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A REVIEW OF LIGHT-WATER REACTOR SAFETY STUDIES

ABSTRACT

This report summarizes and compares important studies of light-water
nuclear reactor safety, emphasizing the Nuclear Regulatory Commission’s
Reactor Safety Study, work on risk assessment funded by the Electric Power
Research Institute, and the Report of the American Physical Society study
group on light-water reactor safety. These reports treat rigsk assessment
for nuclear power plants and provide an introduction to the basic issues
in reactor safety and the needs of the reactor safety research program.
Farlier studies are treated more briefly. The report includes comments on
the Reactor Safety Study. The manner in which these studies may be used
and alterations which would increase their utility are discussed.
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i. INTRODUCTION

Nuclear power constitutes one of the most importani energy sources
available to us in the near future. However, dependence on nuclear power re-
quires the handling of substantial amounts of material that is substantially
different from the materials employed in other energy technologies: much of
the material of nuclear power can decay radiocactively. Examination of the
potential for this material to have significant impacts on the public health
is important, both because of the quantity of radioactive material handled in
a nuclear power system and because of the availability - in certain instances
- of large amounts of energy to initiate a release of radioactivity or to aid
itg dispersal.

A complete commercial nuclear power system comnsists not only of reactor
power stations, but also of support facilities, in particular those which pro-
duce the fuel for insertion into the reactors and those which handle or pro-
cess the fuel after removal from the reactor. Insofar as impacts on the pub-
iic health are concerned, each type of facility may be characterized by its
routine radiocactive emissions and by its potential for large accidental re-
leases. Both routine and accldental potentials have received a substantial

amount of attention. Tt is the potential for accidental release that is the

focus of the present discussion. Of the nuclear facilities which are now prev-
alent, power reactors themselves have drawn most attention as potential sites
for accidental releases. This is natural, not only because of the concentra-
tion of radiocactivity at the reactor sites, but because of the availability of
large amounts of energy in reactors and associated equipment. The reaetor*
makes energy available for production of electricity, and this same energy may
become involved in a radioactive release. However, it is understood that phys-

ical laws do not allow the energy to become available for a cataclysmic instan-

taneous release characteristic of a bomb.

7%

Note that, for the sake of precision, we have distinguished the reactor, the
device which produces thermal energy, from the nuclear power plant, which
has electrical energy as 1ts output.



A number of important studies of the safety aspects (actually, the po-
tential risk) of nuclear reactor power plants have been performed. The pur-
pose of this report is to discuss those studies. The studies of particular
interest are those which deal with light-water reactor (LWR) power plants,
either of the pressurized-water reactor (PWR) or boiling-water reactor {(BWR)
variety. These are the types of power plants that are presently being oper-
ated or constructed in the United States for the commercial generation of
electric power. Other types of reactors are used elsewhere, and a variety of
types, such as the liquid-metal fast breeder reactor, are under development
or investigation. (See Ref. 1 for a description of some of the more impor—-
tant reactor types.) Because of the prevalence of light-water reactors in
this country, most studies of overall nuclear veactor safety have focussed on
this type, and it is these studies which are discussed in this report.

The rate of construction of LWR power plants has a direct bearing on the
overall public risk from the nuclear power system. As of June 30, 1976, a
total of 60 nuclear power plants, with a total generating capacity of 41,000
megawatts, were authorized to operate in the United States, representing 8%
of total installed electrical capacity. An additional 178 (with 196,000
megawatts capacity) were under construction, on order, or plannedoz Further,
it is anticipated that additional light-water reactors will be built, contrib-
uting to a total light-water reactor generating capacity of up to 800,000

3 (A gigawatt, which equals 1000

megawatis or 800 gigawatts*by the vear 2000.
megawatts, is a natural unit of generating capacity, since the nuclear power
plants currently being ordered have approximately one gigawatt of electrical
output). The total public risk is related to the number of LWRs built. How-
ever, the relationship may not be simple since LWRs designed in the future
may have features which differ significantly, from a safety point of view,
from the reactors currently operating. Reactor safety studies have empha-
sized reactors with features similar to those presently operating or being
built, and their results may not be directly applicable to future LWRs. How-
ever, these studies have some value with respect to future reactors, since

many of the systems will be similar to those of current reactors and, further-

more, the methodologies used in these studies may be applicable to new designs.

5,

9%
Our examination of reactor safety studies does not treat the questlon of
whether this number of reactors can or should be built.
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Reactor safety studies may have two basic purposes, closely related.
The first is to assess the risk presented to the public by reactors as pres-
ently designed and operated. Assessment of this risk may be used in two dif~
ferent fashions; one is to understand the overall risk that the nuclear power
system presents to the entire society and another is to point out the risks
imposed on the population near to a specific power plant. For example, risk
assessment may be applied in the process of making overall decisions on the
development of nuclear power. On the other hand, risk assessment may be ap-
plied in choosing a site for a particular power plant. These uses may be re-
lated, respectively, to the overall acceptability of nuclear power to society
and to the acceptability of a particular plant to the population which would
surround that plant.

The second basic purpose of reactor safety studies, sometimes inextric-
able from the first, is to point out those areas of reactor design or oper-
ation where improvements could significantly decrease the risk posed by nu~
clear power plants. Examination of the safety aspects of a particular reac-
tor or reactors in general can be part of the design or licensing process.
Such examination routinely takes place in these processes, but there are, in
addition, cases of independent studies of the overall safety of nuclear reac-
tors. These studies can examine safelty systems or safety research programs
for their effectiveness or they can systematically examine the contribution
of failure modes to the impact of nuclear power on the public. Either type
of study (and it is sometimes hard to distinguish the two) can be used as a
basis for improvements in nuclear power plants.

It is also worth notingathat the same approach and specific techniques
that are used in studies of the safety of nuclear reactors may be applied to
other types of facilities. These include the other facilities in the nuclear
fuel cycle, examples of which are fuel fabrication plants, fuel reprocessing
plants, and waste disposal facilities, and also facilities for other types of
energy production. However, most attention has been directed to the specific
case of nuclear power plants and we will restrict our attention to this case.

A further specification must be made. It is not our intention to dis~
cuss studies which have been almed at very narrow aspects of reactor systems
or studies of the safety of particular reactors. Thus, for example, we do

not discuss studies of corrosion of steam generator tubes or design of neutron



flux measurement instrumentation. Further, we do not discuss the safety anal-
yvsis reports presented in support of license applications for specific nuclear
power plants. TInstead, we concentrate on studies intended to treat generical-
ly the overall safety of light-water reactor power plants. These studies are

not large in number, unless one includes the innumerable comments on the pri-

mary studies, but the few existing studies treat many of the important aspects
of the safety of nuclear reactors.

For the most part, studies of overall nuclear reactor safety have been
prompted by the need for information in the public arena on the risk presented
by nuclear power. Recently, studies have tended to examine, in addition, steps
to be taken to reduce this risk through improvements in the design and oper~
ation of power plants. Keeping in mind that risk assegsment and risk reduc-
tion are the two purposes of reactor safety studies, we can still distinguish
various studies by their approaches to these questions. Some distinguishable
approaches are:

1. Some version of a possible or "maximum possible" accident may be
examined. This would postulate the release of some fraction of the radio-
nuclide inventory of a nuclear power plant, then make some assumptions about
population distributions and radionuclide transport and about the effect of
exposures to radiation. These assumptions may be combined to yield some
selection of ¢ near-term deaths or iliness, long-term deaths, illness, or ge~-
netic effects, and property damage.,

2. Instead of adopting the "postulated"” accident approach above, a
study may attempt to examine on some basic mechanistic grounds the probabil-
ity and effects of various types of accidents, thereby actually assessing the
risk in terms of the same categories as just mentioned: deaths, i1llness, and
80 on. A useful examination of the risk from nuclear power based on this ap-
proach requires a much more detailed understanding of the design and oper-
ation of nuclear power plants and of the physical processes of release and
transport than is needed in a postulated accident approach.

3. A study may examine the safety systems and procedures associated
with nuclear power plants with the intention of suggesting steps to be taken
to reduce the overall risk from such power plants. Such suggestions may re-
fer either to proposed reactor safety research programs or to possible
changes in systems or procedures in plants now being planned. The examination

of safety systems and procedures may rely on qualitative "engineering judgment"”
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or may involve a detailed methodology yielding quantitative results. It is
often difficult, in any given study, to separate this process of searching

for possibilities for risk reduction from the general process of risk assess-

ment, emphasized in the two approaches above.

