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Preface

4 'f‘ :

LF L TEnKe

In casting about trying to develop an approach to ap-examination
of some important aspects of the evolution of light water reagtor -
safety in the Unjted States,:I.was inevitably drawn to.a relijance:
on that perspective 1 knew best, that of an ACRS member: --Partly:-
because of ACRS self-imposed restrictions on ACRS:-member inkerpretation
of past ACRS actions, and partly because I decided not-to:act as-an
interpreter, and hence a major filter of what information and opinion
was to be expressed, I decided to rely heavily on extracts and even
complete réproductions of large portions of ACRS minutes, letters and
other documents.

This manuscript was deliberately prepared to be fairly lengthy,
on the assumption that a shorter version, if desired, could be pre-
pared largely by deletion and compaction of material. Not that the
coverage is complete, or even nearly so.

Chapter Two is the central portion of the document. It is
intended to provide a historical view of the development of siting
policy and the major safety issues which interacted strongly with
siting po1icy,.with safety requirements, and with many major changes
in thé regulatory approach. The other chapters represent a very in-
complete selection of the very many important issues and developments
in light water reactor safety. And they are presented in much less
depth.. Coverage of the loss of coolant accident (LOCA-ECCS) has
deliberately been abbreviated to cover only a few selected aspects.

It would require a manuscript at least as long as this one to do

justice to this topic.
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This manuscript, which was cgmpleted in the spring of 1978,
except for minor editing, does not include any personal assessment
-xofveactur safety nor does it comment on the implications of the
Three:Mile Island accident. Chapteril gives several long excerpts
from:other publications which relate to”the topics of 1ight water
redctor-safety and societai risk acceptance. These publications were
-5ayaitabte prior to the spring of 1978 and are intended to provide

nénly a limited sample of opinion.
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CHAPTER |

I.1 SOME OPINIONS ON LWR SAFETY AND SOCIETAL RISK

This study represents an effort to examine in some detail the historical
evolution of several aspects of light water reactor safety In the United
States. The perspective is that of one with access to the records of the
Advisory Committee on Reactor Safeguards (which are generally available
with minor exception) but no access to the files of the Regulatory Staff,
the nuclear utilities, the reactor vendors, the intervenors, etc. This
study in no way represents an assessment of the safety of |ight water
reactors, nor does It represent an attempt to comment on risks from
nuclear reactors. Furthermore, this study does not attempt to examine
the technical facets of most of the Issues discussed, except as such an
examination arises coincident to the historical discussion.

To provide some admittedly Incomplete perspective on |ight water safety,
the study begins with several excerpts from existing documents.*

I. An excerpt from UCLA-ENG-7777, Final Report in an NSF-funded study
entitled, "A General Evaluation Approach to Risk Benefit for Large
Technological Systems and its Application to Nuclear Power" (1977).

2. "The Generic Safety |ssues of Pressurized Water Reactors," Health
and Safety Executive, United Kingdom (1977),

3. F. R. Farmer, Accident Probabli|ity Criteria, Journal of the Insti-
tution of Nuclear Engineers, Aprii 1975, Vol. 16.

4. D. Okrent, Testimony before the California Legislature Assembly
Committee on Energy and Diminishing Materials, October 29, 1975,
and U. S. Congressional Joint Committee on Atomic Energy (94th
Congress, Second Session, 1976).

Excerpt from UCLA=ENG=7777 (Okrent 1977)

Introductory Comments on Light Water Reactor Safety

Nuclear power plant accidents differ from those in conventional
power plants In that they can potentially release significant
amounts of radlioactivity to the environment. While very large
amounts of radiocactivity are generated by the fission process
in the uranium dioxide fuel In a nuclear plant, the bulk of
this radioactivity (about 98%) remalns In the fuel as long as

*The first excerpt has been amplified, using published information from
WASH-1400.




the fuel is adequately cooled. For large amounts of radio-
activity to be released from the fuel, it must be severely
overheated and essentially melt. Based on this knowledge,
the major types of nuclear power plant accidents that have
the potential to cause large releases of radiocactivity to
the environment, have for some time been identified. At-
tempting to prevent such accidents and to mitigate their
potential consequences have been the primary objectives of
nuclear power plant safety design.

Gross heat imbalance in the fuel in the reactor core might
occur in the following ways:

(a) The occurrence of a loss~-of=coolant event will allow
the fuel to overheat (due to decay heat), unless em-
ergency cooling water is supplied to the core.

(b) Overheating of the fuel can result from transient
events that cause the reactor power to increase be-
yond the heat-removal capacity of the reactor cool=-
ing system, or the coollng rate.

In a toss-of-coolant accident (LQCA), the rupture would al=-
low the high-pressure and high-temperature cooling water to
flash to steam and blow down Into the containment building.
To cope with this event, a system, called engineered safety
features (ESF), is provided in each plant. A number of the
engineered safety features, as well as the physical proces-
ses, act to reduce the amount of radiocactivity released to
the environment, should either a LOCA or a transient event
result in a significant release of radioactivity from the
reactor core. For instance, a containment building is pro-
vided to contain the radioactivity released from the fuel
and to delay and reduce the magnitude of release Yo the en-
vironment.

In early power reactors the power level was about one-tenth
that of today®s large reactors. |t was thought that core
melting in those low-power reactors would not lead to melt-
through of the containment. Further, since the decay heat
was low enough to be readily transferred through the steel
containment walls to the outside atmosphere, it could not
overpressurize and fail the containment. Thus, if a LOCA
were to occur, and even if the core were to melt, the low-
leakage containments that were provided would have permit-
ted the release of only a small amount of radiocactivity.




However, as reactors grew larger, several new considerations
became apparent. The decay heat levels became so high that
the heat could not be dissipated through the containment walls.
Further, in the event of accidents, concrete shielding was re-
quired around the outside of the containment to prevent over-
exposure of persons In the vicinity of the plant, Finally, it
became likely that a moiten core could melt through the thick
concrete containment base into the ground. Thus, new sets of
requirements came into being.

Emergency core cooling systems were needed to prevent core
melting which could, in turn, cause failure of all barriers

to the release of radiocactivity. Systems were needed to trans-
fer the core decay heat from the containment to the outside en-
vironment, in order to prevent the heat from producing internal
pressures high enough to rupture the containment. Finally,
systems were needed to remove radioactivity from the contain-
ment atmosphere in order to reduce the amount that could leak
into the environment.

The major goal behind these changes was to attempt to provide
safety features designed so that the failure of any single
barrier would not be likely to cause the failure of any of

the other barriers. For example, emergency cooling systems
were installed to prevent the fuel from melting, and thereby
protect the integrity of the containment if the reactor cool-
ant system were to rupture. Other features were added, e.g.,
additional piping restraints and protective shields, to lessen
the likelihood of damage that could result from pipe whip fol=-
lowing a large pipe.break. Knowledge that large natural for-
ces, such as earthquakes and tornadoes, could cause multiple
failures led to design requirements that attempted to reduce
the likelihood of dependent failures from such causes.

The net result of the addition of ESF°s in current large re-
actors was to reduce the likelihood of accidents that could
have significant public impact. Nevertheless, there remains
some probabllity that an accident might lead to the melting
of the core and to the subsequent release of large amounts
of radioactivity from the containment.

Studies prior to WASH-1400 have indicated that a core melt-
down In a large reactor would likely lead to failure of the
containment.




*
WASH-1400 analyzed such relationships and found that the con-
talnment faillure modes, their timing, and the potential radiocac-
tive release depend strongly on the operability of the various
ESFs.

WASH=-1400 predicts that the core could melt through the bottom
of the reactor vessel and the thick, lower concrete structure

of the contalnment about half to one day after the accident,
thus providing considerable time for radioactive decay, wash-
out, plateout, etc., to reduce the radioactivity in the contain-
ment atmosphere if containment integrity had not been previously
violated. Furthermore, most of the gaseous and particulate
radioactivity that might be released would, in this case, be
discharged into the ground, which acts as a fiiter, thus reduc-
Ing the radiocactivity released to the above-ground environment.
Accidents that would follow this path are thus characterized

by lesser releases and consequences. In plants that have rela-
tively large volume containments, the melt-through path was
found to represent the most likely course of the accident.

Following this melft-through, there would be a possibility of
ground water contamination through a long-term process of
leaching the radioactivity from the solidifying mass of fuel,
soil, etc. An estimate of the nature and timing of the leach-
ing processes and the potential contamination levels that could
result is presented in Appendix VII| of WASH-1400. The leaching
and contamination processes would occur over an extended period
of time (few or many years, depending on the particular radio~
active species) and hence the potential contamination levels
should not be substantially larger than the maximum permissible
concentrations (MPC). The concentrations could potentially be
controllable to even lower levels. Therefore, the potential
from ground water contamination has been assessed to have only
a small contribution to the overali risk.

Containments may also fail by overpressure, resulting from vari-
ous noncondensible gases released within the containment due to
core melting. For small containments, the pressure due to the
combinations of these gases would represent the most likely

path to containment failure. Such failures would most likely
occur in the above-ground portion of the containment, several
hours from the time of core melt.

 *yU.S. Nuclear Regulatory Commission, "Reactor Safety Study, An
Assessment of Accident Risks in the U.S. Nuclear Power Plants,"
WASH-1400 (NUREG-75/014), washington, D.C., October 1975.




In the course of a potential core meltdown, there would be
conditions which would have the potential to result in a

steam explosion that could rupture the reactor vessel and/or
the containment.* These conditions may occur: (i) when molten
fue! would fall from the core region into water at the bot-
tom of the reactor vessel, or (ii) when it would melt through
the bottom of the reactor vessel and fall into water in the
bottom of the containment. These modes of containment failure
were predicted to have lower probabilities of occurrence.

Reactor Transients

In general, the term "reactor fransient™ aplies to any sig-
nificant deviation of the key reactor operating parameters
from their normal operating values.

Transients may occur as the consequence of an operator error
or due to the malfunction or failure of equipment. Many
transients are handled by the reactor control system, which
returns the reactor to its normal operating condition. Others
would be beyond the capability of the reactor control system
and require reactor shutdown by the reactor protection system
in order To avoid damage to the reactor fuel.

In safety analyses, the principal! areas of interest are:

(i) Increases in reactor core power (heat generation), (il)
decreases in coolant flow (heat removal), and (ili) reactor
coolant-system pressure Increases. Any of these could poten-
tially result from .a malfunction or fallure, and they repre-
sent a potential for damage to the reactor core and/or the
pressure boundary of the reactor cooling system (RCS).

It should be noted that the kinetics of LWRs are relatively
sluggish; also, cores are slightly undermoderated, and any fur-
ther reduction in water density (as from Increase in power

and temperature rise) is strongly negative in reactivity ef-
fect. Further, fuel heating causes a negative Doppler effect.
These factors all tend to reduce the vulnerabllity of LWRs

to power excursion type transients, and thus make overpower
conditions less important than Inadequate heat removal as a
possible cause of fuel melting.

*¥The term "steam explosion™ refers to a phenomenon in which the
fuel would have to be in finely divided form and intimately mixed
with water, so that its therma! energy could be efficiently and
rapidly deposited in the water, thus creating a large amount of
steam.




Finally, it is noted that a light water reactor core cannot
exp lode in the usual sense attributed to an atomic bomb.

Probability of Core Melt

The WASH=-1400 study was performed on two actual plants, one
PWR and one BWR, to assess accident probabilities. For each
reactor, possible accident sequences were collected into
radioactivity-release categories and the overall probability
of each release category was estimated. A summary of the re-
sults obtained for release probabilities is given in Table
S.l.

The probability side of the study is based on the fault-tree/
event-tree methodology. The authors of the study believe fhat
some of the particular characteristics of the reactor case
(e.g., no serious risk without core melt, knowledge of engi-
neering design of the reactor) make it practical to handle the
large number of theoretically possible accident sequences and
to cut this array down to a manageable number. Further, ac-
cording to the authors, it is not essential to include all
accident sequences, but only to identify enough of the higher-
probabiiity sequences, so that the overal! probability of a
given level of release becomes insensitive to the addition

of more low=probability sequences.

However, for the assessments of low-probability events, whe-
ther one Is considering reactor core meltdown, failure of a
specific large dam, release of hugh quantities of liquified
natural gas in port, or possibly catastrophic, unanticipated
effects from biological research or some new vaccine or drug,
uncertainties do exist.

With regard to WASH-1400, the question remains, "Are there un=-
discovered accident sequences with large probabilitlies?" More
specifically, questions have been raised concerning the WASH-
1400 freatment of common-mode fallures, reactor aging, human
errors, fires, earthquakes, and sabotage, among others, in as-
certaining the probability of core meltdown. Questions have
also been raised concerning the quantification of the uncer-
talnty in the best-estimate resul+s, and there is a consid-
erable body of opinion that the stated uncertainty range,

plus or minus a factor of about five in the core-melt esti-
mates, has not been validated and may be too small.




On the other hand, while it is impossible to demonstrate that
the estimated occurrence frequency of core-melt of | in 20,000
per reactor year is correct, none of the critics has demonstra-
ted that it Is in error. Some reviewers have taken the point
of view that this occurrence frequency cannot be low by more
than a factor of ten, due to the absence of a LOCA, let alone

a core melt, In about two thousand reactor.years of experience
with reactors in the Navy and commercial power reactors.

While one cannot say with absolute certainty that some, as yet
undiscovered, accident sequence will not yield still far
greater core-meit frequencies, the chance of overlooking such
a large-probability event is small, according to others.

Overal| probabilities of the release categories are usually
determined by a small number (5 to 10 in each category) of
dominant sequences (i.e., high probability sequences), and
many of these are single-failure events. Also, as the summa-
tTion of the event probabilities gets large, it tends to re-
duce the sensitivity of the probability calculations to un=-
perceived common-mode failures.

Nevertheless, although the job was done in a workman-|ike way,
many of the underlying facts, which must be known to accurately
predict the course of an accident, are lacking. Therefore,

the quantitative estimates of the probability of the various
acclident chains must be viewed with some reservations.

Consequences of Core Melt

On the consequence side, the first step is to characterize the
nature and amount of radiocactivity release for each release
category. Table | covers the essentials. The most severe
categories for both PWRs and BWRs involve release of about
half of the total core inventory.

The next steps are transport of radioactivity through the at-
mosphere with associated plume spread, meander, and depletion
processes, and calculation of inhalation, whole body, etc.,
doses. These transport and exposure calculations were done for
siz hypothetical sites, for which the meteorology and demog-
raphy were synthesized from the parameters of actual nuclear
plant sites of the same type (ocean-front site, river-valley
site, etc.). Descriptions of the methods are given in Appen-
dix VI of WASH-1400, but essentlially no dose results are
included. Instead, the calculation is carried forward to




health effects and land-contamination effects, and these final
results are presented. The various probability/consequence
plots can be shown as in Figures 9.1 and 9.2; i.e., for the
single reactor case and with error~bands on the "average"
curve shown,

The consequences reported in WASH-1400 can also be summarized
as in Tables 9.2 and 9.3 for a single reactor or as in Tables
9.4 to 6 for |00 reactors. The estimates in the Tables have
uncertainty ranges similar o those in Figures 9.1 and 9.2.

Among the principal questions raised with regard to the con-
sequences presented in WASH-1400 are the following:

Is the estimate of health effects, due to low~level radiation,
sufficiently conservative? Has the efficiency of evacuation
and decontamination procedures been over-estimated? Should
not the risk be given for each individual site rather than
some weighted average, since, for the worst accident, the
most highly populated sites could have 100 to 1,000 times as
many early fatalities as the remote sites? Are the potential
effects on drinking water and other long-term dose commitment
effects treated adquately?

