability of cancer induction may be larger, by a modest fraction, than it would be if only the whole-body dose were received.

*The upper figure is for the case of no fuel reprocessing; the lower for the case in which all fuel is reprocessed and plutonium as well as uranium is recycled.
^Figure tabulated assumes that short-lived xenon isotopes are held up in boiling-water reactors until most of their activity has decayed; past emissions from bailing-water

reactors without such holdup have delivered population doses greater by something like 400 or 500 person-rems/GW(e)year. (See Section III.2 of Chapter 12.)3

''Some foreign reactors seem to produce considerably more "C than do U. S. reactors, possibly because of the presence of nitrogen. (See Section III.5 of Chapter 12. )3

eAs detailed in Chapter 21 and Section V.3 of Chapter 22 (Ref. 3). it is likely that future reprocessing plants will sequester ' 4C and store it as waste rather than discharging
it to the environment. No such retention is likely for the rather smaller amounts of 1 4C released from light-water reactors, but some other reactor types may release less of this
isotope. (See Chapter 14, Section II.2, and Chapter 15.)3

'Time scale for the population dose from tailings is - 10 s years; that for the decrease in natural 2 3 5Rn due to consumption of uranium is ~ 10' - 10 s years.
?Reactor Sajety Study.'
""Major accidents" defined as those releasing significant radioactivity to the environment.
'Although it seems agreed that 'ransportation accidents in which spent-fuel casks are ruptured will be very rare, the severity of such happenings depends greatly on whether

one adopts the most favored assumption of release of 10~4 of the ' 3 'Cs inventory or postulates that as much as 10~J of it ca- be released.
'These conclusions assume waste to be pljced somewhere where its probability of escape in the next few hundred years will be extremely small; the feasibility of this is not

seriously disputed. After this lime, sonic authorities believe that the future-generation population dose will be small (compared, say. with the figures ]0A-104

person-rems/GW(c)year in the earlier rows of this column| whatever the rate of escape; others, while unwilling to reject the possibility of a large population dose in case of
escape, feel that the probability of escape in the next 10s — 10" years, although not accurately predictable, can be made so small that its product with the dose just mentioned
will be small.

Centers at which all enrichment and reprocessing operations isolating high concentrations of fissile uranium or plutonium and all reactors using highly enriched fuel are
maintained under international control.

Restriction, under international surveillance, to technologies in which plutonium at no stage appears in pure form, and where fissile isotopes of uranium occur only with
sufficient dilution by nonfissile isotopes to make the fuel unusable for bomb construction.



each source of risk; for cases involving accidental occurrences, this
means that the population dose delivered when an accident occurs is multi-
plied by the probability, per GW(e)year, that such an accident will occur.
The conversion of these figures, in person-rems per GW(e)year, to ultimate
cancer fatalities, genetic abnormalities, etc., is somewhat uncertain; the
figure currently most widely used is that on the average there will be
about one eventual excess cancer death per 5000 person-rems of whole-body
dose. Inspection of the data suggests the following overall conclusions:

• Of the risks whose magnitudes can be estimated with reasonable accuracy,
the most serious is the exposure of future generations to C from
reactors and reprocessing plants. Prospects are good for reducing this
risk considerably, since it is possible to collect and sequester carbon
at reprocessing plants and store it as waste. The risk ot release from
reactors is several times smaller.

• Of the risks about whose magnitude there is great uncertainty, but which
can in principle be quantified, che one that may possibly — though pos-
sibly not — deliver the largest population-dose is the exposure of popu-
lations in the extremely remote future (time scale of the order of
10 000 years) to 2 2 2Rn emitted from abandoned piles of ore tailings.
This risk is very uncertain in magnitude, would be vastly decreased in
a breeder economy, and would be manifested as an extremely minute change
in background radiation on a very long time scale. This latter fact
causes some people to consider discussion of the long-term risk point-
less, but many would disagree, arguing that person-rem totals are an
important consideration, however slowly they may be accumulated.

• Of the remaining sources of risk, the one whose range of uncertainty
extends to the largest values it, reactor accidents. The statistical
expectation of population dose from these accidents may be significantly
smaller or larger than that from other quantifiable sources. Several
lines of research that are in progress or can soon be undertaken offer
hope both for reducing the consequences of accidents (e.g., by preven-
tion of overpressure rupture of the containment building) and for re-
ducing the uncertainty in our estimates of the probabilities of serious
accidents (e.g., reliability of core-cooling systems, likelihood of
steam explosions).

• It is acknowledged that nuclear power programs are neither the cheapest
nor the most satisfactory source of material for weapons, and nations
that have thus far made explosive devices have not done so using power
reactors. Nevertheless, the risks from a possible positive correlation
of such programs x̂ ith the proliferation of nuclear weapons or with
terrorism are very disputable and cannot be quantified by technological
analysis alone. Some informed evaluations have considered such risks
to be small, but others — including the Flowers report,1* the Fox re-
port,5 and the Ford-MITRE study6 - have emphasized the possibility,
which cannot be excluded on purely technological grounds, that these
risks may significantly exceed all others in the nuclear fuel cycle.

• In none of the cases so far studied in the literature have alarmingly
high values been estimated for the time-integrated population dose that
people in the future might receive if buried wastes were to be leached



by groundwater into the surface environment. Thus, while many authori-
ties have called attention to gaps in our knowledge about some of the
factors that bear on the probability and time scale of such eventual
leaching, it is not necessary to strive for absolute assurance against
escape. One can pursue the much more attainable goal of finding dis-
posal sites for which the product of probability of escape times the
consequences if escape occurs can be made reasonably small on the scale
of normal-operation consequences. In a number of studies involving many
highly qualified experts representing a full spectrum of opinions, waste
management has not been considered a major obstacle.7'6

In conclusion, it is extremely important to bear in mind the qualifica-
tions noted at the beginning of this summary: the nuclear power risks to
which the present report is devoted pertain to only one square in the matrix
of kinds of information needed for decision making on energy programs. Even
for electrical energy, one must decide among a number of alternative tech-
nologies or sources for producing it, and for each of these one must esti-
mate its benefits, costs, time scale, and risks; one must also bear in mind
the costs and risks of not producing it. This review has discussed only the
risks of a single one of the alternatives.
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