A common feature of all such studies of reactor safety is that they are
predictive, rather than retrospective. We have had no experience with large
accidental releases of radioactivity. TFurthermore, by comparison with what
the future appears to hold, our experience with the routine operation of com—
mercial nuclear power plants is not large. All our experience of about three
hundred years of large reactor operation will be equalled on an average yearly
basis toward the end of this century, according to many projections.

Until recently, a study performed 20 years ago for the Atomic Energy
Commission (AEC) by Brookhaven National Laboratory stood as the primary basis
for our understanding of the potential risk associated with the operation of
nuclear power plants. Because this study, entitled "Theoretical Possibilities
and Consequences of Major Accidents in Large Nuclear Plants' (AEC Report,
WASHw7l+O)94 adopted approach 1 above, it did not attempt to assess the overall
risk from such power plants. Rather, it dealt with the consequences of postu-
lated accidental releases of radioactivity. More recent studies have dealt
with the detailed questions implicit in the second and third approaches above,
and these are the studies emphasized in this report. Specifically, several
important studies or groups of studies have been performed, to some extent
concurrently, since 1972, Their results have been published within the last
two years. The studies emphasized in this report are:

1. The Reactor Safety Study95 performed under the direction of Prof.
Norman C. Rasmussen for the Atomic Energy Commission and the Nuclear Regula-
tory Commission. Also referred to by its AEC report number, WASH~1400, this
report attempts to assess the overall risk presented by the first 100 nuclear
reactors constructed, by a detailed examination of possible accident sequences
and their corresponding probabilities and consequences. As such, this study
uses the second approach described above.

2. Studies on probabilistic analysis funded by the Electric Power
Research Institute and performed by Science Applications, Inceé To a large
extent, these studies do not stand as an independent assessment of the over-
all risk from nuclear power plants, but rather extend the methodologies util-

ized in WASH-1400.



3. The Report to the American Physical Society by the Study Group on
Light-Water Reactor Safetye7 This study took a broader approach to examining
accident causes and consequences, but did not use the probabilistic methods of
WASH~1400; it also examined the light-water reactor safety research program
and made recommendations aimed at reducing the risks associated with LWR
power plants. The APS report also comments on certain aspects of the 1974
draft of WASH-1400,

These studies constitute an important contribution to our understanding
of the risks from nuclear power and represent some basis, although incomplete,
for societal decisions on nuclear power, whether on the broad question of the
extent of development of nuclear power or on narrower question of how to make
improvements in the safety of nuclear reactors. Section 2, the bulk of the
present report, is devoted to an examination of these studies. Other studies
which have been performed and the studies which are now being pursued are dis~
cussed in Section 3. Comments on the three above studies are also included in
this section., Section 4 treats the question of how such studies may be used
in judging or improving the safety of nuclear reactors.

Before beginning our discussion of specific studies of reactor safety,
it is worth commenting briefly on the general safety design of reactor power
plants, at least to the extent of mentioning the primary safety systems. The
first action taken in vesponse to an abnormality is to shut down the nuclear
chain veaction by insertion of a set of control rods. One means of regulating
the power level of a reactor during operation is to use such rods, which
contain neutron absorbers and are used to rob the chain reaction of enough
neutrons to maintain the reaction rate, and hence the energy production rate,
at the desired level. A special set of fast-acting shutdown control rods is
present to shut down the reactor under emergency conditions. Insertion of
these control rods does not guarantee that all is secure, because even after
shutdown of the chain reaction a substantial amount of heat is produced in the
reactor core, primarily as a result of decay of radioactive species produced
during the course of the chain reaction. Because of this continuing generation
of heat, cooling of the fuel assemblies must be continued to prevent melting
of the fuel and subsequent release of radioactivity from the reactor vessel.
Under ordinary conditions, the same cooling systems that are used for heat re-
moval during operation of the reactor could be used for cooling subsequent to

shutdown, but additionmal systems exist to assure availability of cooling.



e

I F
LA N

The emergency core cooling system (ECCS) is such g system and is one of the

Yengineered safety features"™

designed to prevent or mitigate . releases of
radioactivity. Other engineered safety features are, for example, contain-
ment sprays and heat removal systems (designed to remove, vespectively, radio-
activity and heat from the contaloment atmosphere) and the contalmment itself,
either primary or secondary (designed to isolate the reactor system from the
general environment).

Once an event occurs to initiate a possible accident sequence, these
features are designed to prevent core melting or, should that occur, to limit
the release of any radioactivity. Any quantitative analysis of release prob-
abilities must take into account the probable success or faillure of these sys-
tems, as well as the probability of the initiating event itself., Moreover,
more general approaches to the question of reactor safety, even if qualitative
rather than quantitative, often address the question through an examination
of the engineered safety features' design adequacy and operational reliability.
More detailed descriptions of reactor systems and safety systems are contained
in references 1, 5, and 7 and, additionally, in safety analysis reports sub-
mitted in support of licensing applications.

Two concepts deserve special mention before proceeding. The first, that
of a "common mode" failure, refers to multiple systems failure resulting from
a single more fundamental (either component or human) failure. Such events
may circumvent any redundancy incorporated into the safety systems design.

The second notion to be mentioned is the possibility of alternative points

of view in modeling reactor-related phenomena. A "realistic" model would use
the best available information to arrive at a result which vepresents the
physical situation as well as possible. However, where large uncertainties
exist, it is often prudent to make 'conservative" assumptions, which take a pes-
simistic viewat points of uncertalnty, in anattempt to assure that the results
err in such a way as to protect the reactor and the public. This distinction is

particularly important for the models used to evaluate ECCS performance.

kThe "engineered" safety features, which are added onto the basic reactor
concept, are to be distinguished from "intrinsic" safety features which are
characteristic of the basic concept itself. An example of the latter i1s the
fact that, should cooling water be lost from the reactor vessel in a light-
water reactor, the chain reaction would be shut down because water was no
longer available to moderate neutrons to energies where they have a high
probability of causing fission.
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2. STUDIES EXAMINED IN DETAIL

2.1 The Reactor Safety Study, WASH-1400

2,1.1 General Background and Objective

Prior to 1970, no study of the safety of light-water reactors had at~
tempted to perform a quantitative analysis of the probability of accidents
and the size of releases. Since such an analysis is the fivrst step in a
quantitative assessment of the overall risk from nuclear reactors, it is fair
to say that no such assessment had been performed by the beginning of this
decade. However, there had been substantial interest in such an assessment,
largely because of the growing public awareness of the possibility of large
accidental releases of radiocactivity. Moreover, because of developments in
recent years in the areas of decision analysis and reliability analysis, it
appeared that techniques were available to attempt a quantitative assessment
of the visk from nuclear power.

As a result, the Atomic Energy Commission began a study, under the di~
rectlon of Norman €. Rasmussen, Professor of Nuclear Engineering at Massachu-
setts Institute of Technology, whose main purpose was to attempt such a quan-
titative assessment, using these new techniques. Although there was some
lack of confidence in the reliability of these techniques for analysis of low
probability events, it was felt that their applicability should be tried. The
study began in 1972, lasted 3 years, and expended approximately $4 million,
making it the most substantial study of overall reactor safety to date. The
study was designed to examine the risk from the current generation of light-
water reactor power plants. It chose an existing PWR (Survy 1, 778 MWe* out-
put capacity) and an existing BWR (Peach Bottom 2, 1065 MWe*) as sources for
the detailed engineering information necessary for the quantitative evaluation
of accident probabilities and release sizes. Sets of meteoreological condi-
tions and population distributions typifying 68 reactor sites (at which the
first 100 reactors were being operated or constructed) were then used in the

calculation of population exposures (resulting in a spectrum of death and

%
These were the largest reactors of their types, about to begin operation as

the study commenced.
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disease effects) and property contamination (resulting in loss of value).