Taking a rough "weighted mean" of the various criticisms, it
appears that the consequences might shift foward more severe
consequences, particularly if the "iinear" theory of radiation
effects is valid; however, the shift may not be much outside
the present error-band on consequences.

Addendum to discussion in UCLA ENG=7777

WASH-1400 included a considerable section on other risks in
society, and some figures and tables are reproduced from the
report, together with three figures which given the condi-
tional probability of early or latent mortality as a func-
tion of distance from the reactor for the largest radiocactiv-
ity release considered, a PWR release.

Comments and Criticism Regarding the Reactor Safety Study WASH-1400)

A large number of comments were made on Draft WASH=-1400. Ac-
cording to Appendix XI of WASH-1400, about 90 organizations
and individuals provided comments totaling about 1,800 pages.
This Appendix Is entitled "Analysis of Comments on the Draft
WASH=-1400 Report," and presents the views of its authors on
the significance of the comments and how they were dealt
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TABLE 1.1 SUMMARY OF ACCIDENTS INVOLVING CORE

DURATION WARNING  ELEVATION co“zci:gi"T
TIME OF  OF TIME FOR OF i (a)

ReEase PROPABILITY oo o c» RELEASE EVACUATION RELEASE RﬁbEASE FRACTION OF CORE INVENTORY RELEASED = —

CATEGORY Reactot-?t {Hr) (Hr) (Hr) {Meters) (10 Btu/Hr) Xe-Kr Orxg. I 1 Ca-Ab Te-Sb Ba-Sr Ru La'S
PR1 9x10”] 2.5 0.5 1.0 25 520(4) 0.9 6x10™) 0.7 0.4 0.4  ©0.05 0.4 Ix10">
PWR 2 ax10”% 2.8 0.5 1.0 0 170 0.9 7m0~} 0.7 0.5 0.3 0.06 ©0.02 4x10~]
PR 3 ax107® 5.0 1.5 2.0 0 6 0.8 6x10"° 0.2 0.2 0.3 0.02 0.0 3x10”°
PWR 4 5x10”7 2.0 3.0 2.0 0 1 0.6 2x10”> 0.09 0.04 0.03 5x107 3x10”2 axr0”!
PWR 5 10”7 2.0 4.0 1.0 0 0.3 0.3 210”2 0.0 9x10”? sxi0”? ix10™? ex10”! 7x107°
PR 6  6x10°° 12.0 10.0 1.0 ) N/A 0.3 2x10”> 8x10”Y ex107 1x1073 9x10”® 7x10”% 1x1073
PR 7 ax10~> 10.0 10.0 1.0 D) N/A 6x10”> 2x10”° 2x107° 1x10”° 2x107% 1x10”% 1x10°® 2:1077
PWR 8 ax10”> 0.5 0.5 N/A 0 N/A 2x107Y 5x107® 1x107% sx107! 1x207% 1x107® o 0
MR 9 4x10”? 0.5 0.5 N/A 0 N/A 31078 71072 1210”7 6x10”7 1x10”? 1xa0”!t o 0
BWR 1 1x10"% 2.0 2.0 1.5 25 130 1.0 10"} 0.40 0.40 0.70 0.05 0.5 S5x10”]
BWR 2 6x10~° 30.0 3.0 2.0 0 30 1.0 710”7 0.90  0.50 0.30 0.10 0.03 4xi0”
BWR 3 2x10”° 3.0 3.0 2.0 25 20 1.0 7x10”) 0.10 0.10 0.30 0.01 0.02 3xi0”
pvR 4 2x107° 5.0 2.0 2.0 25 N/A 0.6 7x10”% ex10™! sx10"? 4x107? 6x107¢ ex107 1m0t
BWR § 1x10”4 3.8 5.0 N/A 150 N/A 5210”4 2x107 6x1071 4x107? ex1071? x10” o 0
(a) A discussion of the isotopes used in the study is found in Appendix VI. Background on the isotope groups and rclease

mechanisms is found in Appendin VII.

(b) Incliudes Mo, Rh, Tc, Co. '
(c) Includes Nd, Y, Ce, Pz, La, Nb, Am, Cm, Pu, Np, 2r.

{d}) A lowver energy release rate than this value applies to part of the period over which the radioactivity is being released.

The effect of lower energy release rates on consequences is found in Appendix VI.

vl-1
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Approximate Average Societal and Individual Risk Probabilities

Table 1.2
per Year from Potential Nuclear Plant Accidents(l).
Consequence Societal Individual
Early Fatalities(?) 3 x 1073 2 x 10710
Early Il]ness(z) 2 x 1071 1x 1078
o (3) -2 -10
Latent Cancer Fatalities 7 x 10 “/yr 3 x 10 "/yr
Thyroid Nodules(3) 7x 10y 3x10yr
Genetic Effects(?) 1 x 10'2/yr 7 x 10'11/yr
Property Damage ($) 2 x 106 -—

Note: (1) Based on 100 reactors at 68 current sites.

(2) The individual risk value is based on the 15 million people
living in the general vicinity of the first 100 nuclear plants.

(3) This value is the rate of occurrence per year for about a 30
year period following a potential accident. The individual
rate is based on the total US population.

(4) This value is the rate of occurrence per year for the first
generation born after a potential accident; subsequent gener-
ations would experience effects at a lower rate. The indi-
vidual rate is based on the total US population.

Table 1.3 Immediate Consequences of Reactor Accidents for Various
Probabilities for 100 Accidents.
Consequences -

_ _ Total Prop- ‘Decontamination Relocation

Chance Per Early Early erty Damage Area Area
Year Fatalities 1Illness s10? Square Miles Square Miles

One in 206(") <1.0 <1.0 <0.1 <0.1 <0.1
One. in 10,000 <1.0 300 0.9 ' 2000 130
One in 100,000 110 300 3 " 3200 250
One in 1,000,000 900 14000 8 - (b) 290
One in 10,000,000 3300 45000 14 (b) (b)

(a)This is the predicted chance per ycar of core melt considering 100 reactors.
(b)No change from previously listed valucs. -
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Table 1.4 Delayed Consequences of Reactor Accidents for Various
Probabilities for 100 Reactors.

Chance Consequences
(per year) :
Latent Cancer(z) ;2%:?;?(2) Genetic Effects(3)
E;;il;zgﬁi (per year) (per year)
1 in 200{1) < 1.0 < 1.0 < 1.0
1 in 10,000 170 ‘ 1,400 25
1 in 100,000 460 3,500 60
1in 1,000,000 860 6,000 110
1 in 10,000,000 1,500 8,000 170
Normal - 17,000 8,000 8,000
Incidence

Note: (1) This is the predicted chance per year of core melt for 100
reactors.

(2) This rate would occur approximately in the 10 to 40 year
period after a potential accident.

(3) Thfs rate would apply to the first generation born after the
accident. Subsequent generations would experience effects at
decreasing rates.
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Table 1.5 1968 Annul lbrullty Data for the 15 Leadfng Causes
- “of Duth in the United States.

Cause of Futhfiy—mne
For 15 Leading Causes
Ranked by Nuzter of

~ Dsaths
"~ AT Causes ] B — 1,930,000
H;a'ri Dis'eases | _ . 745,000
Fatal Neoplasms 324,000
Cerebrovascular Diseases L "211,000- -
}chcn}.s , S , .115,000
Pnewnonia - ' 66,400 .
Certun Causes, Early Infancy o | - 43,800 |
‘Diabetes’ Mellitus | o 38,':400 o
Artenosclerosis : T 33,606 ;' .
Bronchxt:.s, entphysema, asthma : 33,106 | o
Czrrhosxs of L:wer ' . _29,'200“"
.;Suiclde - ‘ 2'1,400‘,;.--:. |
=£qt_x.ge_niftg‘i. Aﬁpml:ies a - 16,800
‘Homocide . 14,700
Peptic Ulcer o . '- ‘9,500 .V
Kidney }ﬁfle.stio? | 9,400 s

'All Otners | ©. 217,000

at’
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TABLE 1.6 INDIVIDUAL RISK OF EARLY FATALITY BY VARIOUS CAUSES
(u.s. Popuiation Average 1969)

: : Aéproximate
. o = Individual Risk
Total Number Early Fatality
, Accident Type for 1969 Probability/yr (3
Motor Vehicle . 55,791 3x10?
Falls . _ : 17,827 9 x 107>
Fires and Hot Substance ‘ . | 7,451 - 4 x 10-5 .
Drowning - 6,181 3x 107
Poison ' 4,516 2 x 107°
Firearms ~ . 2,309 1x 107>
Machinery (1968) ) ‘ 2,054 1x 107>
‘Water Transport ' 1,745. 9 x 10-6
_Air Travel . 1,778 - . 9 x 10-6
*Falling Objects 1,271 6 x 10°°
Electrocution .A ’ : 1,148 6 x 10_6
Railway o . - - 884 4 x 1078
Lightning = o _ | 160 5 x 10'7.

" Tornadoes - o 11s® ax10”’
Hurricénes o | A . 9O(C) 4 xilo'-7
a1l Others - T B 8,695 4 x 1075
All Accidents (from Table 6-1) ° 115,000 6 x 100
Nuclear Accidents (100 reactors) - = 2 x 10-10(d)

(a) Based on total u.s. population, except as noted.
(b) (1953-1971 avg.)

(c) (1901-1972 avg.)

(@) Based on a population at risk of 15 x 105.
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with in preparation of the final report. In particular, Ap-
pendix XI| specifically discusses comments received from the
Environmental Protection Agency (EPA), The American Physical
Society Study Group on Reactor Safety (APS), the Atomic En-
ergy Commission (now Nuclear Regulatory Commission) Regula-
tory Staff, the Advisory Committee on Reactor Safeguards
(ACRS), the Union of Concerned Scientists (UCS), and Re-
sources for the Future (RFF). Among the other groups who
have commented were the Department of the Interior, the
United Kingdom Atomic Energy Authority (UKAEA), and the
French Commissariat a |°Energie Atomique (CEA).

A principal defect in Draft WASH=1400, which was identified
by the APS (and others), related to the consequence model
emp loyed. The final report Includes major changes in the
consequence model, developed In part as a result of this
criticism.

A much smalier number of public comments and criticisms are

available on the final version of WASH-1400. The report of

the Qversight Hearing before the Subcommittee on Energy and

the Environment of the Committee on Interior and {nsular Af-
fairs, House of Representatives, June |I, 1976% provides

a major source of most such comments, including those by

R. C. Erdmann, H. Kendall (UCS), W. Panofsky (APS Study),

W. D. Rowe (EPA), F. Von Hippel, J. Yellin, and R. Wilson,

The principal comments of the EPA include the following:

{. On the average, the Reactor Safety Study (RSS) has
underestimated latent cancer deaths by a factor of
four; this Is stated to be a judgmental decision.
Also, EPA believes that the RSS results for acute
radiation Injury are too low; In particular, they
feel that the claimed benefits of supportive therapy
have not been justifled adequately.

2. EPA also believes that their original comment con-
cerning the evaluation of fallure-probability for
the BWR anticipated transient, without scram, has
not been resolved. '

*Oversight Hearing on Reactor Safety Study before the Subcommittee
on Energy and the Environment of the Committee on Interior and
Insular Affalrs, House of Representatives, June Il, 1976.
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The Department of the Interior continues to express concern
about the adequacy of freatment of the impact or core-melt into
the ground on ground water or streams, which could lead fo a
later drinking (or other ingestion) of radioactive water.

Yellin has raised questions concerning the adequacy of treat-
ment of common-mode failures and the potential disparity be-
tween actual sites, having large population densities, and the
"average site" used in the RSS*,

Yellin, Von Hippe! and Panofsky all have expressed reservations
concerning the stated uncertainties in WASH-1400. The ACRS

has also expressed the opinion that the uncertainties may be
larger than stated, and that additional independent work is
required to ascertain the quantitative validity of the RSS.

I+ should not be assumed that the limited number of public
comments made thus far on WASH-1400 comprise the entire spec-
trum of opinion or cover the specific questions that may be
raised or re-raised in the future.

In general, the representatives of the Nuclear Regulatory
Commission take the position that none of the comments on the
final version provide a basis for their changing the values in
the final report, and that either these comments are judgmental
and cannot be demonstrated to be valid, or that they are encom-
passed within the stated uncertainty.

Another principal criticism, that the report should not be used
for policy making, Is endorsed by the representatives of the Re-
actor Safety Group; however, that the report affects policy
cannot be realistically denied. _

Summary on LWRs

A detailed study of nuclear reactor risk arising from accidents
exists only in WASH-1400, which examined one PWR and one BWR
for core-melt probability. The risks for a family of 100 reac-
tors were then estimated by assumling that these two reactors
were representatives in accident probability, and averaging

the consequence calculations over several reactor sites. |If
the point estimates of WASH-1400 are accepted, the risk either
to an individual or, statistically, to society, is small, and
it is small compared to risks arising elsewhere in the genera-
tion of electricity.

*ACRS Letter to Chalirman Anders, Nuclear Regulatory Commission, April 8,
1975; ACRS Letter to Congressman M. K. Udall, July 14, 1976, ACRS Let-
ter to Congressman M, K. Udall, December 16, 1976




-2l

There is considerable controversy over the validity of the
quantitative results in WASH-1400, both on probability of
core-melt and on magnitude of consequencs. There is a con-
siderable body of opinion that the range of uncertainty Is
larger than the factor of five estimated by the authors of
the report.

However, there is no evidence which demonstrates that the
actual results lie outside the uncertainty~band., |t is es-
sentially impossible to prove or disprove recurrence fre-
quencies as low as one in 20,000 per year without actuarial
data. The concensus s that the probability of core-melt is
very unlikely to be more than a factor of ten higher than in
WASH-1400, and the consequences are unlikely to be more than

a factor of twenty times higher. It must be acknowledged that
the probabilities may also be lower than the best estimate of
WASH-1400.

The point has been made that there is a wide disparity in the
estimated early deaths for a remote site and a relatively
highly populated site. This risk is statistical, that is, the
risk to the Individuals Is similar and low, but the total can
be considerable if many people are exposed.

Whether the societal risk, imposed by reactors in more popu-
lated areas, should not be repeated in future reactors, remains
to be judged. The risk may be large relative to a remote site,
yet still be acceptably small. The risk may be small compared
to many other aspects of society and the hazard may be no larger
than that imposed by many large dams or large chemical storage
facillites.

In Germany, where a considerable number of LWRs are In opera-
tion or under construction, the average site already in use re-
semblies the most populated ones of the U.S. reactor sites. For
a site which has a ten-times higher population density, the
Germans have imposed a large number of additional safety fea-
tures whose express purpose Is to reduce the probability of
core-me!t by a factor of ten.

Various options exist in the U.S. These include the followling:
(a) Contlinue the current practice, which has reduced the ac-

ceptable population density by about a factor of two
from the highest previously used;
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(b) Require still more remote siting;

(c) Requlre new forms of containment against core-melt; includ-
Iing the possibility of molten-core retention, controlied
venting of filtered containment gases in the event of an
excess pressure buildup, underground siting, measures to
reduce the probability of core-melt, or some combination
of the above, as proved desirable. |Implicit In any such
paths would be judgment that the risk from the existing
approach was unacceptably large and/or the reduction in
societal risk accomplished by the new steps was larger
than might be gained by an equivalent expenditure else-
where in society.

A possible example of the latter question is introduced by the
current requirements on routine releases of radiocactivity for
nuclear power plants, A considerable difference of opinion
exists as to the appropriate routine release level. It is possi-
ble that money is being spent to reduce releases which are al-
ready at a leve! low enough, and that the same money could be
more effective in reducing other societal risks.