More details are given below. The important point to be made here is that the
study was intended to make a realistic estimate, based on actual physical and
engineering understanding, of the risks to the public from accidents in nu~
clear power plants of the type now in use, which are based on pressurized-
water reactors (PWRg) and boiling-water reactors (BWRs). The study then went
on to compare these risks with those presented by other accidents, either man-
made or natural. This attempt at a realistic estimate distinguishes this
study from previous analyses, such as that of WASHm74092 which attempted to
make a conservative estimate by postulating releases and calculating thelr ef-
fects in a rather simple manner.

A draft report on the study was issued in August 1974, and the final re-
port (WASH-1400) was issued in October 1975. 1In each case, the documentation
consisted of a main report, supported by ten appendices documenting in detail
the technical work of the study. A very short and, to some extent, simplistic
Yexecutive summary' was added in each case. The final report added an elev-
venth appendix discussing the comments whichwere received on the draft report

and the extent to which the finalreport responded to these comments. See Table 2-1.

2.1.2 Summary of Methodology and Results of WASH-1400

The approach employed in WASH~1400 is based on a straightforward under—
standing of the concept of risk. That is, possible accident sequences must
be identified, and the probability of occurrence and list of consequences as-

sociated with each possible sequence must be calculated. The probabilities

may be combined with the consequences to obtain the total risk associated with

one or many nuclear power plants.

The original intention of the study was to adapt reliability techniques,
based on "fault tree" analysis, to find the probability of failure of reactor
safety systems. It was found that developments in this area alone could not
satisfactorily treat the complex sequences possible in reactor safety analysis,
and that it was first necessary to apply a systematic methodology simply to
identify the possible sequences. The latter methodology, previously applied
largely in the area of decision analysis, develops Yevent trees’ to identify

the accident sequences which may result f£rom initiating events known to be

possible. The combination of event trees and fault trees could then be used
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TABLE 2-1 WASH-1400 APPENDICES - with the models for predicting the
results of this dispcrsion in terms
of fatalities, injuries, long term
. . : o ffects rt € 1IN
Appendix I-Accident Definition and Use hcal%hﬁ iifcc %, and property damagye
P e e e See Chapter 5.
of Lvent Trecs.

This appendix contains a description
of event tree methodology as used in
the study and its role as the princi-
pal tool in defining complex accident
sequences, It also contains a dis-
cussion of the potential accidents
explored in the study and presents
the event trees used., See Chapter 3.

‘Appendix VII-Release of Radiocactivity in .
Reactor Accidents.

The factors affecting the magnitude
of the release of radiocactivity from
fuel wunder various conditions deter—
mined by the accident sequences are
presented, as -are the transport and
removal mechanisms that affect the
releases of radiocactivity from the
Appendix II-Fault Trees. facility. See Chapter 5.

Methodologies wused in constructing
and quantitatively assessing fault
trees are presented along with the
results o©f the guantificaticn of the
fault trees used in this study. In=-
dividual reports describing the fault
tree evaluation of the plant systems

Appendix VIII-Physical Processes in Re-
actor Meltdown Accidents.

The various engineered safety feature
interactions as defined by the acci=-
dent sequences are described, In-

analyzed are also presented. See cluded are predictions of core and
Chapter 4. containment  behavior, along with
times of fuel melting, times and
. ) L. . modes of containment failure, and the
Appendix 1TI-Failure Data. interactions\of molten fuel and clad-
This appendix contains a compendium déng with W?tjf and concrete. See
of data sources and data used in the Chapters 3 and 4.
guantitative evaluation of fault
trees and event trees. See Chapter Appendix IX~-Safety Design Rationale for
4, Nuclear Power vlants.
A discussion of the safety design
Appendix IV-Common Mode Failures. rationale currently used for pressur-
ized and boiling water reactors is
The techniques used in the study to presented. It includes a discussion
analyze the possible contributions of of the barriers to the release of ra-
corwon mode failures to overall risk diocactivity and their design bases, a
assessment are summarized. See Chap-~ discussion of potential accident ini-
ter 4, tiators in nuclear power plants, and

the features provided to mitigate the
effects of these accident initiators.

Appendix V-Quantitative Results of Acci-~
dent Scquences,

Appendix X-Safety Design Adequacy of Nu=

The probabilities of occurrence com- clear Power Plants.

bined withh the radicactive releases .

for the accidents defined in Appendix A study of the extent to which safety
I are presented. Also included is design requirements in regard to
the ordering of accident sequences to selsmic  and accident environments
identify those seyuences that are the have been fulfilled in the actual
major contributors to the various engineering design of the plants.
sizes of releases. See Chapler 5. See Chapter 5.

Appendix Vi-Calculations of Reactor Ac- Appendix XI-Analysis of Comments on the

onsequences, Draft WASH-1400 Report,
The noedel used for predicting the This appendix contains a discussion
disporsion of radioactivity in  the of the comments received as a result
environiuent is presented, together of the draft report.

*This listing is taken from the main report of WASH-1400, and the chapters referred
to are in the maln report.
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to calculate the probability of occurrence of the identified accident sequences,
Additional information tobe associated with the various accident sequences isthe
quantity and mode of radioactive release. In WASH-1400, what is referred to as
task 1 includes the identification of accident sequences, calculation of their
probabilities, and association of an appropriate release mode with each. This

task required a preponderance of thgﬁﬁ?udy°s effort.

- The second task was to calculate the consequences of each release mode.
The primary elements required in this task were a meteorological model to sim-
ulate dispersion, meteorological data to supply the model, population distribu-
tions around nuclear power plants, a model for calculating exposures, and one
tor calculating resulting effects on health and property. The output from this
task was a set of consequences to be associated with each release mode.

The final task was to combine the results from the first two tasks, i.e.,
the probability associated with each accident type and the consequences of each
type, to obtain the overall risk from nuclear power plants. The study then
went on to compare these risks with other risks to which we are subject.

The manner in which the study performed these tasks is discussed below.

2.1.2.1 Accident Sequence Identification and Calculation of Associated
Probabilities and Release Quantities

Identification of possible accident sequences generally proceeded as

follows:

1. The location and sizes of all sources of radioactivity in the power
plant were determined.

2. The ways in which overheating of the fuel could occur were examined
in order to identify events which could initiate sequences leading to such
overheating and safety systems which would tend to prevent or limit these
sequences.,

3. Event trees were constructed to lay out methodically the possible
sequences of events; for those sequences which led to releases, the mode of

releagse was identified.

The first step revealed, not surprisingly, that the bulk of the radio-
activity in the plant is in the core and the spent fuel storage pool. Typical
distributions are shown in Table 2-2. It is interesting to note that the
table distinguishes the radioactivity stored in the fuel-cladding gap from

that in the fuel itself, a useful distinction since the gap radiocactivity is
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TABLE 2-2 (Table 3-1 of WASH-1400)

TABLE 3-1 TYPICAL RADIOACTIVITY INVENTORY FOR A 1000 MWe NUCLEAR POWER REACTOR
Total Inventory (Curies) Fraction of Core Inventory
Location Fuel Gap Total Fuel Gap Total

core(®) 8.0 x 107 1.4 x20% 8.1 x10° 9.8 x 107l 1.g x 10-2 1
Spent Fuel
Storage Pool = - B
(Max.) (5] 13210 1.3 x 107 1.3 %107 1.6 x 1071 1.6 o 107% 1.6 x 1070
Spent Fuel
Storage Pool _ _ _
lavg.) (€} 3.6 x 10° 3.8 x20% 3.6 x 108 4.5 x 1072 4.g x 1070 4.5 x 1072

. . {(d} 7 5 7 -3 -5 =3
Shipping Cask 2.2 » 10 1 x 10 2.2 x 10 2.7 x 10 x 10 2.7 x 10
Refueling +¢) 2.2 x 107 x10° 2.2 x 107 2.7 x 1070 2.5 x 1075 2.7 4 1073
Waste Gas 4 =5
Storage Tank - ~ 9.3 % 10 - - 1.2 x 10
Liquid Waste 1 -8
Storage Tank - - 9.5 x 10 - = 1.2 x 10

ta}
{b)

(c)

Core inventory based on activity 1/2 hour after shutdown.

Inventory of 2/3 core loading;
150 day decay.

Inventory of 1/2 core loading;
60 day decay.

Inventory based on 7 PWR or 17

1/3 core with three day decay and 1/3 core with

1/6 core with 150 day decay and 1/3 core with

BWR fuel assemblies with 150 day decay.
Inventory for one fuel assembly with three day decay.
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more easily released and, in some cases, is the primary release (for example,
in cases with no core melting). Based on the observed distribution of radio-
activity in the plant, the study concluded that the most serious public conse-
quences would arise from melting of fuel in the core or the storage pool. The
study later goes on to show that accidents involving the storage pool do not
contribute noticeably to the total risk from the plant. For this reason, al-
though the methodology discussed here is applicable to such accidents, the
rest of our discussion will be directed at the reactor system itself.

Under normal operating conditions, a balance is achieved between produc-
tion of heat in the fuel and removal of heat by the coolant. Fuel overheating
therefore occurs if the capacity of the heat removal system decreases below
that required by the circumstances or if the heat production rate increases
above the normal rate enough to exceed the available heat removal capacity.
Although the distinction between these conditions is not unambiguous, it leads
to two general categories of conditions which may lead to cove melting and/or

radioactive release. The first is the loss-of-coolant accident (LOCA), in

which - due to a break in the reactor cooling system - the rate of loss of the
cooling water is so great that the system inventory cannot be maintained by
the makeup system. The second category is that of transients, which decrease
the heat removal rate of the cooling system below the heat production rate or
which cause the reactor power to increase beyond the heat removal rate.
(Strictly speaking, the decreases in removal rate include LOCAs.) Transients
and the events which cause LOCA are the events which initiate accident se~
quences. Identification of these initiating events is an obviocusly important
part of accident analysis.

The specific LOCA initiating events analyzed in the study were:

1. Large pipe breaks (6" to approximately 3 feet equivalent

diameter)

2. Small to intermediate pipe breaks (2" to 6" equivalent diameter)

3, Small pipe breaks (1/2" to 2" equivalent diameter)

4, Large disruptive reactor vessel ruptures

5. Gross steam generator ruptures

6. Ruptures between systems that interface with the reactor

coolant system
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The term reactor "transient" applies to any significant deviation from
normal operating values of the Important operational parameters of the reactor.
Such transients may arise from operator error or equipment failure. Transients
which extend parameters beyond the operating range of the reactor control sys-
tem will cause shutdown of the reactor. TFrom the point of view of safety anal-
ysis, the transient itself, or the subsequent shutdown (trip) and decay heat
removal systems, are of interest to the extent that they can contribute to in-
creases in core power, decreases in coolant flow, or increases in reactor cool-
ant system pressure. Such changes can lead to damage to the fuel or to the
primary coolant system boundary, and the analyses of the study emphasized tran-
sients which could lead to such damage.

Potential transients were categorized as either anticipated (likely) or
unanticipated (unlikely). Most transients fall into the first category, and
power plants experience about 10 such occcurrences each vear (including some
plammed shutdowns). The relatively low probability (unanticipated) transients
were eliminated from detailed consideration since thelr contribution to the
overall risk was small by comparison with higher probability anticipated tran-
sients with similar consequences. 1In a similar way, the class of anticipated
transients was reduced, for assessment purposes, to those involving loss of
offsite power and loss of plant heat removal systems.

These transients and the LOCA initiating events listed above served as
starting points for event trees used to identify accident sequences. Each
branch point in the tree corresponds to an applicable engineered safety fea-

ture or function which is assumed either to operate successfully or to fail,

ki
thereby allowing only dual branches. Incorporating into the tree all safety

systems which pertain to the dnitiating event defines a tree which dincludes all
the accident sequences which may follow that event. For each of the tree end-
points corrvesgponding to failure, the failure mode implied by that accident se-

quence was ddentified,

*
Evaluation of probabilities on the basis of event trees in which only dual

branch points are permitted depends on knowledge of probabilitles of system
success or system failure. In many systems this requires determination of
the fraction of (typically redundant) equipment which must be operable to as-
sure successful function of the system. Where failure of the system contrib-
uted in an important way to the risk, further analysis was performed to re-
move unwarranted conservatism,
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These event trees can not, of course, be developed without identifying
the safety systems which may be called into action in the course of each ac—
cident. For example, during a pipe-break-(PB)-initiated LOCA leading to fail-
ure, the engineered safety systems would be called on to perform the following
functions:

1. Reactor trip (RT) or shutdown to stop the nuclear chain reaction

2. Emergency core cooling (ECC) to remove decay heat from the core,

preventing fuel melting

3. Post accident radiocactivity removal (PARR) to remove any released

radiocactivity from the containment atmosphere

4, Post accident heat removal (PAHR) to remove decay heat from

within the contaimment, preventing containment overpressure
3. Contaimment integrity (CI) to prevent radiocactivity within the

containment from escaping into the atmosphere.

In certain cases, branch points in the event tree may be associated, not
only with explicit safety systems, but also with other systems, such as the
plant electrical systems. However, this does not affect the manner of con-
gtruction of the trees, an example of which is given in Figure 2-1. In gen-
eral, if the number of systems which may be called on after the initiating
event is N, then the total number of accident sequences which that event may
initiate is 2 to the Nth power (ZN)s and these will all be visible on the
event tree. However, because of interdependence between some of the systems
and because of certain simplifying assumptions, the number of branches in the
tree may be reduced, as shown in the figure. For example, failure of electri-
cal power implies failure of other systems, thereby requiring that the se~
quence end in failure. Likewise, failure of the FCC systems leads to core
melting. (Core melt is always assumed to lead to failure of the contailnment.
Moreover, another simplification which should be mentioned is that any fuel
melting is assumed to imply complete melting of the core.)

Identification of initiating events and of the reactor systems which may
be called into action as a result of these events was the second step listed
at the beginning of this section. The third step was the construction of the
event trees used to define the accident sequences. Completion of the third
step required identification of the containment failure modes for these acci-
dent sequences leading to failure. Because there were often many factors af-—

fecting the failure mode, this identification proceeded by developing contain-
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ment event trees, actually extensions of the event trees just described.

Once event trees were developed, quantitative assessment of accident
probabilities and release modes could take place. Referring again to Fig. 2~
associated with each initiating event and each safety system is a probability
of occurrence and failure. As indicated in the figure, if these individual
probabilities are known, then probabilities for each end point of the tree may
be calculated. TFurther, for a sequence ending in failure, the detailed se-
quence, including the containment event tree, may be used to determine the
magnitude and time sequence of the corresponding radioactive reléasee Thus it
was within the framework of these event trees that quantitative determination
of the probability and magnitude of radiocactive releases took place.

Calculation of accident probabilities required the probabilities asso-

ciated with dnitiating events and safety systems. The first were based on
available failure rate data, but most of the system failure rate probabilities
were determined with fault tree techniques, since these are suited to the anal-
ysis of complex systems. In a sense, a fault tree is constructed in a fashion
that ig the reverse of the event tree construction process. For a fault tree,
one asks how the system of interest can fail when a demand is made that it
operate. Based on knowledge of the particular system, the fault tree analyst
may identify several possible failures which may lead to a system fallure.

Depending on whether these failures can independently cause system failure or

whether some combination of them is required, they are conmected to "system
failure" by a logical "OR" or a logical "AND'", respectively. Each of these
failures, in turn, may arise from a number of causes. This process continues
down to the level where failure rate data is available TIn developing the
trees, consideration was given to intrinsic component failures, human factors,
and test and maintenance. Once the tree was developed, failure rate data

could be assigned and the total system failure probability could be calculated
in accordance with the logic of the fault tree. This completed the information
iequired by the event trees for calculation of the accident sequence probabil-
ities.

The accuracy of calculated probabilities depends directly on the accuracy
of the basic failure rates. These rates were determined based on the most
nearly applicable experience, primarily from similar applications in non-nuclear
industry. Failure rates were altered to take account of conditions peculiar to

nuclear power plants. Furthermore, a test of the extent to which design
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specifications were met was made by reviewing a sample of components. In any
case, the failures rates input to the probability calculations had large un=-
certainties, typically factors of 3 to 10, These uncertainties were propagat-
ed through the probability calculations using standard statistical methods,
based on the "Monte Carlo"™ technique. It was found that the overall system
probabilities, with their associated uncertainties, were precise enough to be
useful in risk assessment.