Excerpt From Health and Safety Executive (1977)

THE GENERIC SAFETY ISSUES OF PRESSURIZED WATER REACTORS

An account of the study carried out by the Nuclear Installations Inspec-
torate of the Health and Safety Executive

SUMMARY

This report indicates only the scope and main conclusions of the
study carried out by the Nuclear Installations Inspectorate on
the Generic Safety |ssues of the Pressurized Water Reactor. It
is intended to publish a more detalled report of the work later.

Conclusions

I. The Inspectorate consider that fthere is no fundamental rea-
son for regarding safety as an obstacle to the selection of
a Pressurized Water Reactor for commercial electricity gen-
eration in Britain.

2. Although there are some safety aspects about which present
information and investigations are insufficient to allow
final conclusions fto be reached, and some areas where more
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work would lead to greater confidence, the |nspectorate

are satisflied that these issues are not such as to preju-
dice an immediate decision in principle about the suita-
bility of the Pressurized Water Reactor for commercial use
In Britain., Further progress would appropriately form part
of the more detailed review of any specific design of reac-
tor put forward for licensing.

3., More detailed conclusions, all of which are subject to Gen-
eral Conclusions | and 2, are listed under the following
headings:

introduction

I. The White Paper (Cmnd 5695) published in July 1974, entitled
"Nuclear Reactor Systems for Power Generation," stated that
the Nuciear Installations Inspectorate (NII) had been asked
to bring to a conclusion their studies on the Generic Safety
Issues of Light Water Reactors.

2. Two basic concepts of Light Water Reactors are commercially
available, the Boiling Water Reactor (BWR) and the Pressur-
ized Water Reactor (PWR). The studies have concentrated on
the latter version, that is the Pressurlzed Water Reactor,
since It is this type of reactor in which the Central Elec-
fricity Generating Board (CEGB) has declared an interest.

3. This report is a summary of the scope and conclusions of a
study which will be reported more fully later In the year
by the Heaith and Safety Executive. The objectives of this
study have been to arrive at a view of the PWR concept and
in particular to be what health and safety conditions would
have to be satisfied before a PWR could be considered to be
acceptable in principle for use as a commercial nuclear power
plant in the United Kingdom. While a particular plant was
selected as a reference, and much of the detailed study
based on it, the report is not Intended to be, and should
not be regarded as, a commentary on a speciflic design or
particular plant,

THE SCOPE AND ORGANIZATION OF THE STUDY

4. The generic safety aspects of any nuclear power plant can be
defined as:

-(a) those safety features which can be regarded as inherent
In the concept, and
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(b) features which, while not necessarily being strictly
inherent, are |ikely, in practice, to be common to
any alternative options.

For the purpose of the study, a substantial volume of infor-
mation was required and arrangements were made, with the aid
of the CEGB and the National Nuclear Corporation (NNC), for
the supply of data relating to a reactor, known as Trojan,
designed by Westinghouse of America, and located in Oregon.
The reports relating to this plant, and backed by a large
volume of supporting technical material, have formed a large
part of the reference information used in this review.

By agreement with the Kraftwerk Union Company in West Germany,
discussions have also taken place between them and NI| dur=
ing which Information regarding their design of PWR has been
outiined. This Information, although on a smaller scale than
that supplied by Westinghouse, covered the same generlc top-
ics and was sufficient to enable an appreciation to be made

of the important safety differences between the two designs.

Because of the international interest in the PWR, special at-
tentlion has been paid to developments overseas. Discussions
have been held with groups having a similar role to the Nu-
clear |Installations Inspectorate in Germany, France: and USA.
In the conduct of the study, the Inspectorate have been as-
sisted by consultants selected, not only for their profes-
sional speclalism, but also, as far as possible, as indivi-
duals who could reasonably be expected to adopt an Independ-
ent view. In addition, a supporting program of extramural
work has been conducted, largely Involving theoretical analy-
tical studies but also including some experimental work.

Methodology of the study

8.

The basic method adopted in the study was to take the Westing-
house safety documents and to subject them to a rigorous pro-
fessional review. This resulted in a number of detalled tech-
nical questions which were addressed to Westinghouse and which
gave rise to additional technical informatlion. Particular at-
tention was paid to any restrictions or assumptions implicit
In the Westinghouse approach, and the |nspectorate needed to
satisfy themselves that any such restrictions or assumptions
did not invalidate, or significantly Iimit the generality of,
the conclusions reached by Westinghouse. As is the case in
any detalled safety assessment of a reactor or other plant,
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there is a substantial element of professional judgment In
deciding, first, whether the starting point for calcula-
tions and appraisals adequately represents all the possible
situations and, secondly, whether the method of analysis
represents an adequate interpretation of the physical
events. There is no way of eliminating this dependence on
professional judgment, and tnus of making absolute state-
ments concerning the safety of complex systems.

" 9. The associated work has involved the Inspectorate in a
total effort of about 12 man-years, and has involved a fur-
ther expenditure of #100,000 by HSE on consultancy and as-
soclated work. An additional and substantial contribution
has been made by the staff of Westinghouse and NNC in pro-
viding information required by the Inspectorate.

The intended system of reporting the details of this study

0. This report is intended to do no more than indicate the
scope of the study and its principal conclusions. A more
detailed report Is being prepared which the Health and
Safety Commission will refer to its Advisory Committee on
the Safety of Nuclear installations. The Committee will
be asked to comment, in particular, on any areas which have
been identified as requiring further study.

THE BASIS OF JUDMENT

Il. No human activity is entirely free from features that are
potentially detrimental to health or involve risks to life.
The basic policy of the Health and Safety Commission is to
eliminate these risks so far as is reasonably practicable.
In some cases, where risks would otherwise be high, absolute
duties and absolute requirements are imposed. These may
take the form of quantitative limits or specific design
requirements but they do not remove the further statutory
duty fto achieve even safer conditions whenever this is rea=-
sonably practicable. These duties and requirements do not
eliminate risk completely.

|2, The criteria used by the Inspectorate as a basis for judging
other reactor systems have been applied in this case.

These criteria have been developed from more than 20 years of
experience and practice in nuclear safety in the United King-
dom. Account has also been taken of the criteria applied by

the Nuclear Regulatory Commission (NRC) which is the body




responsible for nucliear safety in the USA. Certain aspects
of these criteria set out in the U.S. Code of Federal

Regulations (10 CFR 50) have been used to supplement the NI|
criteria where this has been judged useful and appropriate.

Much of the work In this study Is concerned with particular
fault sequences. tach of the fault sequences considered in
the assessment is representative of a range of possibilities
and in each case there is a very small but finite possibil=-
ity that a release of radiocactive material to the environment
might occur as a consequence. So far as individuals and the
population at large are concerned it s the total probabil-
ity that a given consequence will occur that is of concern.
To arrive at an estimate of this risk it Is necessary to
combine the magnitude of the expected releases and the
probabilities of those releases due to all identifiable
causes. The result s a relationship between expected
consequences and the overall probability of those consequen=-
ces due to all causes. |In common with most everyday exper=-
ience, it is found that, as the consequences become more
severe, the probabllity of their occurrence becomes less.

In the absence of any practical example of a reactor acci-
dent having severe consequences, such as injury or death,
beyond the confines of the reactor bulilding, risk assess-
ments have to be based on a syntheslis of experience of
separate fault conditions. The results of one such study
are discussed in a later sectlon of the report, Risk Assess-
ment. (Para. 53)

THE PRESSURIZED WATER REACTOR

i5.

A pressurized water reactor consists In essence of a nu-
clear core consisting of an array of cylindrical fuel pins
in which enriched uranium oxide fuel Is contained in Zir-
confum alloy tubes. The core is mounted inside a water-
filled reactor vessel and external coolant pumps force

the water upwards through the core, out to steam genera-
tors and back to the core, thus completing the primary
circuit. The pressure in this circuit is kept suffi-
clently high to prevent the water from boiling. In the
steam generators, the heat from the primary coolant water
Is transferred to a secondary circuit and the steam passed
to the turbines for driving the electrical generators.

The cooling systems have to operate even when the reactor
Is shut down in order to remove the heat released by the
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decaying fission produced. The whole of the primary cir-
cuit, including the steam generators, is enclosed in a
containment vessel, The arrangement is shown diagra-
matically in Figure I.

I6. The nuclear reaction is controllied by the insertion of
neutron-absorbing rods into the core or, on a longer
timescale, by the addition of the neutron-absorbing
material, boron, to the coolant.

THE PRINCIPAL HEALTH AND SAFETY [|SSUES

I7. The princlpal health and safety issues concerned with any
reactor type can conveniently be grouped into three clas-
ses - the radiation doses to workers in normal operation;
the generation and management of radioactive wastes in
normal operation and the likelihood and consequences of
fault conditions. |If, in normal operation, there is di-
rect irradiation of members of the public from within the
plant rather than as a result of the management radioac-
tive wastes, It Is convenient to deal with this at the
same time as irradiation of workers.

Radiation doses in normal operations

I18. For most operations on any design of nuclear reactor, the
problems of controlling the radiation exposure of workers
in accordance with international recommendations and with
the requirements of the European Community and UK regula-
tions are falrly easily dealt with by appropriate design
measures and by good standards of operational control.
There are, however, a few operations, notably maintenance
work, for which it is difficult to predict radiation doses
at the design stage, and where operational aspects become
more important. Experience suggests that water-cooled
reactors pose rather more problems of this kind than do
gas-cooled reactors, but that the problems are still
tractable. On the basis of this experience, only limited
detailed attention has been given to radiation doses in
routine conditions in this study.

Radiocactive wastes and their management

I19. While not in itself a waste product, the irradiated nuclear
fuel from a reactor contains almost all the radiocactive
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waste material produced. The amount of radiocactive waste
in Irradiated fuel is almost independent of the particu-
lar type of thermai reactor. Essentially all of the waste
Is transferred to irradiated fuel storage facilities pend-
Ing reprocessing to recover uranium and plutonium, or dis-
posal if such recovery is not adopted. There are no par-
ticular issues affecting the pressurized water reactors as
such, and this type of waste Is not discussed further in
the study.

Reactor operations and maintenance work also give rise to
the production of wastes of a variety of characteristics,
usually of much lower activity. Some of these consist of
gases or alirborne particulates, and these are reieased to
atmosphere after suitable treatment. Liquid wastes also
arise and, after treatment, are also discharged to the
environment, Solid wastes, including the radloactive ma-
terial extracted from liquid and gaseous streams, comprise
a wlde variety of materials and, although they are not
specific to any particular reactor type, they do vary from
one type to another. The problems of managing these wastes
from a PWR can be dealt with by appropriate design measure
and by good standards of operationai control. They are
given only limited consideration in the study.

Fault conditions

2|.

In any well-designed reactor system, most fault conditions
fall into one of two classes - either the reactor continues
to operate, relying, when necessary, on alternative or
standby components, or, If this would result [n too big a
reduction in the margin of safety, the reactor automatically
shuts down until the fault can be rectified. A futher, but
numerically smaller, group of faults comprises those which
are not automatically detected and which can be discovered
only during routine inspection and maintenance procedures.
The most important of these latter faults in the pressurized
water reactors are those concerning defects in the pressure
vessel and the assoclated primary coolant circuit. Finally,
there are some very improbable combinations of fault condi-
tions which are dealt with automatically by the reactor
system, but not without some damage to the reactor and
possibly some escape of radiocactive material into the
reactor containment and from there, in greater or lesser
quantities, into the environment, Public attention tends to
be concentrated on accidents which might cause radiation
exposure of the public and, while it Is one of the aims of




22.

23.

1-30

design work and safety analysis to ensure that such acci-
dents are very rare, much of this work is concerned with
ensuring that the less serious, and less rare, fault con-
ditions are successfully detected and dealt with before
they can give rise to danger.

Some of the possible fault conditions and the methods of
dealing with them are specific to each design reactor, and
this is particularly true of the control systems. Never-
theless, it has proved possible to review a wide range of
fault conditions that are likely to be associated with
most, if not all, designs of PWR. 'In particular, a great
deal of work has been carried out and published on the
‘possible faults In the pressure vessel and the primary
coclant circuit.

This review of fhe PWR has therefore taken the following

~form:

i A search for potential faults.

i A review of the processes following a wide variety
of the most important faults, known as limiting
faults.

iil  An evaluation of the various protective systems em-
ployed in the design to prevent or intercept and
confrol faults,

Iv An assessment of the chance of various discrete
fault sequences occurring and the |likely consequen-
ces of each such sequence.

v A judgment as to the confidence that can be attached
to the various aspects of the analyses with respect
to both the physical processes and the chance of
occurrences.

THE PRINCIPAL GENERIC ISSUES

The range of fault conditions

24.

The principal objectives of this part of the study were:

I to judge the adequacy of the scope of the studies con-
ducted by the designers:
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and

11 to judge the adequacy of various protective features
provided In a typical PWR.

On the first of these points, the |nspectorate have con-
cluded that the scope of the studies already conducted by
the designers is sufficiently wide for the present pur-
poses, but that it is not completely comprehensive., Ad-
ditlonal sensitivity studies to demonstrate that the
faults selected for study were limiting cases would be
necessary before a specific design could be |icensed.
Some additional work on the analytical models used for
fault analysis would also be desirable.

Certain specific classes of faults were selected for more
intensive study partly because these were judged to con-
tribute significantly to the overall risk. Four classes
were identified, although there is some overlap between
them. The first class is the loss of coolant accidents
in which the liquid cooling water is lost in tne immed-
iate vicinity of the fuel elements. The resulting steam
Is a much less effective heat transfer medium than water,
and this type of fault can lead to severe damage to the
fuel elements. One cause is a sudden failure of part of
the primary coolant circult.

The second class comprises fault conditions which should
cause the reactor to shut down automatically but which
fail to do so because of a further fault.

The third class of faults involves a failure in the secon-
dary cooling circuit which might, In turn, induce damaging
temperature and pressure changes Iin the primary clircult.
This class of fault could, therefore, be the cause of a
loss of coolant accident. The fourth class, which has
common features with the third, Is the fallure of a plant
component in such a way as to interrupt the path for heat
removal from the reactor.

In the following subsections an outline Is given of the
scope of the studies and the principal conclusions, under
a series of headings, starting with a discussion of the
loss of coolant accldent, and then dealing with the vari-
ous parts of the reactor system either because they might
be affected by an accident or because they might contri-
bute to the way in which an accident develops.



=32

The loss of coolant accident

30.

31.

Although other possibilities exist, the term "loss of
coolant accident" has come to mean accidents Involving

a breach in the primary coolant circuit. Thus, in ad-
dition to the implications for cooling the fuel, one
stage of the multi-layer containment system of the re-
actor has inevitably been breached. |t is therefore
particularly important to re-estabiish emergency cooi-
ing before the core has been damaged to the point where
it can no longer be adequately cooled. This s achieved
by the injection of the emergency cooling water. The
detailed course of events is extremely complex and will
vary widely from accident to accident. It is therefore
not practicable to explore, either experimentally or
theoretically, all possible atlernatives, and the nor-
mal aproach is to identifying limiting cases. Studies
are then carried out by computer calculation, validated as
far as possible against experimental simulations and fun-
damental scientific studies of the behavior of fluids.

In reviewing such work It is necessary, first, to assess
the choice of conditions to be studied and, secondly, to
assess the [ikelihood that the theoretical assessment ac-
curately models the situations that would occur in prac-
Tice.

The Inspectorate have reached a number of conclusions con=-
cerning the loss of coolant accident: these should be read
in the tight of General Conclusion 2.

I. The evaluation models used correspond to adequately
extreme cases, although it would be desirable to
include consideration of a modest breach In the
pressure vessel below core level.

2. The models themselves are judged adequately con-
servative, although enhanced confidence in them Is
desirable in some respects, and can be achieved In
the future by broadening the range of some of the
assumptions, and by extending the scope of the an-
alyses In a somewhat more systematic way. Corre-
lation of the results with experimental simula-
tion of plant conditions is an important part of
validation and could provide further information
on scaling factors. Attention should also be paid
to the effects of a fault involving several steam
generator tubes.
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3. Mechanical stresses due to the discharge of coolant
are adequately guarded against, and the effects of
shock on the reactor system are judged to be within
acceptable limits. However, on this latter point
some additional tehoretical studies are Indicated.

4. There are some questions as to whether physical swel=-
ling of the fuel elements during a loss of coolant
accigent might be sufficient to prevent emergency
cooling of parts of the core. Further experimental
work and analysis in this area is called for. (See
also paras. 42 and 43)

5. Some residual uncertainties in the appraisal of the
ef fectiveness of emergency coolant injection might
be reduced by changes in design of the reactor - e.g,
by providing for the injection of emergency coolant
at the top and bottom of the core. Some additional
uncertainties might be eliminated by a small exten-
sion in the scope of the analyses carried out.

Other fault conditions

32.

33.

34.

All power reactor systems will experience falrly frequent
perturbations. These include, for example, the accidental
isolation of the generating plant from the supply system,
or failures In electronic control systems. Most of these
will be accommodated without the reactor having to shut
down, but some fauits are sufficlently serious that the
design response Is an automatic shutdown. The combined
consequences of an initlal fault followed by a failure to
shut down as designed might then be serious. In general,
at least two Independent and diverse protective systems
are required to prevent this situation from developing.

in the PWR, although there are multiple systems for initia=
ting shutdown, the shutdown system Itself involves the use
of neutron-absorbing rods. These, while multiple, are not
diverse. There Is also a method of injecting neutron-
absorber boron into the coolant system, but this is a slow
acting system intended for long=-term shutdown.

The study has included reviews of the consequences of a
typical range of faults In which the design intent of
automatic shutdown has not been achieved. The consequen-
ces of such faults may Include over-heating of the fuel
and over-pressurizing of the primary circuit. All these




faults are essentially self-limiting because the reactor
has a negative reactivity coefficient with respect to
power and temperature. |In addition, if vapor voids

are formed in a reactor core, there is also a negative
effect on the reactivity of the system, so that faults
giving rise to vapor voids also tend to be self=-limit=~
ing. These features justify the use of a non-diverse
system of rapid shutdown devices.

35. As in the case of loss of coolant accidents, the total
range of possibilities is very large, and representative
extreme cases have to be considered and analyzed in de-
tail.

36. A further class of faults considered is typified by the
possible break of a steam |ine between the steam gener-
ator and the turbine. Such an event could transiently
reduce both the temperature and the pressure of the pri-
mary coolant. The temperature reduction may make the
primary circuit more sensitive to existing defects and
may give rise to thermal stresses. The pressure reduc-
tion may operate the emergency core system causing re-
pressurization of the primary circuit. Of these factors,
the last seems to be the most important and could probably
be avoided by a redesign of the emergency logic of the
reactor so that the emergency cooling was not initiated
in the absence of the primary circuit failure.

37. The Inspectorate have reached the following conclusions
on tThese aspects of the PWR: (see also General Conclusion
2.

l. The range of faults anlayzed and the details of
these analyses are sufficient for the present
purposes, but better coverage, including the use
of sensitivity analyses, and better validation
of theoretical models would be necessary to pro-
vide adequate confidence for the acceptance of
a specific plant.

2. A review of faults which fail to shut down the
reactor suggests that, provided steam generator
tube integrity is maintained, such events are
unlikely to give rise to a hazard. However, in-
creased confidence is required that the analyti-
cal projections are consevative., This objective
might be achleved by certain revisions, either to
the design or to the operating mode of the plant.
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-3. Faults involving pressurization of the primary

circuit, particulariy at lower than normal op-
erating temperatures, add to the risk of a fail-
ure of the primary coolant circuit, but such
faults might well be eliminated by reconsidera-
tion of the operating mode or logic of the pro-
tective systems.

The integrity of the primary coolant circuit

38.

39.

40.

The primary coolant circuit consists essentially of the
pressure vessel housing, the main reactor core, the

steam generator tubes, and the connecting pipework. A
failure in the steam generators or pipework may produce

a loss of coolant accident, but one which is within the
design capabilities of the emergency core cooling system,
This will also be ftrue of "some kinds of failures of the
pressure vessel, but there may be pressure vessel failures
of a kind so serious that it would not be possiole to pro-
vide adequate cooling of the core. The likelihood of
failures of this last kind has to be made exceedingly
small.

To achieve the necessary integrity of the whole circuift,
the standard of design, manufacture and operation of all
parts has to be very high. There is relevant experience
in the nuclear industry and more broadly in industry gen-
erally, and this leads to substantial confidence in the
integrity of the circuit. Nevertheless, no complex
welded steel structure can be made free of flaws, and

. pre—operational inspection and testing can detect flaws

only above some limiting size. In use, such pre-exist-
ing flaws may grow in size, and if they continue to be
undetected, could lead to a failure. Post-operational
inspection Is therefore needed, with the aim of detecting
with very high reliability any flaws before they have
grown to the size where they might initiate a sudden
failure.

The Inspectorate have come to a number of conclusions: see
also General Conclusion 2.

l. 1t will be possible to design and construct the pri-
mary circult pipework so that it has a suitably high
degree of resistance to spontaneous failure. |n many
cases it is likely to leak before it fails, thus al-
lowing remedial action.
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The pressure vessel surrounding each of the steam
generators and forming part of the secondary cir-
cuit should be dealt with by measures comparable
to those used to ensure the integrity of the reac-
tor pressure vessel.

The present analyses of certain faults Is based on
the failure under normal stresses of a single steam
generator tube. |t is desirable to extend these
analyses to include the failure of several tubes,
or alternatively fto strengthen the evidence put
forward to support the argument that only one can
be expected to fail in practice.

It will be possible to design, construct and operate
a PWR pressure vessel -in a manner which makes the
likelihood of sudden failure acceptably small. De-
sign changes, such as the possibility of using forged
elements, might offer improved confidence.

Conclusion 4 can be supported oniy if there is a
searching and rigorous program of nondestructive
examination both before operation and in service.

A continuing program of work is also necessary to
evaluate and improve the sensitivity of examination
Techniques.

Additional studies are needed to improve the data

base for the theoretical fracture mechanics used In
the evaluation of the safety of the reactor pressure
vessel. This work, and the additional studies on non-
destructive examination techniques, need not infiuence
any decision regarding the adoption of the pressurized
water reator system, but they would add to the confi-
dence in tne safety of the system and they would be-
come important components in the detailed program of
assessing a specific design for licensing purposes.

The arrangements necessary to ensure a sultable degree
of independence of approach to the Implementation of
quality assurance is fo be reviewed, This matter
should be considered in a broader context than that of
the reactor pressure vessel alone.
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Fuel element behavior

41.

42.

43.

There is extensive experience of the behavior of PWR fuel
elements In normal operational conditions, and, as a re-
sult of this experience, a high standard of fuel relia=~
bility has now been achieved. Any failures in normal
operation have implications for the exposure of workers
on the reactor site and the generation of radicactive
wastes. Because of the avallable experience, the neces-
sary plans for dealing with damaged fuel can be made at
the design stage.

Examination of the likely transient conditions shows that
for most of them, even if the reactor falls To shut down
automatically the fuel in the interval between the loss

of coolant and the reestablishment of emergency cooling

is a critical part of the reactor acclident analysis. The
study has given rise to one area of doubt. The combina-
tion of internal pressure in the fuel elements and in-
creased temperatures results in some swelling of the fuel
cladding. This swelling could interfere with the re=-
establishment of cooling under emergency conditions.

Until recently, the experimental evidence has indicated
that such swelling would be localized ana not sufficiently
serious to cause problems of tnis kind, but some |imited
experimental work in this country has now suggested that
there may pbe conditions In which swelling might take place
along an extended length of a fuel element and be of suf=-
ficient magnitude to prevent the reestablishment of cool-
ing. Further experimental work and a reexamination of the
analysis of transients are needed to estaplish whether the
experimental conditions are representative of the condi-
tions actually to be expected in the reactor.

The Inspectorate have reached the following conclusions:
(see also General Conclusion 2.)

I. The experlence with PWR fuels shows that the fuel
element defects in normal operations will not be
a serious problem,

2. In transient conditions short of loss of coolant,
limiting operating conditions can be established
to prevent serious fuel damage.

3. In the event of a loss of coolant accident, the
emergency cooling arrangements should be able to
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re~-establish cooling of the core. However, further
experimental and analytical work is required to es-
tablish whether recent UK fests covering fuel clad-
ding deformation are representative of in-reactor
conditions during a LOCA. |If It is established that
‘the tests are representative, it is reasonable to
expect that, following a more detailed examination
of the technical issues, either the effect suggested
by the UK experiments will be shown to be tolerable,
or, by appropriate adjustment to design or operating
conditions, the problem could be avoided.

The reactor protection system

44.

45,

Many of the details of a reactor protection system are spe-
cific to the design under review, and there is little to

be said In a generic sense. In general, faults must be de-
tected with a high reliability, and where they could lead
to serious consequences there is need for a diversity in
the methods of detection and in the initiation and conduct
of the subsequent automatic action.  Particular attention
has to be paid to the avoidance of common mode failures
associated, for example, with the use of the same type of
component in systems which are otherwise apparently diverse.

The Inspectorate have identified no fundamental protection
issues which would prejudice the adoption of the PWR, al-
though there are some specific non~-generic issues which
would need further discussion if a PWR were put forward for
licensing.

Containment

46.

Containment should be regarded as the last of a series of
defenses in depth against the loss of radioactive material
from the fuel elements and thence from the primary coolant
circuit into the reactor building and onwards fto the envir-
onment. The containment should not be regarded only as a
barrier of this kind, however. The maintenance of some
pressure inside the containment following a loss of coolant
accident improves the performance of the emergency core
cooling system, but the containment may also restrict the
space available for plant layout, and thus be a handicap

in radiological protection during normal operations or
malntenance. A containment structure also provides some
protection against external events, such as crashing air-

craft or the impact of missiles generated by the failure
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of rotating machinery or explosions in nearby plants.
Finally, even if the containment is not completely suc-
cessful In retaining radioactivity, it provides a valuable
delay during which emergency arrangements can be put into
ef fect.

Programs of research and development on |ight water reactors

47. On a world-wide basis there exists a substantial volume of
research and development work concerned with pressurized
water reactors, and a substantial part of this work is
aimed at safety, and particularly at improving the under-
standing of the complex processes, and thus of giving en-
hanced confidence in safety judgment. Some of the work
is funded by the commercial design companies, and the re-
sults are then not necessarily widely available. However,
other programs are established by government organizations
and the resulting published body of knowledge is substan-
tial.

48. The Inspectorate consider It desirable for there to be a
contlinuing R&D program in PWR safety in the United Kingdom
if there is to be any significant dependence on PWR as a
commercial source of electricity in this country. Any UK
R&D programs should be closely linked to other countries,
particularly to the USA and Europe.

MAJOR VARIANTS FOR PWR DESIGNS

49, Although detailed differences exist between PWR designs
marketed by various suppliers at variours times, these
differences are not fundamental and would not affect any
of the generic discussions of this study. However, one
substantial variant has been considered for possible in-
stallation In a highly developed industrial and residential
area In the Federal Republic in Germany. The most notable
aspect of this design was the use of a secondary concrete
structure closely surrounding the steel primary coolant
circuit. The aim of the design was to take some of the
stress off the steel structure and to reduce the severity
of a loss of coolant accident should the primary circuit,
nevertheless, fail.

50. The Inspectorate have not had access to detailed safefty as-
sessments for this proposed plant, which was never bullt,
and the proposal was not sufficiently developed to call for
a formal application for licensing by the German authorities.
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51. The Inspectorate have concluded that there may be design
changes which would improve the safety of the PWR, but
that these aspects would require further study and prob-
ably further engineering development work. They should
be taken into account in any consideration of a specific
PWR design for publication in the United Kindgom, but
do not significantiy affect the review of generic issues.

RISK ASSESSMENT

52. Light water reactors, of which PWRs form a substantial
fraction of the world's installed capacity, have been the
subject of a very detailed analysis, the results of which
have been published by Rasmussen*, The importance of this
study, the most comprehensive of its kind, is that it pro-
duced two kinds of information; first, it enabled hither-
to unidentified weak points in the designs fo pe revealed,
and secondly, it has enabled the risk due to thermal power
reactors to be seen in the context of the risks to health
from other, non-nuclear human activities. The general
conclusion reached by Rasmussen was that the risk due to
nuclear power from water cooled reactors was significantly
less than that due to other man-made hazards and to natural
causes in the United States. These results, being based on
conditions in the USA where population density is lower on
averags than in the UK, and the dangers of natural events
higher, cannot be applied directly to this country. A
reasonable adjustment stili indicates nuclear hazards to be
below other man-made hazards.,

53. More specifically, the study led fo the conciusion that the
probability of a light water reactor giving rise to an ac-
cident large enough to cause a substantial number of deaths
(ten or hundrggs) In the surrounding population was no more
than about 10 "per reactor year. When account is taken
of the Inevitable uncertainties in this type of appraisal,
this figure is probably not significantly different from
that to be expected from other commercial reactor systems.
However, also because of the Iinevitable uncertainties, such
comparisons should not be regarded as definitive and any

*Reactor Safety Study. An Assessment of Accident Risk in U.S. Commer=-
cial Nuclear Power Plants. WASH~1400 (NUREG 75/014) available from
the National Technical Information Service, Springfield, Virginia, USA
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consideration of licensing will depend far more on a de-
tailed appraisal of the quality of the engineering input
to the design manufacture, operation and maintenance of
the reactor system,

GENERAL CONCLUSIONS

The Inspectorate consider that there is no fundamental
reason for regarding safety as an obstacle to the
sefection of a Pressurized Water Reactor for commer-
cial electricity generation in Britain.

Although there are some safety aspects about which
present information and investigations are insuffi-
cient to allow final conclusions to be reached, and
some areas where more work would lead to greater con-
fidence, the |nspectorate are satisfied that these
issues are not such as to prejudice an immediate de~
cision in principle about the suitability of the
Pressurized Water Reactor for commercial use in
Britain. Further progress would appropriately form
part of the more detailed review of any specific de~
sign of reactor put forward for licensing.

More detailed concliusions, ail of which are subject
to General! Conclusions | and 2, are listed under the
following headings:

Loss of coolant accldent (para 32)

Other fault conditions (para 38)

The integrity of the primary coolant circuit (para 41)
Fuel element behavior (para 44)

The reactor protection system (para 46)

Program of research and development (para. 49) and
Major variants of PWR designs (para. 52)
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Published in Journal of the Institution of Nuclear Engineers
April 1975, Vol. 16

ACCIDENT PROBABILITY CRITERIA

by

F. R. Farmer
UKAEA Safety & Reliability
Directorate,Culcheth,Warrington

INTRODUCTION

I shall be talking about non-nuclear as well as nuclear accidents
and would like to introduce the subject in quite a general way.
There are those who express the good intention of operating their
plant in such a way as to create no hazard whatsoever, or others
say that "we must do all that is necessary to make the plant
safe". Obviously both of these statements are related to the
degree of perception of the speaker, the amount of time devoted
to accident studies, and the degree of credibility that is
embodied in the assumptions. These statements follow a maximum
credible accident' philosophy.