Although we have discussed the construction of event trees and fault
trees in rather general terms, it is clear that theilr utilization in any sit—
wation of interest requires analysts with a good understanding of the systems
being analyzed. For event trees, the ordering of the relevant systems as they
are developed in the tree requires an understanding of how the reactor is de=
signed to operate under accident conditions and how the various systems depend
on one another. A similar understanding is required in the development of
fault trees, where the problem is made even more difficult by the great com-
plexity of the fault trees. 1In fact, because there is a good deal of freedom
in the manner in which a particular tree is developed and hence in the result-
ing structure, care must be taken to avoid duplication of the same physical
situation.

More importantly, the identification of system interdependencies is made
difficult by the complexity of the amalysis. To some extent, this difficulty
may be overcome by labelling procedures in the development of the trees that
are designed for later computer identification of common components and oper-—
ations. However; human attention must ultimately be relied upon for the basic
identification of interdependencies, and their corresponding "common mode"’
failures. Such failures can significantly increase the overall probability of
failure since more than one system can be caused to fail by a single intrinsic
failure. The accuracy of any failure analysis may depend critically on the
identification of common mode failures, and a substantial portion of the ef-
fort of the study was devoted to identification of such failures. Attention
was given to such possibilities throughout the various stages of probability
modeling and quantification.

It is important to note that not all possible event trees and fault
trees were fully developed. TIn many cases, approximate treatment of a partic-
ular sequence indicated that it could not contribute significantly to the over-

all risk. An iterative process involving successive improvements in the
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definition of failure probabilities, the incorporation of system interactions,
and detail of physical process descriptions was used to identify those se-
quences having a significant effect in the risk assessment. Only those se-
quences which could contribute significantly were given detailed treatment.
Furthermore, even in these cases, the analyst developing a fault tree must, at
some point, truncate his development, excluding those possibilities which do
not significantly affect the total failure rate. A check on such truncation
was provided in sensitivity studies.

The magnitude of releases to the environment was determined for the ac-

cident sequences identified in the event tree analysis discussed above. These
were grouped into seveﬁal "release categories'" (9 for the PWR and 5 for the BWR)
which were used in the actual risk assessment as discussed below. Each of
these categories is associated with a particular type and magnitude of release;
included in these characteristics are composition, timing, and release point.

We must comment on modes of release. TIn all cases of core melt-
down, and this includes all the release categories except PWR 8 and 9 and BWR
5, failure of containment is assumed to occur eventually. Failure can occur
in two manners: the core can melt through the bottom of the containment be-
fore any other breach of containment occurs, or such a breach may occur first.
The failure mode significantly affects the point at which radiocactivity is re-
leased, as well as the timing and magnitude. Melt~through was predicted to
occur 1/2 to 1 day after accident initiation, and in such a case - because of
the time available for radioactive decay, washout in the containment, and so
on, and because of the subsequent filtering action through soil - the total
amount of radicactivity effectively released to the enviromment is relatively
small. On the other hand, rupture of the containment, say through overpressure
due to carbon dioxide generated from decomposing concrete or through projec-
tiles from a "steam explosion", could permit earlier release and circumvent
filtering, thus allowing the possibility of very large releases of radiocactiv-
ity. Finally, we should note that the study concluded that the categories
that did not involve core meltdown did not significantly affect the risk.

The major factors affecting release magnitudes are: the amount and iso-
topic composition of the radioactivity released from the core, the amount of
the radioactivity that is removed within the containment, and the containment
failure mode. The time dependence of these factors, and the physical condi-

tions associated with them, were determined within the framework of the event
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trees discussed above. TFor the differing sequences, this information, and the
relevant experimental data on movement of radicactivity out of the core and
within the contaimment, were used by a computer code which calculated the
quantity of each of 54 biologically significant radioisotopes released to the
environment. These yields were calculated for approximately 60 "key" accident
sequences, selected from approximately 1000 identified sequences, but whose
timing and physical processes during the accident were characteristic of the
large majority of identified sequences. Many of the accident sequences in-
volve similarity in core melting, radioactivity removal processes, and contain-
ment failure modes. On the basis of results from the code, it was then possi-
ble to group all identified sequences into the several release categories men-
tioned above, which are characterized by composition, timing, and release
point. For each category, the sum of the calculated probabilities (discussed
above) of the associated accident sequences yields a probability for that re-
lease category. This is the final information sought in this first step of
the risk assessment, i.e., for a series of releases categories, values for the
probability and magnitude of releases.

Drawing on figures from the main report, we indicate the basic results
from this step in the risk assessment. The dominant (i.e., high probability)
accident sequences are grouped by release category in tables 2-3 (PWR) and 2-4
(BWR). Using the associated keys, the codes for the indicated sequences may-
be deciphered. As a convenience, a brief description of the major accident
sequences contributing to each release category is given in table 2-5. 1In
tables 2-3 and 2-4, it is important to note that, in order to allow for the
fact that release quantities (and therefore categories) may be estimated in-
correctly for any given accident sequence, each sequence was assumed to have a
10% probability of occurring in the adjacent release categories. (The release
categories are ordered roughly by the size of the release.) This is the major
reason that the total probability for any release category differs from the
sum of the probabilities of the accident sequences assigned to that release
category.

Table 2-6 summarizes information on the release categories, including
total probabilities, timing, and release magnitudes. (The equivalent informa-
tion for accidents not imvolving the core is also given.) From the point of
view of risk, the categories of most importance are those, roughly, whose prod-

uct of total probability and release magnitude (particularly for iodine and
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TABLE 2~-3 (Table 5-2 of WASH-1400) .
TABLE 5-2 PWR DOMINANT ACCIDENT SEQUENCES vs. RELEASE CATEGORIES
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KEY TO PWR ACCIDENT SEQUENCE SYMBOLS

= Intermediate to large LOCA.
- Failure of electric power to ESFs.

= Pailure to recover either onsite or offsite electric power within about 1 to 3 hours following
an initiating transient which is a loss of offsite AC power,

~ Failure of the containment spray injection system.

=~ Failure of the emergency core cooling injection system.

~ Failure of the containment spray recirculation system.

= Failure of the containment heat removal system.

= Failure of the emergency core cooling recirculation system,

~ Failure of the reactor protection system.

- Failure of the secondary system steam relief valves and the auxiliary feedwater system.
- Failure of the secondary system steam relief valves and the power conversion system.

- Failure of the primary system safety relief valves to reclose after opening.

~ Massive rupture of the reactor vessel.

- A small LOCA with an equivalent diameter of about 2 te 6 inches.

= A small LOCA with an equivalent diameter of about 1/2 to 2 inches.

=~ Transient event.

= LPIS check wvalve failure.

= Containment rupture due €0 & reactor vessel steam explosion.

= Containment failure resulting from inadequate isclation of containment openings and penetrations.
- Containment failure due te hydrogen burning.

~ Containment failure due to overpressure.

= Containment vessel melt~through.

KEY TO TABLL 5-2
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TABLE 2~4 (Table 5-3 of WASH-1400)

TABLE §-3 BWR DOMINANT ACCIDENT SEQUENCES OF EACH
EVENT TREE vs. RELEASE CATEGORY
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KEY TC TABLE 5-3 ON FOLLOWING PACE
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KLY TO BWR ACCIDINT SEQUENCE SYMBOLS

Rupture of reactor enolant boundary with an equivalent diameter of greatexr then six inches,
Failure of electric power to ESFs,

Failure of the reactor protection system.

Failure of vapor suppression.

Failure of emergency core cooling injection.

Failure of emergency core cooling functionability.

Failure of containment isolation to limit leakage to less than 100 volume per cent per day.
Failure of core spray recirculation system.

Failure of low pressure recirculation system.

Failure of high pressure service water system.

Failure of safety/relief valves to open.

Failure of safety/relief valves to reclose after opening.

Failure of normal feedwater system to provide core make-up water.

Small pipe break wi;h an equivalent diameter of about 2%-6%.

Small pipe break with an equivalent diameter of about 1/2"-2",

Transient event.

Failure of HPCI or RCIC to provide core make-up watex.

Failure of low pressure ECCS to provide corxe make-up water.

Failure to remove residual core heat. .

Containment failure due to steam explosior in vessel.

Containment failure due to steam explosion in containment.

Contaimment failure due to overpressure - release through reactor building.
Containment failure due to overpressure - release direct to atmosphere.
Containment -isolation failure in drywell.

Containment isolation failure in wetwell.

Containment leakage greater than 2400 volume per cent per day.

Reactor building isolation failure.

Standby gas treatment system failure.

KEY 7O TABLE

(5]
i
(%8
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TABLE 2-5 ~ APPROXIMATE DESCRIPTION OF RELEASE CATEGORIES

Release Categories

steam explosion, failed containment spray and heat removal systems
(possibly causing overpressure in containment); explosion ruptures
reactor vessel and containment

failure of core cooling systems, followed by failure of
containment spray and heat removal systems and failure of the
containment through overpressure

overpressure failure of contalnment due to failure of containment
heat removal systems; containment failure is followed by core

melting, venting through containment

failure of core-cooling and containment spray after LOCA, and failure
of containment isolation

failure of core-cooling after LOCA (but containment spray works),
and failure of containment isolation

failure of core cooling and containment spray, but integral contain-
ment until melt~through

failure of core-cooling, but containment spray works and containment
is integral until melt~through

large pipe break LOCA with failure of containment isolation, no core melt
large pipe break LOCA, no melt

Release Categories

(%]
§

steam explosion

transient event with subsequent failure of heat removal and failure
of containment due to overpressure — leading to core melt

transient event with failure of scram or heat removal, failure of
containment before or after core melt

core melt, containment leakage (not failure)

large pipe break LOCA, no melt
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Table 2-6 (Tables V 2-1 and V 2-2 of WASH-1400)
TABLE V 2-1 SUMMARY OF ACCIDENTS TNVOLVING CORE

i SOHTA TURENT
DUNATION WARNING ELEVATION CONTALIM

. X ENERCY
PROBAPILITY TIME OF ~~ OF Time FOR or RELEASE FRACTION OF COPE INVEHTORY srieacep ! °
RELEASE per RELEASE PELEAGE EVACUATION  HELEAGE o ] rs)
CATEONRY  Beactor=-Ye {itr}) fHe) {Hr} tHeters) {107 Bru/Hir} Xe=Ky Org. 1 b4 Cs=Rb Te-Sb Ba=5r Ru g i.a €
- da * - -
i L euro”’ 2.5 0.5 1.0 25 520! 0.8 ex107> 0.7 0.6 0.4 6.05 0.4 070
pon 2 8x107° 2.5 0.5 1.0 o 170 0. mao ) 0.7 0.5 ©6.3 .06 0.0 a0}
puR 3 axa0™® 5.0 1 2.0 o 6 0.8 ex10”> 0.2 0.2 0.3 0.02  0.03 307
PUR 4 su10”" 2.0 3.0 2.0 0 1 06 20"} 0,08  0.08 0.3 k0"’ 0™ ax10™?
PR 5 1077 2.0 4.0 1.0 o 6.3 o5 2m0°? 003 oxa0”d sxao™d 207’ exr0™ 7x107°
par 6 exio™® 12.0 10.0 1.0 ° u/a 0.3 a0 ex0® exio™t 1o} ewa0™® 0™ 0™
BHR 7 ax10”° 16.0 10.0 1.0 [ H/A ex10™3 22107 2x107® w107 2a07® 110™® 11078 2x10
PuR 8 axa0” 0.5 0.5 WA o ey 1072 51078 1x107¢ sxa0™ 1xa0™® wa0™® o 0
P - = Pyl - - -
pir o 40"t 0.5 5 w/A 0 w/A 320~® 7m107° 120" exa0”? wxao™? wao™ o 0
BHR 1 o8 2.0 2.0 1.5 25 130 1.0 0”0 0.00 0.40  0.70 0.0% 0.5 sx10”
BWR 2 6x107° 30.0 3.0 2.0 ° 30 1.0 70”0 0.0  ©0.50 0.3 0.10  0.03 ax10”?
BWR 3 ax10”° 30.0 3.0 2.0 25 20 1.0 7xi0”Y 0.10 0.10 © 0,30 001 0.02 w1077
BHR 4 21078 5.0 2.0 2.0 25 H/R 0.6 a0t 8xio™? ox10”3 ax10”? ex107? 6x10"% 1x10”
BHR S w10 3.5 5.0 /A 150 H/A sx107% 2x10° 6xr07M a0 ax107? o™t o o
(a) h discussion of the isotopes used in the study is found in Appendix VL. Background on the isotope groups and release
mechanisms s found in Appendix vii.
() Includes ¥o, Rh, T¢, Co.
{c) Imcludes Nd, Y, Ce. Py, la, No, am, Cm, Pu, Np, ZX.
(4} A lower energy release rate than this value applies to part of the period over which the radipactivity is being relessed.
The effect of lower energy relezse rates on consequences is fournd in Appendix VI.
. , (a)
TABLE V 2-2 SUMMARY OF ACCIDENTS NOT INVOLVING CORE
PR?;;;?;;‘R';:ZEOF TIME OF DURATION ELEVATION EQUIVALERT FRECTION OF CORE INVEKTORY RELEASED te)
per RELEASE OF RELEASE OF RELEASE
ACCIDENT Reactor-yYr {Hr) (Hr} {#) Ke-Ky Org. 1 1-Br Cs-Rb Te Ba-St Ru La
1L0SS OF '
COOLING IN g (b} - - - - - - - -
5FSP <107® 5 5 40 w0t et mae™t 107 eno 4 0t a0t za0™
DROPPED
SHIPPING
cask 6x10™" 10 10 o wio”? 107 w07 wao”? e saet v 0
REFUELING .
ACCIDENT 107} « < 40 ou0™S 10”7 o™ ex10”® 2wt a0 o
HASTE GRS
STORAGE TARK -2 -4 Y -9
RUPTURE 10 <1 <Q 0 2510 10 10 0 A 0 0 o
LIQUID WASTE
STORAGE TANK
RUPTURE 1072 a « 0 o oo™ mao® exto™® exo™®  saao” PIRTIL
EARTHOUAKE=
IMDUCED LOSS
OF COOLING IN
SFsP WITK LOSS
OF ALR COOLING
- - - - - - o - =3
BYSTEH 30”0 5 s 0 wt mao? omet? w0t eae™ 107 10?10

(6] PWR and BWR .designs were examined, and the more ssvers accidenta weye selected as ropreventative bounds for beth.
do-generatad misailes.

(b} gecimeted prodabllity fncludes coneideration of turbine- and torre
{c) FPrsctions of totel core iLnventory 30 minutes afrer shutdown,
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the alkalis) is iLaUC’geStj!€ As can be seen from tables 23, 2-4 (and 2-5), the
release categories were usually dominated by probabilities contributed by one
or few accident sequences of each category. As a further note, single system
failures were found to dominate the accident sequences which determined the
release category probabilities, and single component failures, in turn, dom-
inated the single system failure probability. Thus, common mode failures be~
tween components had little impact. On the other hand, in certain systems,
common modes - usually arising from the same human source - were significant.
Moreover, common mode considerations were important in defining accident se-
quences in the event tree analysis.

The probability information on release categories is displayed in Figs.
22 (PWR) an& 2--3 (BWR). The total probabilities for core melt~down may be
obtained by summing the probabilities of the corresponding release categories.
The results are 6X10m5 per reactor-year for PWRs and 3X10@5 for BWRs, yield~-
ing an average for the first 100 reactors of about 5X10&5 per reactor-year.

Tn addition to internal causes, the study considered the importance of
releases induced by external causes. Barthquakes, tornadoes, floods, aircraft
impacts, and missiles from the steam turbine were treated on an approximately
quantitative basis; they were not treated in great detail because it was con-
cluded that they did not contribute visks comparable to internal causes.
Sabotage was not considered quantitatively; the study does, however, conclude
that the probability of successful sabotage is "low'".

Based on its systematic approach to accident identification and quanti-
fication, as well as sensitivity studies and other checks, the study expressed
a high degree of confidence in its probability and release magnitude results
and in the effectiveness of its effort to include all accident sequences with

important contributions to risk. See section 3 for comments of others.