There are those who say that the basis of criteria should be

on individual risk and we can recall a suagestion by Adams that
the criterion might be around 10-5 per person per year, whereas
recent7y it seems that the individual risk level might be as low
as 10- There have been many papers quoting risks from

normal and abnormal occurrences. some based on straight pro-
babilities per year and others on probabi]ities per unit of
exposure, i.e., in time,or the like. Table I is extracted from
Rasgussen s report (WASH-1400) and shows risks ranging from

10-3 to 104 down to 10-7; the second is 1nc1uded in the report
of Vinck 1973 (EUR 5001) and ranges from 10-2 to 10-7 (Table II).

There are those who say that nuclear risks are rather special -
are they, in fact? At one time it was thought that the delayed
action made them rather special, but we are well aware of delayed
action in other industrial risks such as asbestosis, exposure to
vinyl-chloride, or risks to which the public were thought to be
exposed through lead, mercury, DDT and cyclamates. No doubt
people who have spent their lives considering nuclear risks
regard them as rather special, but does this justify more money
per lives saved than other risks to which the community are
exposed?

HIGH RISK SITUATIONS

I have been mainly interested in, and will be talkina about, high-
risk situations or, to be more precise, events which have a low
probability of occurrence but which might well have serious con-
sequences. I would like first to discuss the non-nuclear risks

of this type and again made use of Rasmussen's work where he
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TABLE I Individual Risk of Acute Fatality by
Various Causes (U.S. Population Average 1969)

Approximate
Total Individual Risk
Number Acute Fatality

Accident Type for 1969 Probability/yrl
Motor Vehicle 55,791 3 x 10~4
Falls 17,827 9 x 105
Fires and Hot Substance 7,451 4 x 10~5
Drowning 6,181 3 x 105
Poison 4,516 2x10°5
Firearms 2, 309 1 x10~3
Machinery (1968) 2,054 1x10-5
Water Transport 1,743 9 x 106
Air Travel 1,778 9 x 10~6
Falling Objects 1,271 6 x 10~6
Electrocution 1,148 6 x 10~6
Railway 884 4 x 106
Lightning 160 5 %1077
Tornadoes 911 4 x 107
Hurricanes 932 4x10°7
All Others . 8,695 4 x 105

1 Based on total U.S. population, except as noted.,
2 (1953-1971 avg.)
3 (1901-1972 avg.)
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TABLE I Probabilities of individual fatal injury
(casualty) through conventional activities and causes
and through the effects of radiation

Individual
probability
of fatal injury
per year
of exposure
{orders of
Type of risk magnitude)! Remarks
Conventional (casual-
ties only)
— all diseases 10-2
— motor accidents }&;: ;:x;vy
i 4
(automobiles) 10~ pras P
injury

~— total mortality risk 10~3 (men)
104 (women)

- accidents of all $ x 10~4¢

types
— smoking S x 104
- traffic accidents
(in general) 2.5 x 1074
- suicide 2 x 10-4
- falls 10-4
— air pollution 10~4
- industrial accidents 104 (all ages)

10-5 (age 20)

— drowning 3 x 10~5
— firearms T 2x 1075
- electricity 2 x10-8
— leukemia (natural

causes) . 108
- poisoning . 10-3
— coal and oil-fired’

power stations

(pollutiun) 4 x 10~
- cancer of thyroid

(ratural causes) 10-6
- natural disasters 2 x 1076
- lightning 5 x 10~7

1 Summary of data from various sources; with slight
variations according to the country.

!
!
i
\
!

TABI;E III Risk of Natural or Man-Made Disasters

Tormado 10~2 > 100

_ 10-3/10-¢ > 1,000

Earthquake 10-3 =10, 000
Aircraft fatalities

on ground 102 100

. 10-¢ > 1,000

»]10~6 10, 000

Explosions - approx 102 > 100

~10-2 s 1,000

Dams 10-1 10

102 1, 000

10-3 10, 000

Fire 1072 100

10-3 1, 000
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considers the risk that 10, 100, or 1,000 people may be killed as
a result of natural or man-made disasters. We could reduce some
of these to individual risks and, in many cases, the number would
be below 10-6, for example the risk of a person being killed
through an aircraft falling upon them in the US is of the order
of 10-7 per person-per year in that the average number so killed
per year during the last few years has been twenty people

(Table III).

No doubt many of the risks arising in advanced societies have

been reduced to the present level (as assumed to exist by
extrapolation) by increasing the standard of Building Codes, as

in houses or dams; providing better fire resistance; better warn-
ing and fire fighting; warning of tornadoes etc. It is my

belief that action to decrease risk usually follows some severe
event, and the accident which lTeads to action will depend upon

the current background of risks endured by each society. There

is an obvious difference in the consequential damage from earth-
quakes as between, say, Afghanistan and Japan. In Japan there

has been much greater investment in the provision of buildings
which will withstand earthquakes. There are some activities,

as in building, transport, or even sport, in which poor practices,
or practices carrying some risk continue until a spectacular event
occurs, such as the collapse of the Rowan flats, recent problems
with high aluminua concrete beams, the phosphate ship explosion

in Mexico, the collapse of crash barriers on football grounds.
When minor catastrophes occur, new standards are introduced, but

I do not believe that these changes occur as a result of assessing
the individual risk of harm - in most cases this risk would fall
well below 10-6 per person per year - but as a result of societal
pressures indicating that these various minor disasters are, at
that point in time, intolorable.

Let me take another example - the transport of chlorine through
major towns; this is only as an example of toxic material, not as
an indication that chlorine is particularly worse than others
which are transported. Rasmussen considers the transport of

90 ton tankers on normal routes in the US. He extrapolates past
experience to deduce the likelihood of collision, derailment
etc. Some events will be very damaging; others less so. Some
will occur in open country, some in towns. There will be other
variables, even the change of population density within a dis-
trict depending on the time of day. Note, for example, on 2
June 1970 in I1linois, 10 tank cars of 33,000 gallon capacity
were derailed; there was a vapour cloud explosion starting
-fires and subsequent explosions that destroyed the business
section of the town, but there were no fatalities.

Additionally, the harm to people will depend upon wind direction,
atmospheric stability etc. He concludes that in the US the
Tikelihood that people might be killed as a result of trans-
porting chlorine is as shown on Fig. 1.
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If the more probable event (for transport of chemicals) were to
occur, it would lead to casualties in the range 0 to 10 and I
guess that there would be 1ittle change introduced into current
practices. If the event led to casualties in the range 100 to
1,000 then I would expect some consideration of transport re-
routing or improved design of tank cars or some other risk
reducing factor. The difficulty lies in changing from present

" status where industry is currently dependent on the continuation
of current practices as compared with the introduction of some

new enterprise. This is also true in the introduction of reactors
where it is probable that if a severe accident occurred early in
their history, then it is possible that no more of that type

might be built or there would be significant change in construction
or siting. If the serious accident occurs arount the year 2,000
when there will be over 1,000 nuclear plants operating and many
countries very stronaly dependent upon them for their power
supply, then what can be done other than to continue operation
with some restrictions?

Both in respect of nuclear and non-nuclear risks, it has often
been said that risk will be maintained at a low level because

of the amount of insurance charges or the cost of replacing

the plant or dealing with the damage and these act as a deterrent
ensuring that safe plant and safe practices will evolve. There
is no evidence that this is true. There have been many expen-
sive accidents in industry and many of them have few casualties.
Consider the record of vapour explosions which are reviewed by
various writers. There have been 108 known cases of vapour
explosion over forth years:

Up to 1950 Damage averaged less than $1/2M per year with the
exception of the accident in Cleveland when an
~explosion of LNG in 1944 led to 136 dead, 77
missing, and a cost of several million dollars.

1950-64 Damage averaged Tess than $1M per year and since
then there has been an increasing number of events
and it would appear in recent times that the cost
is running as high as several tens of millions of
dollars per year.

1967 Failure of a 10 inch valve led to the release of
4,000 gallons of isobutylene; the vapour cloud
explosion killed 7, with damage estimated at $35M.

1968 Accident at Perris cost $46M

1959 Freight car accident LPG killed 23

1962 7,000 gallon truck led to a vapour explosion.
Killed 10.

1966 Propane explosion killed 17. Whereas, as reported

earlier, 10 tank cars in I1linois caused major
destruction but did not kill anyone.
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My conclusion from these examples is that where an activity such
as refining petroleum is a benefit to society, then we will
continue to accept a fairly high frequency risk of events which
are extremely damaging but seldom kill many people, and I presume
that the damage is small in relation to the total value of the
industry. I do not believe, then, that the cost of insurance

is a general deterrent in situations which are thought to have

a Tow frequency even if, in fact, frequency on a world-wide basis
is still fairly high.

NUCLEAR PLANT

Turning now to nuclear plant, many of you will know of my early
suggestions that there should be a risk criterion relating fission
product releast to frequency of release on an inverse log/loa
basis. In 1967 we hesitated to suggest that there might be some
risk of a nuclear accident releasing large quantities of fission
products and we were content to talk about the release of I-131
and associated volatiles ranging from 10 to 10-6 curies. In later
papers a number of people assessed the likely result of releasing
10% or more of the volatile fission products from a 1,000 MW(°)
reactor. My assessment was that the consequences on a nopulated
UK site could be described as:

- a 50% chance of no casualties with wind blowina to sea

- a 30% chance of between 100/1,000 cases of thyroid cancer

- a 20% chance of between 1,000/10,000 cases developing
over the 10-20 years thereafter.

In addition there would be a smaller number of other cancers and
one might conclude that the average result could be around some
200 deaths over a Tongish period of time.

Many of the possible accidents to reactors will result in damage;
some in high cost to repair and high cost in lost output, but
many could have a low probability of causing death. Rasmussen
assesses that only 1 in 50 of reactor melt-out accidents would
give the sort of casualty figures I have quoted above. This

may well be so; but this number is not material, to my present
argument.

I have been concerned at the views expressed in many places,
including the US document WASH-1250 that the "worst" accident
which can be foreseen would release only one part per million
or thereabouts of the radioactive inventory of volatile fission
products and that such release is a factor of 10 Tower than the
guide lines of US 10CFR Pt 100.

An accident which releases to atmosphere 100 curies or so of
jodine and proportunate amounts of tellurium, caesium, etc, must
obviously cause severe disruption to the plant, but is unlikely
to hurt anyone away from the site. I exclude site staff as the
accident is not sufficiently well defined either as to

its source, duration, and whether associated with fire, mechanical
damage etc. In fact, the release of 10" curies of I-131 and
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associated volatiles is unlikely on a statistical basis to cause
one death in the surroundina population during the next 10-20
years. This leads me to the same conclusion as for non-nuclear
accidents - that many can occur which may be very expensive but
not injurious. This could lead us to the view that concern for
these accidents should vest with those carrying financial res-
ponsibility - somewhat in line with the theory that insurance
and financial interests will adequately protect. This is not
my view. Many accidents causing small damage or even exten-
sive damage but no casualties could have developed in some

other way, at some other time, into a more serious accident.
Accidents have started through local blockage through wrong

fuel loading or misoperation of the charge machine as at
Chapelcross and Saint Laurent. Those were costly - they could
have been worse. Several reactors have depressurised when not
under power; there have been problems with vibration of

rotating machinery, of fuel and of heavy neutron shields. There
have been maloperation of valves, cracks in valves, pipes etc.
Many of these events have been such that had they occurred at
some other time the result could have been disastrous.

In conclusion, then, I would not now concentrate too much on

the target line concept, although it has limited uses. I

am concerned with the broad objective that the chance of an
accidental release in the range 105 to 107 curies of I-131 etc
should be made very low - it is tempting to say as low as possible -
but should this be 10-3 per year? This is about as low as some

of the serious non-nuclear accidents. I do not think this is

good enough:

(i) in view of the continued build-up of nuclear power
stations

(ii) in view of the inability to change or switch off"
nuclear power in the year 2,000 when we are wholly
or substantially dependent on this power.

As we cin expect nuclear power of the western world to accumu-
late 10% reactor years based on present technology and if we
wish to accept only a small chance of a major release, then we
must aim to_keep the chance of a serious accident as low as
10-5 to 10-6 per reactor per year.

Anyone who has spent much time seriously studying reliability
of plant, including the interrelationship of equipment and
people - whether manufacture, inspection, maintenance or
operation - will seriously doubt whether we can yet achieve
failure rates of complex composite systems ag low as would be
necessary to meet this overall target of 10~° per reactor per
year. This is in keeping with Rasmussen's conclusions about
the two US plants he studied and, even so, he predicts the
consequences of operating 100 nuclear plants in the US to be
about 2 orders of magnitude less than several other man-made
or natural disasters (Fig. 2).
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I agree in general with his assessment, yet I am surprised to
hear that there is a growing determination to try to protect
against hazard which can be assessed on prese9t evgdence to be
one or two orders of magnitude lower - ie 10°//107° per reactor
per year - such as the random crash of a commercial aircraft.

This raises several questions:

(a) Should we protect against any event of any low frequency
once it has been identified (even if there are others of
greater likelihood - as through common mode failure, oversight
etc) to deal with what 1ies beyond our present competence or
organising ability?

5

(b) How much money should we pay for this - 10 ,5?106 or

21072

(c) Should similar protection be provided to cope with non-
nuclear hazards of comparable severity?

(d) Should the money be better spent; not as an investment
against low frequency-high consequence risks, as there is
a high probability that the investment will be wasted,
or should it be spent on the less spectacular events of
common occurrence?

Excerpt from Testimony of D. Okrent to California Legislature {(and to

Joint Committee on Atomic Energy)

Consequences of Accidents
Severity of accidents vs. risks and consequences.

I would 1ike to conclude my testimony in this area; hence, I

have placed it out of the original order in your agenda. Let
me first define risk as the product obtained by multiplication
of the magnitude of a hazard by the probability of the hazard.

I am not a medical or biological expert. I have read with
interest comments from various groups concernign the treatment
of health effects in draft WASH-1400 and am waiting to see
what the final report says in this regard. I should note that
I questioned the evacuation model used when I first saw the
draft report.

One may reasonably anticipate that after issue of the final
report there will again be a lack of agreement concerning its
accuracy, its completeness and the stated uncertainties. The
problem is not deterministic with all the input parameters
specified. Matters of judgment are involved. And, with further
detailed examination and with more knowledge, questions on the
data, the analysis, and the assumptions employed will arise,
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suggesting that the risks calculated are either too small or

too large. For purposes of discussion, let me assume that the
overall estimates of risk will not be radically different in

the final version of WASH-1400, and that semi-quantitative
critiques of the new report by groups 1ike the American Physical
Study Group, the Union of Concerned Scientists, the Environmental
Protection Agency, and the reactor designers will exhibit a
spread in opinion not unlike that expressed earlier.

I must now ask some questions. How quantitatively does society
know other risks to which it is exposed? From food additives
and drugs? From earthquakes? From the failure of dams? From
the shipment and storage of chemicals? From the burning of
coal? From the discharge of mercury and other non-radioactive
industrial wastes which may remain in our world forever.*

I must conclude that most, if not all, of the above are poorly
quantified. And that most, if not all, pose threats to the
public health and safety equal to or greater than nuclear power
plants. ‘ :

Let me raise some further questions.