N

2.1.2.2 Calculation of Consequences Corresponding to Identified
Release Modes

The next step in the risk assessment of WASH-1400 was to use the infor-
mation developed on characteristics of each of the release categories to cal-
culate the probable consequences of each category. In addition to these re-

lease characteristics, the consequences depend on how the radioactivity is

ki

See section 4.3.
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dispersed in the enviromment, on the exposure of populations and property,

and on the effects of this exposure. A calculatiounal model was developed to
evaluate these various dependencies and yield a set of consequences as a func-
tion of probability. Calculation of the consequences involves an atmospheric
dispersion model, a population model, and a health effects and property damage
model. Determination of the corresponding probabilities requires combination
of the release probabilities, the probabilities for weather type, and the
probabilities implicit in various population distributions.

Calculation of atmospheric dispersion was based on a Gaussian plume mod-

el, with modificatrions. The required inputs to this model were the mode of
release (including information on point and time of release and on the amount
of radicactivity and heat released) and the weather conditions during the re-
lease. The output of the model was the vadiocactivity concentrations (by iso-
tope) in the alr and on the ground as a function of both time and distance
from the power plant.

The release mode data were developed as discussed in the previous sec~
tion. The model characterized weather as one of gix stability classes. The
weather data used were hourly meteorological records, covering a period of a
year, from six sites which typify the locations of the first 100 nuclear power
plants. For each site, 90 samples of data were taken as input sets, including
stability category, wind velocity, and rainfall. The weather samples were
chosen equally from each season and from night and day. The dispersion model
used the release mode data and weather data, together with parameters needed
for calculating decay and deposition of radiocactivity and for making certain
corrections, to yield the required radiocactivity concentrations.

The pepulation model used census data reduced to population density ver-

sus distance from the reactor for each of 16 equal sectors of 22.5° . Such

data from the various reactors assigned to any one of the gix site types
(previously characterized by meteorological data) were assembled to form a
composite population distribution corresponding to that type. For major re-
leases, it was assumed that all people within 5 miles of the plant, and those
within 25 miles downwind, would be evacuated according to a simple model, in
order to reduce early exposure to individuals. Population exposures were cal-
culated considering external dose from the passing cloud, internal dose from
inhalation~deposition of the passing cloud, external daose from ground-deposited

material, and internal dose from inhaled resuspended material and from subse-
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quently ingested ground contamination.

Health effects and property damage may then be calculated using results

from the dosimetric model in conjunction with some dose-response relationship.
(Property damage would involve such a relationship, because judgments on evac-
vation and cleanup or denial of property depend on the effects of radiation
exposure.) The effects calculated were early fatalities (occurring within one
year), early illnesses (requiring medical treatment), and cancer deaths, thy-
roid illness, and genetic effects arising long after the accident (due to the
overall population exposure). In addition, property damage due to radioactive
contamination was calculated, including population relocation costs, as well
as the cost of decontaminating or abandoning property.

Briefly, the calculated early fatalities were dominated by cancers result-
ing from exposures of bone marrow; for this exposure mode, 510 rads* was cho=
sen as the 50% fatality dose. The largest portion of early illnesses occurred
due ro several thousand rads dose to the lung. Long~term deaths, illness, and
genetic effects were calculated based on recommendations of the BEIR report,3
but with significant reduction of latent cancer deaths on the basis of dose
rate and magnitude dependencies.

The health effects and property damage calculational model did not yield
a distinct spectrum of consequences for each release category. Rather, it com~
pleted the convolution, to obtain an overall relationship between the magni-
tude of consequences versus the probability of that magnitude. These results
are discussed in the next sectiomn.

Before proceeding, it is worth noting that the model calculated conse-
quences using a large number of distinct combinations of release mode, weather
data, and population distribution. There were a total of 14 release catego-
ries and 6 typical sites, each with 90 meteorological samples and 16 composite
population sectors. This yields over 100,000 possible combinations. It is
understandable that separate consequences were not presented for each combina-
tion. However, as noted in sections 3 and 4, it would have been interesting

to see the consequences broken down by release category.

¥

The WASH-1400 main report comments that 510 rads was chosen as the 50%
fatality dose for whole-body (rather than bone marrow) exposures, but this
comment is imprecise.
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2.1.2.3 Risk from Nuclear Power Plant Accidents

The final step in risk determination, the convolution of the probabili-
ties of various accidents with thelr consequences, was actually performed by
the consequence calculational code discussed in the previous section. In each
case, the probability was a product of the release category probability, the
weather probability, and the population distribution probability. (This as-
sumes these individual probabilities are independent.) For each type of conse~
quence (early fatalities, early illness, and so on), the results were displayed
graphically as the total probability for comsequences of a minimum magnitude
versus that magnitude. In addition, consequences were stated in tabular form
as minimum consequences of accidents of specified probability. Finally, the
sum of magnitudes times probabilities was taken to yield the overall risk to
society. All these consequences were stated, not only for a single reactor,
but for a nationalsystem of 100 reactors. (In the latter case, it was assumed
that values intermediate between the PWR and BWR results could be extrapolated
to the 100 reactors.) Tt is the study’s 100-reactor results that we now state.

Figures 2-4, 2-5, 2-6, 2-7, 2-8, 2-9, and 2-10 show, respectively, early
fatalities, early illness, latent cancer fatalities, thyroid nodules, genetic
effects, property damage, and relocation and decontamination areas. Similar
results are shown in tabular form in tables 2-7 and 2-8, and average overall
risk probabilities ave given in table 2-9.

For the delayed effects (latent cancers, thyroid, nodules, and genetic
effects), note that the results stated are effects per year after a given ac-—
cident, and not the summed effect of the dccident. For each accident consid-
ered, the early effects have their effect soon after the accident and their
total number is stated unambiguously. However, the delayed effects occur over
a long period, roughly 30 yvears, and - for a given accident - one may state
elther the total number of effects over that period or the rate at which they
occur. The final WASB-1400 report chose the latter form, thereby reducing the
size of the numbers stated by a factor of 30. This manner of presentation is
consistent with the form used in studies of the relationship between radiation

exposures and delayed effects, but may obscure the fact that the integrated

number of latent effects often substantially exceeds the number of early ef-

fects. (See section 4.3.)



i,
rs
LR
Shaia

)
]
‘W‘:"‘Tv T TTTTETT T T Y T "3
- i 3
. i 3
i
L | 4
L | -
E i
‘U'Zj - - i b=
L i ' 1
1073 ;j'
. | ; ]
X L ' | ]
§ | ;
- i \
& ;
z ! ‘ E
£ i 3
3 | 3
£ : .
& i i
- i N E
{ =
? ? |
1978 |- : =
f ! ]
| 1
| ; 1
1077 b - - S
100 10} 102 204 10*

Eerty Pawlibies, X

FIGURE 6-10 Probabilaty Distribution for Early Fatalities per Year for
100 Reactors

Note:  Approximate uncertainties sre estimated 10 be reprasented by
tactors of 1/4 and 4 on consequence magmitudes and by factors
of 1/5 and 5 on probabiliies.

FIGURE 2-4 (Figure 5-10 of WASH-1400)
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TABLE 2-7 (Table 5-7 of WASH-1400)

TABLE 5-7 CONSEQUENCES OF REACTOR ACCIDENTS FOR VARIOUS
PROBABILITIES FOR 100 REACTORS

Consequences

Total Prop- Decontamination Relocation
Chance Per Barly Early erty Damage Area Axea
Yeax Fatalities Illness $l09 Square Miles Square Miles
. a

One in 200( ) <1.0 <1.0 <0.1 - <0.1 <0.1
One in 10,000 <1l.0 300 0.9 2000 130
One in 100,000 110 300 3 3200 250
One in 1,000,000 - 800 14000 8 (b) 290
One in 10,000,000 3300 45000 14 (b) (b}

{a)This is the predicted chance per year of core melt considering 100 reactors.
{b)No change from previously listed values.

TABLE 2-8 (Table 5-8 of WASH-1400)

TABLE 5-8 CONSEQUENCES OF REACTOR ACCIDENTS FOR VARIOUS PROBABILITIES
FOR 100 REACTORS

Consequenceas *

Latent Cancer(b) ) (c)
Chance Per Fatalities Thyroid Nodules Genetic Effects
Year (per year) (per year) (per year)
. (a)
One in 200 <1.0 <1.0 <1.0
One in 10,000 170 1400 25
One in 100,000 460 3500 60
One in 1,000,000 860 6000 110
One in 10,000,000 1500 8000 170
Normal Incidence 17,000 8000 8000

(a) This is the predicted

(b} This rate would occur
a potential accident.