What constitutes an acceptable hazard and an acceptable risk,
either to society or to individuals who are directly exposed to
some technological structure like a dam? What uncertainty in
the estimates of the probabilities becomes unacceptable, whether
the uncertainties arise from an absence of data or a difference
in judgment among experts? Is there some number of people who
might be killed in an improbable event which is so large as to
be socially unacceptable?

At UCLA we have been trying to gain some perspective on such
questions. We studied the risk to people on the ground near Los
Angeles (LAX) and Hollywood Burbank Airport from the crash of
commercial airliners.** Using a similar statistical approach

to that employed in deciding whether a nuclear reactor requires
protection against airplane crashes (because of exceeding the
10-7 guideline per cause), we calculated that the probability
of a commercial aircraft crashing directly into the grandstand
of Hol]ngod Park while it was occupied by a large crowd is
about 10-° per year. Postulating such a crash, we estimated the
probable fatalities to be in the vicinity of 3,000 to 8,000;

the maximum number of fatalities which might result was esti-
mated to be about 30,000. Crashes into various shopping centers
or hotels, etc. at either airport could produce lesser number
of casualties with about the same probability. On the average
it is estimated that about 5 people on the ground within 5

miles of each airport would be killed every ten years from such

**[JCLA-ENG-7424 by K. Solomon, et al.
*The tragic mercury poisoning at Miramata, Japan is a graphic
example.
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crashes. Presumably a similar figure exists for most busy
airports.

This was a statistical study. We may have no such casualties
at either airport in the next 20 years. Or we may have more.

We also made a brief study of the potential effects of sudden
compiete failure of 10 dams in California and made crude
estimates of their failure probabilitjes.* Sudden gross failure
of a large dam has occurred in France in recent times; the
equivalent of failure (overtopping due to a landslide) led to

a few thousand deaths in Italy; and there is expert opinion

that the Van Norman Dam would have undergone gross failure in
the 1971 earthquake, had it been more nearly full.

The crude estimates of failure probabilities per year obtained
in this study are given in Table 1. The estimated effects for
sudden complete failure of these dams when filled to capacity
are given in Table 2.

We think the estimated mortalities for sudden complete failure
are fairly accurate. The probabilities of failure are clearly
rough estimates, and could easily be wrong by a factor of more
than 10.

In brief, the potential mortalities range from 14,000 to 260,000.
The estimated probabilities of failure range from roughly 1 in
40 per year to one in 30,000 per year.

Are such hazards acceptable? If so, with what probability? What
uncertainties in the estimates of such probabilities are accept-
able? I understand that a law has been passed with regard to

the safety of dams in California, that some steps have already
been taken to reduce risk, and that further studies are under-
way. To my knowledge, there exists no acceptance limit on the
maximum permissable deaths which postulated dam failure might
cause. Nor do I know of quantitative criteria with regard to

an acceptable probability of dam failure or uncertainites
therein. Surely, that does not mean that the risk is zero.

I recognize that there is a panel of highly competent experts
advising the State O0ffice on such matters. However, based on
a study performed by UCLA**, as well as Tistening to the
opinions of various experts on the probability of exceeding
some specific value of seismically-induced vibratory motion,
I know that individual opinigns on probabilities can vary by
a factor of 10,000 (e.q. 10-2 per year versus 10-6 per year,
or 10-% per year versus 109 per year).

Does the California Legislature require that the opinions of
only the most conservative seismologists and geologists be

*UCLA-ENG-7423 by P.Ayyaswamy, et al.
**|CLA-ENG-7515 by D. Okrent
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TASLE 1

14

The results of the investigatién could be.summarizcd as follows:

Prediction of Earthquake in California by Fault Theory, Using a Computer

Esticated Estimated Estimated
Probability Probability Probability
Name of MM VI1II of MM IX of MM X
of Dam per Year%* per Ycarkx per Yeark*#
St. Francis1
Van Norman 0.014 0.0049 .00003
San Andreas 0.044 0.014 003 -
Lower Crystal Springs’ |
Stone Canyon 0.012 0.0014 .0003
Eacino 0.012 0.0013 .0002
San Pablo 0.076 0.032 .011
'Fblsom1 ' |
Shasta1
Chatsworth 0.013 0.0028 .00003
Mulholland' |
Upper San Leandro 0.12 0.063 ‘.023
Lake Chabot 0.12 0.057 021

T okk

* ' o

Signifcant Probability of Failure
*k

Substantial Probability of Failure

*
High Probability of Failure

NOTE: Values for significant and substantial probabilities indicated in the

above table correspond to the values at an order of magnitude higner
as ‘reflected in the computer output. Pleasc see explanation in the
text. o ’

'tThese are Gravity type ‘(concrete dams) for which the failurc basis of-a
Reference 2 is not applicable. Gast2? has provided an estimate of 10
per ycar for world-wide concrete dams due to all causes.
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TABLE 2

Estimated Effects of Total and Instantaneous

4

Failure of Dam Filled to Capacitv

Name of ' MORTALITIES!
Dam o : Day Night

St Francis . == = = Not calculated = = - =~

‘Yan Norman . . 72,000 | 123,000
" Saﬁ Andreas .
- 21,000 33,000
lover Crystal Springs
-;, $tone Canyon 125,000 _ 207,000
z; Encino _ ’ 11,000 18,000
$an Pablo ‘ 24,000 36,000
! Polsom 260,000 260,000
:  '. Chatsworth ‘ 14,000 22,000
{  Wulholland 180,000 180,000
i Ypper San Leandrol |
X 36,000 55,000
’ i “lake Chabot ’
:i . Shasta , 34,000 34,000

v, - veductions for the two dams considered.
,

-
A
PRERN

DAMAGE ASSESSED

IN U.S. DOLLARS

3 x 10°

1.1 x 108

5.3 x 10°

5x 107

7.7 % 10’

6 .»7 x :I.()8

6 x 107
7.2‘x 108

1.5 x 10°

1.4 x 108

""‘;'llo allowance for evacuation. See Section 8 which indicates modest
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used in assessing dam safety? If questions concernina the un-
certain source mechanisms of earthquakes, such as raised by

Prof. Clarence Allen, are applicable to nuclear reactors, are
they not applicable to dams, of which we have many in California?

Will the California Legislature by a two thirds vote, determine
that the safety of dams has been demonstrated by comorehensive
testing in actual operation substantially similar physical
systems? How will the demonstration be done? In fact, can

such a demonstration be done? What acceptance criteria will be
used by the Legislature, especially for dams designed before
soil liquefaction was a well-recoanized phenomenon and for which
little if any seismic design criteria existed. Will the
Legislature require complete insurance coverage or close down
the dams?

In passing, I might note that while Folsom Dam has Sacramento

in its flood plain and was calculated to have the capability

of inflicting about 250,000 deaths, UCLA is downstream of Stone
Canyon Dam. We estimated Stone Canyon Dam has the potential for
producing a flood height of 15 to 20 feet at Wilshire Boule-
vard and between 125,000 and 200,000 deaths.

Let me briefly discuss one more example from non-nuclear tech-
nology. At UCLA we tried -unsuccessfully to obtain information
from many of the laraest chemical companies in the U.S. con-
cerning the stored quantities of various chemicals having a
considerable potential for inflicting harm on the public

health and safety. We would have been interested in learning
the sites of such storage and the safety criteria employed.

We could then have done probabilistic studies of consequences.
As I said, we received no information. I do know from informal
discussion, however, that huge quantities of dangerous chemicals
are stored within striking distance of population centers.

We have recently been trying to learn how the storage of dangerous
chemicals is regulated in California. Our preliminary infor-
mation indicates that both the knowledge and control of such

risks is limited.

Does the Legislature know? Should it be active in this matter,
since frequently an industrial park in one city is adjacent to
a residential area in a neighboring city? Has the Legislature
examined and found that there exists no risk to public health
and safety from the shipment, storage, and use of chemicals
employed in California's agricultural and food industires?

The shipment and storage of liquified natural gas (LNG) and
similar hydrocarbons has been receiving increasing attention
in recent years. Estimates of the potential hazard run into
the many thousands of deaths for some postulated accidents.
Accidents may occur at on-shore storage facilities, to the
ship in or near port, or by grounding or collision of a tanker
near a populated area away from port. I have heard estimates
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of the probability of such a collision in New York City harbor
are about one in 50,000 per year for an LNG tanker, and one

in 5000 per year for an LNG-laden barge. Such estimates are
inferred and subJect1ve, and critics can arrive at larger
probabilities.

I believe that the Federal Power Commission has primary respon-
sibility for the on-shore aspects of this technology, while the
Coast Guard is responsible for the shipping aspect. I have, as
yet, not been able to ascertain what quantitative hazard or
risk criteria either group uses in reviewina such facilities.

I have recently learned that in California, eight different
agencies share the safety responsibility for energy facilities,
and that criteria are now being developed which will address
the issue of what is an acceptable risk to members of the
public.

To my knowledge, none of the currently available sources of
electric power is risk-free. And our preliminary studies at
UCLA indicate that if controlled fusion power is actually
developed, it may have a radioactivity hazard potential not
vastly different from fission reactors and have to undergo
similar safety precautions. For example, we expect that the
actual tritium inventories will be much larger than the numbers
usually mentioned; and we can postulate Tow probability
accidents which might rupture the containment and volatilize
some of the highly radioactive structural materials.

And coming from the Chicago area to Los Angeles, both with

smog problems, I am painfully aware that essentially every
study that I have seen, from various countries, indicates that
the burning of coal for electricity has equal or greater over-
all effects on the public health and safety than nuclear power,
mining accidents aside.

Why have I raised these examples? It is primarily to illus-
trate only some of the problems involved in judging acceptable
risk. I have not brought in the question of benefits, which
are an equally complex matter when one introduces effects on
the national and international economy, and even potential
political upheavals or war in the long term.

I have heard knowledgeable op1n1ons that there are probably not
enough resources available in the U.S. to raise the safety
standards of existing non-nuclear technology so that it does
not exceed either the risk from nuclear power reported in

draft WASH-1400, or that estimated by most critics of the

draft report. I am inclined to agree.

The problem is not simple. And the answer should not be
simplistic. In fact, society is not risk-free.
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1.2 A BRIEF PERSONAL INTRODUCTION

| was formaly initiated into the regulatory worid of nuclear power reactors
In November 1963 when | attended the 5ist meeting of the Advisory Committee
on Reactor Safeguards (or ACRS) in Washington, D.C. as a newly appointed
member, Some years previously | had served the ACRS as a consultant, and
for many years during the 1950ts | had worked on problems concering the
safety of fast reactors, particularly the EBR || (Experimental Fast Breeder)
reactor built by the Argonne National Laboratory. And | had been heavily
involved in developing the Atomic Energy Commission program in fast reactor
safety during the 1950's. | considered myself knowledgeable about the reac-
tor physics of most reactor types; however, the safety questions relating
to reactors other than sodium=-cooled fast reactors were only partially
known to me, and | had little familiarity with the regulatory process or
the matters which were receiving emphasis by regulatory groups in review~
ing the power reactors, experimental power reactors, and engineering

test reactors then under construction, under consideration for construc-
tion, or going into operation. Besides myself, the membrs of the ACRS
present at the 5ist meeting of the statutory ACRS were the chairman,

David Hall, whose normal position was that of head of the K Division (or
Reactor Division) at Los Alamos Scientific Laboratory; Charles Wiliams,
Assistant Vice-President of Liberty Mutual Insurance Company Iin Boston;
John Geyer, Professor of Sanitary Engineering at Johns Hopkins University;
Herbert Kouts, an experimental reactor physicist at the Brookhaven Na-
tional Laboratory; William Manly, a metalliurgist from Qak RIdge National
Laboratory who, |ike me, was a brave new member; Henry Newson, a

Professor of Physics at Duke University; Kenneth Osborn, Chief Engineer

for the General Chemical Division of Allied Chemical Corporation; Donald
Rogers, Manager of Project Analysis of the Central Reserach Laboratory

of Allied Chemical Corporation, and a man very knowledgeable in the de-
sign and behavior of large chemical-mechanical systems; Reuel Stratton,

a consulting engineer who had formerly been with Travelers |nsurance Com-
pany; and T. S. (Tommy) Thompson, Director of the Massachusetts Institute
of Technology nuclear reactor and Professor of Nuclear Englneering at

the Massachusetts Institute of Technology. Two other ACRS members who
were not present at the 51st meeting were Franklin Gifford, a meteorolo-
gist with the U.S. Weather Bureau in Oak Ridge Tennessee, and Leslie
Silverman, Professor of Engineering in Environmental Hygiene at the School
of Public Health, Harvard University.

Actually the Advisory Committee on Reactor Safeguards had its inception in
late 1947. |In June of that year, the Atomic Energy Commission discussed
with Its General Advisory Committee the problem of evaluating the safety
of nuclear reactors. |t was concluded that a panel be established to
advise the Commission on reactor safety matters. This was done by invit-
ing highly qualified individuals with background and appropriate scien-
tific discipline to serve on a Reactor Safeguards Committee reporting to
the AEC General Manager. Beginning In the fall of 1947, meetings of this




I-60

Committee were held to consider and advise upon matters referred fto it.

in 1951 the Commission also established an Industrial Committee on Reactor
Location Problems charged with responsibility of advising upon the siting
of nuclear reactors. The Reactor Safeguards Committee and the Industrial
Committee on Reactor Location Probltems were combined by the AEC in July

of 1953 and renamed the Advisory Committee on Reactor Safeguards. The
September 1953 Issue of the trade journal "Nucleonics" describes the
formation of the new Committee, lists its then members, and quotes a
statement made to the Joint Committee on Atomic Energy by Edward Teller,
formerly Chairman of the Reactor Safeguards Committee.

Tne statement by Teller represents one of the eariiest opinions concern-

ing AEC philosophy on reactor safety, and is quoted below in the excerpt
from Nucleonics.

EXCERPT FROM NUCLEONICS SEPTEMBER 1953

Reactor Advisory Committees Reorganized

Two advisory committees to the Atomic Energy Commission--the
reactor safeguard committee and the industrial committee on
reactor location problems--have been combined to form a new
group known as the advisory committee on reactor safequards.

The new committee will have the followina functions:

1. Reviewing hazards summary reports prepared by organizations
planning to build or operate reactor facilities, including
criticality experiments.

2. Advising the AEC regarding the consistency of proposed
reactor Tocations with accepted industrial safety standards,
taking into account the proposed exclusion areas for reactors
and the proximity of surrounding population and property.

Members are as follows: C. Rogers McCullough, Monsanto Chemical
Co., chairman; Manson Benedict, Massachusetts Institute of
Technology, Willard P. Conner, Jr., Hercules Power Co.; R. L.
Doan, Phillips Petroleum Co.; Hymer Friedell, Western Reserve
University; I. B. Johns, Monsanto Chemical Co.; Mark M. Mills,
North American Aviation, Inc.; K. R. Osborn, Allied Chemical

and Dye Corp.; D. A. Rogers, Allied Chemical and Dye Corp.;
Reuel C. Stratton, Travelers Insurance Co.; Edward Teller,
University of California; Abel Wolman, Johns Hopkins University;
Harry Wexler, U.S. Weather Bureau, Department of Commerce; and
C. R. Russell, secretary, AEC.
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Very little has been said publicly on AEC philosophy regarding
reactor safeguards. Therefore, the following statement,

made to the Joint Committee on Atomic Energy by Edward Teller,
formerly chairman, reactor safequard committee, is of parti-
cular interest:

"Up to the present time we have been extremely fortunate
in that accidents in nuclear reactors have not caused any
fatalities. With expanding applications of nuclear reactions
and nuclear power, it cannot be expected that this unbroken
record will be maintained. It must be realized that this aood
record was achieved to a considerable extent because of safety
measures which have necessarily retarded development.

"The main factors which influence reactor safety are, in
my opinion, reasonably well understood. There have been in
the past years a few minor incidents, all of which have been
caused by neglect of clearly formulated safety rules. Such
occasional accidents can not be avoided. It is rather remark-
able that they have occurred in such a small number of instances.
I want to emphasize in particular that the operation of nuclear
reactors is not mysterious and that the irregularities are no
more unexpected than accidents which happen on account of
disregard of traffic regulations.

"In the popular opinion, the main danger of a nuclear pile
is due to the possibility that it may explode. It should be
pointed out, however, that such an explosion, although possible,
is 1ikely to be harmful only in the immediate surroundings
and will probably be T1imited in its destructive effects to
the operators. A much greater public hazard is due to the
fact that nuclear plants contain radioactive poisons. In a
nuclear accident, these poisons may be liberated into the
atmosphere or into the water supply. In fact, the radioactive
poisons produced in a powerful nuclear reactor will retain a
dangerous concentration even after they have been carried down-
wind to a distance of ten miles. Some danger might possibly
persist to distances as great as 100 miles. '

"It would seem appropriate that Federal requlations should
apply to a hazard which is not confined by state boundaries.
The various committees dealing with reactor safety have come
to the conclusion that none of the powerful reactors built or
suggested up to the present time are absolutely safe. Though
the possibility of an accident seems small, a release of
the active products in a city or densely pooulated area would
lead to disastrous results.

"It has been therefore the practice of these committees
to recommend the observance of exclusion distances, that is,
to exclude the public from areas around reactors, the size of
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"Up to the present time we have been extremely fortunate
in that accidents in nuclear reactors have not caused any
fatalities. With expanding applications of nuclear reactions
and nuclear power, it cannot be expected that this unbroken
record will be maintained. It must be realized that this aood
. record was achieved to a considerable extent because of safety
measures which have necessarily retarded development.

"The main factors which influence reactor safety are, in
my opinion, reasonably well understood. There have been in
the past years a few minor incidents, all of which have been
caused by neglect of clearly formulated safety rules. Such
occasional accidents can not be avoided. It is rather remark-
able that they have occurred in such a small number of instances.
I want to emphasize in particular that the operation of nuclear
reactors is not mysterious and that the irreagularities are no
more unexpected than accidents which happen on account of
disregard of traffic regulations.

"In the popular opinion, the main danger of a nuclear pile
is due to the possibility that it may explode. It should be
pointed out, however, that such an explosion, although possible,
is 1ikely to be harmful only in the immediate surroundings
and will probably be limited in its destructive effects to
the operators. A much greater public hazard is due to the
fact that nuclear plants contain radioactive poisons. In a
nuclear accident, these poisons may be liberated into the
atmosphere or into the water supply. In fact, the radioactive
poisons produced in a powerful nuclear reactor will retain a
dangerous concentration even after they have been carried down-
wind to a distance of ten miles. Some danger might possibly
persist to distances as great as 100 miles. ‘

"It would seem appropriate that Federal regulations should
apply to a hazard which is not confined by state boundaries.
The various committees dealing with reactor safety have come
to the conclusion that none of the powerful reactors built or
suggested up to the present time are absolutely safe. Though
the possibility of an accident seems small, a release of
the active products in a city or densely populated area would
lead to disastrous results.

"It has been therefore the practice of these committees
to recommend the observance of exclusion distances, that is,
to exclude the public from areas around reactors, the sige of
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the area varying in appropriate manner with the amount of
radioactive poison that the reactor might release. Rigid
enforcement of such exclusion distances might hamper future
development of reactors to an unreasonable extent. In parti-
cular, the danger that a reactor might malfunction and release
its radioactive poison differs for different kinds of reactors.

"It is my opinion that reactors of sufficiently safe
types might be developed in the near future. Apart from the
basic construction of the reactor, underaround location or
particularly thoughtfully constructed safety devices might
be considered.

"It is clear that no legislation will be able to stop
future accidents and avoid completely occasional loss of 1ife.
It is my opinion that the unavoidable danger which will remain
after all reasonable controls have been employed must not stand
in the way of rapid development of nuclear power. It also
would seem that proper legislation at the present time mioht
make provisions for safe construction and safe operation of
nuclear reactors.

"It would seem reasonable to extend the AEC procedures on
reviewing planned reactors and supervising functioning reactors
to nuclear plants under the control of private enterprise. .To
what extent these functions should be advisory or regu!a@ory
is a difficult question. I feel that ultimate responsibility
for safe operation will have to be placed on the shoquerg
of the men and the organizations most closely connected with
the construction and the operation of the reactor.”

With the passage of the 1954 Atomic Energy Act, it became possible for pri=-
vate companies to build and operate nuclear reactor facilities under license.
A+ the same time this act assigned to the Commission the responsibility
through licensing procedures of protecting the health and safeTy of Ihe pub-
lic. Applications for license as well as projects of the Commission®s power
and military propulsion development programs were referred to the ACRS for
advice. In 1955 the Commission established within its own organization a
full time staff for the evaluation of reactor hazards. The workload of the
Commission, Its staff and the ACRS continued to increase.
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In July of 1956, the Joint Committee on Atomic Energy requested that the
Atomic Energy Commission make a study of the possible effects of an un-
controlled reactor acclident. This resulted in the publication in March
1957 of a study entitled "Theoretical Possibillties and Consequences of
Major Accidents in Large Nuclear Power Plants" (WASH 740). This report,
together with the demands by industry for Indemnity, the intervention

by the United Auto Workers in the Power Reactor Development case (that

is, the Fermi reactor), and the hearings held by the Joint Committee on
Atomic Energy, formed the basis for legislative action on September 2,
1957. By this amendment to the Atomic Energy Act, the Advisory Commit-
tee on Reactor Safeguards was established as a statutory Advisory Commit-
tee to the Atomic Energy Commission to review safety studies and faclility
license applications referred to it, and make reports thereon; advise the
Commission with regard to the hazards of proposed or existing reactor fa=-
cilities, and the adequacy of proposed reactor standards; and to perform
other such duties as the Commission might request. Members are appointed
by the Commisslon for a term of four years each. One member is designated
by the Committee itself as its chairman, The law allows a maximum of |5
members. The members are appointed from private life, and since they are
not dependent upon the AEC for thelr livelihood, are free of economic pres-
sure from AEC. The reports on licensed facilities made by the Committee
to the Commission are required by law tfo be made a part of the record

of the application and available to the public. This last aspect of the
law undoubtediy relates to the prevlious history of the construction permit
review for the Fermi reactor, during which the non-statutory ACRS prepared
a report which had several strong reservations concerning safety matters
still to be resolved for the Fermi reactor. The Atomic Energy Commission
issued a construction permit for the Fermi reactor without making public
the ACRS report. Copies of the ACRS report became available to the Joint
Committee on Atomic Energy and others some weeks later, however, and
created considerable controversy.

The manner In which the ACRS functions is of some interest. Although
changes have occurred through the years, much has remained the same, and
during much of the 1960's the following procedures were foliowed: Safety
Analysis Reports and other documents prepared by the Applicant, describing
in varying detall the design of the reactor to be reviewed, are furnished
to all members of the ACRS well in advance of the Committee meeting at
which the project will be considered. There is an opportunity for indivi-
dual study. A summary and evaluation of the project and it+s salient
safety aspects is prepared by the permanent technical staff within the
Atomic Energy Commission. This too is furnished to the members of the
Committee in advance of the meeting. The Committee may hold one or more
subcommittee meetings prior to the meeting of the full Committee. At

the subcommittee meetings and the full Committee meetings, the reactor
designed and/or reactor operator appears before the assembled Committee,
and the designer describes his reactor, in particular its safety features.
There is a free technical exchange between the ACRS members and the
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representatives of the Applicant. The Committee would then, in closed
sesslon, formulate its advice to the Commission., This advice is provided
in the form of a Committee report which is written to the Chairman of the
Atomic Energy Commission. This report is signed by the Chairman of the
Commlttee but is prepared by the Committee as a whole. The ACRS report
is almost always a concensus. An individual member has the right fto is-
sue his own separate opinion as part of the report.

I+ is important to note that the statutory ACRS elects its own Chairman,
establishes its own agenda, gets its own consultants, and decides for
itself when it is ready to write a report. And, while the ACRS has ob-
ligations to respond to specific requests for advice from the Commission,
it can also take up matters falling in its general province of responsi-
bility on its own initiative.

That this very considerable independence of function should exist is, in
a sense, remarkable. That such independence did not occur automatically
can be ascertained from a review of the efforts from within the AEC to
Iimit the freedom and scope of the pre-statutory Reactor Safeguards Com-
mittee, to restrict the oceprations of the statutory ACRS in the first
year of its existence, and then again to ftry to restrict i+ in 1966.

The agenda at the 51st meeting, November 7-8, 1963, covered various top=-
ics, including the following.

The Committee discussed the proposed dockside operation of the Nuclear
Ship Savannah at Galveston, Texas and wrote a report to the Commission on
this matter. The Committee heard a presentation concerning the possible
operation of one of the "“production" reactors at Savannah River for the
production of a special isotope, Curium 244, This was a preliminary in-
formation session on curium production, and the Committee did not ftry to
reach any conclusions during this meeting concerning hazards associated
with the proposed method of operation. The Committee also reviewed with
members of the Pathfinder plant their planned organization for full power
operation of that relatively small boiling water reactor. The Committee
prepared a letter report concerning aspects of the reactor safety re-
search program, and a letter concerning aspects of design of shipment
casks for Irradiated fuel. |In addition, there were discussions of vari-
ous topics, including the proposed Ravenswood reactor at a site in the
heart of New York City, for which Consolidated Edison had submitted a
preliminary proposal. And there were discussions concerning various
other things in progress, such as the Fermi reactor, the LOFT project

and the Dresden reactor. This all took place during a meeting which
lasted two days.

As a new member, It was for me a sudden immersion intfo a host of topics,
many of which were completely strange and for which the Committee had
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little time to provide background. | assumed (rightiy) that It was my
principal responsibility to consider the reactor physics aspects of those
things being discussed, and to raise any questions in this area that
seemed to be Important. | tried, also, to consider matters relating to
the kinetlc behavior or reactors (during transients). And, since | had

a background In reactor safety research, | tried to become active quickly
in that aspect of Committee activities. Similarly, Bill Manly, a metal-
lurgist, was expected to provide insight into materials-related aspects of
the topics under review.

For the large number of topics which were of a continuing nature, which
mainly represented matters having been reviewed in previous months or even
some years ago, new members just had to play catch-up as quickly as they
could, and, depending on the nature of the matter, months or even years
could be involved before one had achieved a relatively broad perspective
on many of the topics. Looking back some |4 years later at this, my first
meeting as a member of the ACRS, | can see that It was a rather brief dis-
cussion of the proposed Ravenswood reactor, and some long-since-forgotten
paragraphs in the ACRS safety research report which were of the most long-
term significance.



CHAPTER 2
ON REACTOR SITING

2.1 A BRIEF OVERVIEW

The complexity and great breadth of the field of nuclear reactor safety

make it impossible to even attempt to review all of its history. Contri-
butions to the evolutionary process have come from many countries and from
many individuals and institutions within a country. Rather than try to do
Justice to all the participants in this process, we shall try in this semi--
historical review, to look at several aspects of reactor safety from the
particular vantage point of the U.S. Advisory Committee on Reactor Safeguards
(ACRS). While opinion and work by the Regulatory Staff of the USAEC and
USNRC will be referred to frequently, the files of the Staff are not generally
available to the author to provide detailed insight into the pre-decisional
thinking of that group. References to other groups in the U.S. and in other
countries will be very limited; such material will be introduced, in general,
only as it relates in a particularly strong way to ACRS action or opinion.

Reactor siting has been the subject of several International Atomic Energy
Agency Conferences (International Atomic Energy Agency, 1962, 1963, 1967,
1973, 1975) and has been featured in the reactor safety discussions at the
four United Nations "Atoms for Peace" Conferences held in Geneva (United
Nations, 1956, 1958, 1965, 1972). Many countries have developed their own
approaches to dealing with the siting of power reactors. However, we shall
see that, in general, site criteria are far from definitive, tend to be
comparative or relative, and are built around precedent, once some history
of siting has occurred.

This examination of reactor siting will deal primarily with demographic
(population) considerations. We will find it convenient to divide the
discussion loosely into several time periods: Pre-1961; 1960-1962;
1962-1ate 1965; late 1965-1966; 1967-1973; and 1973-present.

We shall see that in 1950 the first AEC Reactor Safeguards Committee

produced a very restrictive "rule of thumb" site criterion which related

the reactor power to the required "exclusion distance" (or lightly populated
region surrounding the reactor, under control of the reactor operator). This
site criterion assumed gross release of radioactivity from an uncontained
reactor, and required a large exclusion radius. However, pressures were
already building in 1950 to construct reactors at sites which strongly violated
the "rule of thumb", and the concept of reactor containment emerged quickly.

In addition to several test and experimental reactors, three light water
power reactors (LWR) of substantial size, all with containment, were approved
for construction in the mid 1950's, including the one at the Indian Point

New York site, which remains to this day the most populated site used in the
U. S. for an LWR. In the late fifties several other smaller reactors, all
with containment, were approved. However, during the same period, a few
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small power reactors (~60 MWt) were proposed for sites within or at the
very edge of small or medium size cities; these were rejected or forced
to move to somewhat less populated sites, which were grudgingly accepted
by the ACRS.

The review of these reactors was on a case-by-case basis, a judgment

being reached concerning acceptability of each specific reactor-site combin-
ation. No AEC Reactor Site Criteria were published; and, from a review of
the ACRS minutes and other documents, there does not appear to have been

any single guiding philosophy.

The Atomic Energy Commissioners themselves seem not to have exercised

strong direction on the development of siting criteria in the period prior
to 1960. They may, however, have exercised strong or decisive influence on
the favorable decisions for construction of Shippingport, Dresden, and
Indian Point. (The detailed history of these early, precedent-setting
reactor reviews is not available to the author). In the late 1950's, the
Commissioners appeared particularly interested in the development of written
criteria, as specific as possible, to help avert a recurrence of awkward
situations wherein considerable work was first expended on reactor proposals
involving sites which were then evaluated unfavorably by the ACRS and/or

the AEC Regulatory Staff.

The first rather detailed expression of ACRS philosophy on power reactor
siting came in its reports to the AEC on this subject in October and
December of 1960. Independently, though in close association, the AEC
Regulatory Staff (then called the Hazards Evaluation Branch) under the
leadership of Dr. Clifford A. Beck, was developing site criteria. And in
1961, the AEC published for comment in the Federal Register proposed site
criteria which included the concepts of an exclusion area, a low-population
(or evacuation) zone, and a population center distance, and wherein, for
purposes of site evaluation, an accident was postulated in which the noble
gases and half the radioiodine were released to a containment assumed to
maintain its integrity, and guideline doses of 25 rem whole body and 300 rem
to the thyroid were not to be exceeded under specified conditions. This
postulated accident, whose consequences were not to be exceeded by any
credible accident (and which was called the maximum credible accident or MCA),
-became the focus of siting evaluation.

We shall see that the 10 CFR Part 100 Reactor Site Criteria, which were
adopted by the AEC in 1962, led to a soemwhat stylized reactor safety review
until 1966, during which primary emphasis was placed on containment design

and engineered safety features which could enable the increasingly higher
power reactors to meet the guideline doses. Reactors were receiving con-
struction permits based on rather general safety criteria and sketchy design
information. And most safety improvements which developed were related to the
MCA.
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We shall also see that the Part 100 Site Criteria of 1962 (which are
reproduced at the end of this introductory section) were developed in a
manner such that they lost the basic impact of two major philosophic
recommendations made by the ACRS in its October, 1960 report, namely the
integrated man-rem dose concept and, more specifically, the recommendation
that there be no catastrophic effects to a population center from an
uncontained accident much worse than the MCA. And we shall find the
Regulatory Staff and the ACRS approving new reactors without direct consid-
eration of these concepts during the period 1960-1965.

Beginning in late 1965, the ACRS began to give increased emphasis to

events that might lead to consequences far worse than the stylized MCA. And
in 1966, there occurred a revolution in LWR reactor licensing which for the
next twelve years was to lead primarily to greatly increased measures to
reduce the probability of serious accidents, and to greatly increased
attention to safety features needed to prevent core meltdown in the event

of transients or accidents.

The AEC, in general, opposed the metropolitan or the near-metropolitan

siting of power reactors, even if Part 100 could be met; however, for those
reactors it approved, the Regulatory Staff stayed rather stringently within

the prescriptions of Part 100 and its MCA (later designated the Design Basis

~ Accident), and declined to publicly discuss or examine safety aspects related
to accidents which went beyond the MCA (e.g. in which containment integrity
-was lost). This trend of not examining Class 9 accidents (accidents exceeding
Part 100 guidelines), and not evaluating measures which might ameliorate their
impact, remained with the Regulatory Staff essentially until 1976, when limited
formal consideration of such accidents wac first introduced under ACRS pressure
into the review of the Floating Nuclear Power plant.

The regulatory stance of the Atomic Energy Commissioners themselves during

the period 1960-1974 seems to have depended on the role they were playing.

When the highly populated Bolsa Island reactor was under active consideration
in the mid 1960's, the Commissioners resisted the development of detailed
siting criteria which might pose a hurdle to this project. Similarly, when

in 1966 the ACRS was about to formally recommend the development and imple-
mentation of measures to deal with questions related to large scale core melt,
the Commissioners proposed a Task Force to "study" the matter, thereby delaying
(indefinitely) such a recommendation.

On the other hand, when required to accept a judicial role, such as that in
connection with review of the Malibu hearing, the Commissioners supported the
more conservative position of the Atomic Safety and Licensing Board over that
of the Regulatory Staff. In their Malibu decision, the Commissioners, in a
sense, provided the first quantitative guideline on acceptable risk, namely,
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they stated that the fact that the fault in question at Malibu had not
moved in 14,000 years did not provide adequate assurance that the plant
need not be designed for surface displacement.

It must be emphasized that there is little firm basis for judging that

any approach or position adopted by individuals or groups during this

era was "right" or "wrong". Up to the present, at least, the regulation of
nuclear power reactors has led to much less adverse effect on the public
health and safety than essentially any other equivalent technology. It has
been argued by some that there has been more protection (and expense) than
appropriate.

From 1966 on, while there has been no significant change in the Reactor
Siting Criteria, and while they are pursued rather legalistically by the
Regulatory Staff (and therefore by applicants), there have been major
changes in reactor design criteria and in the depth of safety review aimed
at reducing the probability of an accident exceeding the guidelines of

Part 100. However, the unwillingness to "look" at Class 9 accidents by
either the nuclear industry or the Regulatory Staff may have led to less
than an optimum approach with regard to overall reduction in public risk
for the same effort and cost. This matter is now getting active attention,
as is the matter of site criteria. It remains to be seen whether the
approaches used in the decade 1966-76 represented a near optimum in efficacy.
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PART 100—REACTOR SITE CRITERIA

Pursuant to the Administrative Pro-
cedures Act and the Atomic Energy Act
of 1954, as amsended, the following guide
is published as a document subject to
codification, to be effective 30 days after
publication in the FEDERAL REGISTER.

Statement of considerations. On
February 11, 1961, the Atomic Energy
Commission published in the ¥FepErar
REGISTER a notice of proposed rule mak-
ing that set forth general criteria in the
form of guides and factors to be consid-
ered in the evaluation of proposed sites
for power and testing reactors. The
Commission has received many com-
ments from individuals and organiza-
tions, including several from foreign
countries, reflecting the widespread sen-
sitivity and importance of the subject of
site selection for reactors. Formal com-
munications have heen received on the
published guides, including a proposed
comprehensive revision of the guides
into an alternate form. .

In these communications, there w
almost unanimous support of the Com-
mission’s proposal to issue guldance in
some form on site selections, and ac-
ceptance of the hasic factors included in
the proposed guides, particularly ir the
proposal to issue exposure dose values
which could be used for reference in the
evaluation of reactor sites with respect
to potential reactor accidents of exceed-
ingly low probability of occurrence.

On the other hand, many features of
the proposed guides were singled out for
criticism by a large proportion of the
correspondents. This was particularly
the case for the appendix section of the
proposed guides, in which was included
an example calculation of environmental
distance characteristics for a hypothet-
ical reactor. In this appendix, specific
numerical values were employed in the
calculations. The choice of these
numerical values, in some cases involv-
ing simplifying assumptions of highly
complex phenomena, represent types of
considerations presently appiied in site
calculations and result in environmental
distance parameters In general accord
with present siting practice. Neverthe-
les, these particular numerical values
and the use of a single example calcula-
tion were widely objected to, basically
on the grounds that they presented an
aspect of inflexibility to the guides
which otherwise appeared to possess
considerable flexibility and tended to
emphasize unduly the concept of envi-
ronmental isolation for reactors with
minimum possibility being extended for
eventual substitution thereof of engi-
neered safeguard.

In consequence of these many com-
ments, criticisms and recommendations,
the proposed guides have been rewritten,
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with incorporation of a number of sug-
gestions for clarification and simplifica-
tion, and elimination of the numerical
values and example calculation formerly
constituting the appendix to the guides.
In lisu of the appendix, some guidance
has been incorporated in the text itself
to indicate the considerations that led
to establishing the exposure values set
forth. However, in recognition of the
advantage of example calculations in
providing preliminary guidance to ap-
plication of the principles set forth, the
AEC will publish separately in the form
of a technical information document a
discussion of these calculations.

These guides and the technical infor-
mation document are intended to reflect
past practice and current policy of the
Commission of keeping stationary power
and test reactors away from densely
populated centers. It should be equally
understood, however, that applicants are
free and indeed encouraged to demon-
strate to the Commission the applica-
bility and significance of considerations
other than those set forth in the guides.

One basic objective of the criteria is to
assure that the cumulative exposure dose
to large numbers of people as & conse-
quence of any nuclear accident should be
low in comparison with what might be
considered reasonable for total popuia-
tion dose. Further, since accidents of
greater potential hazard than those
commonly postulated as representing an
upper limit are conceivable, although
highly improbable, it was considered
desirable to provide for protection
against excessive exposure doses to peo-
ple in large centers, where effective pro-
tective measures might not be feasible.
Neither of these objectives were readily
achievable by a single criterion. Hence,
the population center distance was
added as a site requirement when it was
found for several projects evaluated that
the specification of such a distance re-
quirement would approximately fulfill
the desired objectives and reflect a more
accurate guide to current siting prac-
tices. In an effort to develop more
specific guidance on the total man-dose
concept, the Commission intends to give
further study to the subject. Mean-
while, in some cases where very large
cities are involved, the population center
distance may have to be greater than
those suggested by these guides.

A number of comments received
pointed out that AEC siting factors
included considerations of population
distributions and land use surrounding
proposed sites but did not indicate how
future population growth might affect
sites initially approved. To the extent
possible, AEC review of the land use
surrounding & proposed site includes

considerations of potential residential
growth. The guides tend toward requir-
ing sufficient isolation to preclude any
immediate problem. In the meantime,
operating experience that will be ac-
quired from plants already licensed to
operate should provide a more definitive
basis for weighing the effectiveness of
engineered safeguards versus plant iso-
lation as a public safeguard.

These criteria are based upon a
weighing of factors characteristic of
conditions in the United States and may
not represent the most appropriate pro-
cedure nor optimum emphasis on the
various interdependent factors involved
in selection of sites for reactors in other
countries where npational needs, re-
sources, policies and other factors may
bte greatly different.

Sec.
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AvTRORITY: §§ 100.1 to 100.11 issued under
sec. 103, 68 Stat. 938, sec. 104, 68 Stat. 937,
sec. 161, 68 Stat. 948, sec. 182, 68 Stat. 953;
42 U.S.C. 2133, 2134, 2201, 2232

Source: §§ 100.1 to 100.11 appear at 27
F.R. 3509, Apr. 12, 1962,

§ 100.1 Purpose. (a) It is the pur-
pose of this part to describe criteria
which guide the Commission in its
evaluation of the suitability of proposed
sites for stationary power and testing
reactors subject to Part 50 of this
chapter.

(b) Insuficient experience has been
accumulated to permit the writing of de-
tailed standards that would provide a
quantitative correlation of all factors
significant to the question of accepta-
bility of reactor sites. This part is in-
tended as an interim guide to identify
a number of factors considered by the
Commission in the evaluation of reactor
sites and the general criteria used at
this time as guides in approving or dis-
approving proposed sites. Any appli-
cant who believes that factors other than
those set forth in the guide should be
considered by the Commission will be
expected to demonstrate the applica-
bility and significance of such factors.

§ 100.2 Scope. (a) This part applies
to applications filed under Part 50 and
115 of this chapter for stationary power
and testing reactors.

{b) The site criteria contained in this
part apply primarily to reactors of a

§ 100.2 160-1
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general type and design on which ex-
pertence has been developed, but can also
be applied to other reactor types. In
" particular, for reactors that are novel
in design and unproven as prototypes
or pilot plants, it is expected that these
basic criteria will be applied in a man-
ner that takes into account the lack
of experience. In the application of
these criteria which are deliberately flex-
ible, the safeguards provided—either
site isolation or engineered features—
should reflect the lack of certainty that
" only experience can provide.

§100.3 Definitions. As used in this
part:

(a) “Exclusion area’” means that area
surrounding the reactor, in which the
reactor licensee has the authority to de-
termine all activities including exclusion
or removal of personnel and property
from the area. This area may be trav-
ersed by a highway, railroad, or water-
way, provided these are not so close to
the facility as to interfere with normal
operations of the facility and provided
appropriate and effective arrangements
are made to control traffic on the high-
way, railroad, or waterway, in case of
emergency, to protect the public health
and safety. Residence within the ex-
clusion area shall normally be pro-
hibited. In any event, residents shall be
subject to ready removal in case of ne-
cessity. Activities unrelated to operation
of the reactor may be permitted in an
exclusion area under appropriate limita-
tions, provided that no significant haz-
ards to the public health and safety will
result.

(b) “Low population zone” means the
area immediately surrounding the ex-
clusion area which contains residents,
the total number and density of which
are such that there is a reasonable prob-
ability that appropriate protective
measures could be taken in their behalf
in the event of a serious accident. These
guides do not specify a permissible pop-
ulation density or total population with-
in this zone because the situation may
vary {from case to case. Whether a spe-
cific number of people can, for example,
be evacuated from a specific area, or
instructed to take shelter, on a timely
basis will depend on many factors such
. as location, number ard size of high-
ways, scope and extent of advance plan-
ning, and actual distribution of residents
within the area.

(c) “Population center distance”

means the distance from the reactor to-

the nearest boundary of a densely popu-
lated center containing more than about
25,000 residents.

(d) “Power reactor” means a nuclear
reactor of a type described in § 50.21(b)
or 50.22 of this chapter designed to pro-
duce electrical or heat energy.

(e) “Testing reactor” means a “test-

ing facility”” as defined in § 50.2 of this
chapter.

SiTE EVALUATION FACTORS

$100.10 Factors to bde considered
: when rraluating sites. Factors coa-
udered 10 the evaluation of sites include
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those relating both to the proposed re-
actor design and the characteristics
peculiar to the site. It is expected
that reactors will reflect through their
desizn, construction and operation an
extremely low probability for accidents
that could result in release of sig-
nificant quantities of radioactive fission
products. In addition, the site location
and the engineered features included as
safeguards against the hazardous conse-
quences of an accident, should one occur,
should insure a low risk of public ex-
posure. In particular, the Commission
will take the following factors into con-
sideration in determining the accepta-
bility of a site for a power or testing
reactor:

(a) Characteristics of reactor design
and proposed operation including:

(1) Intended use of the reactor includ-
ing the proposed maximum power level
and the nature and inventory of con-
tained radioactive materials;

(2) The extent to which generally
accepted engineering standards are ap-
plied to the design of the reactor;

(3) The extent to which the reactor
incorporates unique or unusual features
having a significant bearing on the
probability or consequences of accidental
release of radioactive materials;

(4) The safety features that are to be
engineered into the facility and those
barriers that must be breached as a re-
sult of an accident before a release of
radioactive material to the environment
can occur.

(b) Population density and use char-
acteristics of the site environs, including
the exclusion area, low population zone,
and population center distance.

(c) Physical characteristics of the
site, including seismology, meteorology,
geology and hydrology.

(1) The design for the facility should
conform to accepted building codes or
standards for areas having equivalent
earthquake histories. No facility should
be located closer than one-fourth mile
from the surface location of a known
active earthquake fault.

(2) Meteorological conditions at the
site and in the surrounding area should
be considered.

(3) Geological and hydrological char-
acteristics of the proposed site may have
a bearing on the consequences of an
escape of radioactive material from the
facility. Special precautions should be
planned if a reactor is to be located at
a site where a significant quantity of
radioactive effluent might accidentally
flow into nearby streams or rivers or
might find ready access 0 underground
water tables.

(d) Where unfavorable physical char-
acteristics of the site exist, the proposed
site may nevertheless be found to be
acceptable if the design of the facility
includes appropriate and adequate com-
pensating engineering safeguards.

§$100.11 Determination of exclusion
area, low population zone, and popula-
tion center distance. (a) As an aid in
evaluating a proposed site, an applicant

should assume a fission produce release *
from the core, the expected demonstra-
ble leak rate from the containment and
the meteorological conditions pertinent
to his site to derive an exclusion area, a
low population zone and population cen-
ter distance. For the purpose of this
analysis, which shall set forth the basis
for the numerical values used, the appli-
cant should determine the following:

(1) An exclusion area of such size that
an individual located at any point on its
boundary for two hours immediately
following onset of the postulated fission
product release would not receive a total
radiation dose to the whole body in ex-
cess of 25 rem ? or a total radiation dose
in excess of 300 rem ? to the thyroid from
iodine exposure.

(2) A low population zone of such size
that an individual located at any point
on its outer boundary who is exposed to
the radioactive cloud resulting from the
postulated fission product release (dur-
ing the entire period of its passage)
would not receive a total radiation dose
to the whole body in excess of 25 rem or
a total radiation dose in excess of 300
rem to the thyroid from iodine exposure.

(3) A population center distance of at
least one and one-third times the dis-
tance from the reactor to the outer
boundary of the low population zone.
In applying this guide, due consideration
should be given to the population dis-
tribution within the population center.

Where very large cities are involved, a
greater distance may be necessary be-
cause of total integrated population dose
consideration.

(b) Fer sites for multiple reactor fa-
cilities consideration should be given to
the following:

(1) If the reactors are independent to
the extent that an accident in one reac-
tor would not initiate an accident in an-
other, the size of the exclusion area, low
population zone and population center
distance shall be fulfiiled with respect

1The fission product release assumed for
these calculations should be based upon a
major accideat, hypothesized for purposes of
site analysis or postulated from consid