(c) This rate would apply

*Seo bext.

chance per year of core melt for 100 reactors.

approximately in the 10 to 40 year period aftex

to the first generation born after the accident.
Subsequent generations would experience effects at decreasing rates.
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'TABLE 2-9 (Table 5-6 of WASH-1400)

TABLE 5-06  APPROXIMATE AVERAGE SOCIETAL AND INDIVIDUAL RISK PROBABILITIES
PER YEAR FROM POTENTIAL NUCLEAR PLANT ACCIDENTS (&)

Consequence Societal Individual
Farly Fatalities ! 3x10° 2 x 10710
Early Illness(b) PSS 1o“l 1 x 10“8
Latent Cancer Fatalities(c) 7 x 10”2/yr* 3 % lOmlO/yr%
Thyroid Nodules(c) 7 x lOml/yr* 3 x lomg/yr *
Genetic Effects(d) 1 x lOmz/yr* 7 x lO”ll/yr*
Property Damage ($) 2 x 106 ——

{a) Based on 100 reactors at 68 current sites.

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

(¢) 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 U.S. population.

(d) This value is the rate of occurrence per year for the first genexation
born after a potential accident; subsequent generations would experi-
ence effects at a lower rate. The individual rate is based on the
total U.S. population. ’

%
See text.
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It is important to note that the uncertainties in the various results
are large (factors of 3 or more) , even though they are not stated in the
tabular results or displayed on the graphical results., They are stated below
the figures.

Some care should be taken in reading consequence magnitudes from these
graphs and tables. In each case, the stated magnitude is the minimum effect
of accidents included in that probability category. For example, from figure
2--4 (and table 2-7), the probability of having an accident with at least 110
fatalities dis lOzS per year (or once in 100,000 vears). Table 2-9, which
states overall risks, has summed the probabilities times the consequences (see

also section 4).

2.1.2.4 Comparison with Other Risks

Having estimated the risks to society (and individuals) from nuclear
power, the study went on to assemble historical data on risks from other
sources, including both man-caused and natural events. Risks from early fatal-
ities and property damage from these sources are displayed, along with those
from 100 reactors, in figures 2-11, 2-12, and 2-13. Tables 2-10 and 2-11
shéw average incidence of fatalities, injuries, and economic loss for nuclear
and non-nuclear accidents in the United States. 1In all these comparisons, the
nuclear—contributed effects are found to be very small relative to other ac-
cidental risks. (However, note that figures 2-11 and 2-12 only compare "early"

effects, which are much smaller than latent effects.)

2,1.3 Conclusions of the Study

The basic conclusion of the study leads directly from the comparison de-
scribed in the previous section. The study concludes that the possible conse~
quences of reactor accidents would be no larger and, in many cases, would be
much smaller than those of non-nuclear accidents; and the likelihood of reac-
tor accidents is much smaller than that of many non-nuclear accidents having
similar consequences. As such, the risk to the public from nuclear power
plant accidents is found to be comparatively small.

These conclusions of the study are coupled with a confidence that the
study succeeded in identifying the significant accidents in nuclear power

plants. This confidence is based on the systematic approach of the study in
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TABLE 2-10 (Table 6-6 of WASH~1400)

TABLE 6-6  ANNUAL ACCIDENT FATALITIES AND INJURIES IN THE U.S.

People Within 25 Miles

Total United States of Nuclear Sites
heecident Type Fatalities Injuries Fatalities Injuries
Automobile 55,000 5 % 106 4200 375,000
Falls : 20,000 1 = 106 1500 75,000
Fire . 7,500 0.3 % 1@6 560 22,000
Other 33,000 1.6 % 10° 2500 120,000
TOTAL 115,000 7.9 % 106 8760 592,000

. % % ‘ 3 -G %
Reactor Accidents 7 % 10 23 1 3 % 10 3% 2 % 10 LE

(for 100 plants
from Table 5-6,
Chapter 5)

*These numbers appear to be in error. Total U.S. annual fatalities and injuries
are, respectively, 2 and 20; these are obtained by multiplying the latent effects
predictions (given as number per year per year in table 2-9) by an incidence
period of roughly 30 years. GEffects within 25 miles cannot be determined on

the basis of the information stated in WASH-1400.

TABLE 2-11 (Table 6-7 of WASH~1400)

TABLE 6-7 U.S. ECONOMIC LOSSES FROM VARIOUS CAUSES

Fstimated Annual Losses

Source {(Millions of $)
Automobile Accidents (1970) 5,000
Fires {(Property = 1970) 2,200
Hurricanes (1952-72 average) 500
Fires {(Forest -~ 1970) / 70
Tornadoes (1970} 50
Reactor Accidents from 100 plants 2

(See Table 5-6, Chapter 5)
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identifying sites of radioactivity, in utilizing a comprehensive understanding
of the conditions under which radioactivity could be liberated from the fuel,

and in applying techniques which - when used in a careful manner, with appro-

priate sensitivity tests ~ can yield quantitative results for the probability

and magnitude of releases.

The detailed probability results are of some interest. For example, it
was found that the large LOCA accident sequences contributed about a factor of
10 less to the probability of core melt than did the dominant contributors to
core meltdown. In the case of the PWR, the major contributor to core melt
probability was the small (pipe-break) LOCA, rather than LOCAs induced by laxge
or intermediate breaks (see table 2-3). The major meltdown probabilities in
the BWR were contributed by transient-initiated sequences in which the reactor
shutdown system failed or the decay heat removal system failed. (See table
2-4.) (Although the study does not make a point of it, it is worth noting that
these initiators do not necessarily contribute the bulk of the risk to the
public. This is because the high-probability type meltdown is also the low re-
lease meltdown. For example, a scan of table 2-3 shows that the check valve
failure sequence dominates the probability for causing a large release, and
hence could be the major contributor to riska*)

As noted before, the calculated average probability of meltdown is 5><10“5
per reactor-year. The study notes that, in approximately 2000 reactor-years
of experience with commercial and military power reactors, no nuclear accident
has affected the public, and goes on to suggest that this implies that the like-
1ihood of accidents is less than lﬁ%sper reactor vear. In addition, the fact
that reactors of the type studied have not experienced small accidents, or el-
evated fuel temperatures is said to suggest meltdown probabilities much less
than. 10“3g particularly in view of the general experience that large accidents
are much less probable than small ones. These hints are consistent with the
calculated value of 5><1OMS per reactor-year. (However, the suitability of
this comparison has been questionedﬂ*)

The study makes some closing remarks on its methodology. The purpose of
the study was to achieve a realistic estimate of risks from reactor accldents,
and participants in the study were confident that the bagic risk assessment
methodology, in particular the use of event and fault trees to find accident

probabilities and to define containment failure modes, led to realistic results.

%
See discussion of section 4.3.
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However, for the sake of simplicity, a conservative approach was taken in cer—
tain other areas, for example in calculation of the actual quantities of radio-
activity veleased, in the treatment of plume rise and vain deposition, and in
the allowance of steam explosions. Furthermore, the extrapolation of the de-
sign features of the two reactors chosen for detailed information was conser-—
vative in that newer rveactors should be less 1ikely to have accidents because
of better design and greater experience.

The study is particularly careful to warn against immediate attempts to
apply the risk assessment methodology to change reactor design in order to de-
crease accident probabilities. This warning is made in view of the fact that
the methodological developments of the study were aimed toward overall risk as-
sessment and may therefore not be useful or accurate for design analysis; in
any case, the study concludes that more developmental effort is needed.

Lastly, the study indicates that future experimental and theoretical work
on radiocactive releases from molten fuel, on steam explosions, on plume behav-
ior, and in methodological development would be useful in determining the de-
gree of conservatism present in various assumptions made in the analysis. (It

must be emphasized that this discussion 1s the study commenting on itself.)

2.1.4 Responses to Comments

A draft of the report WASH-1400 was released for public comment in
August, 1974. Between that time and October 1975, the time of release of the
final report, the Atomic Energy Commission and its successor in carrying out
the study, the Nuclear Regulatory Commission, received comments from a variety
of organizations and individuals. These comments ranged in génerality from
assessments of the overall study methodology to criticisms of very specific as-
pects of the study. To indicate explicitly its response to these comments, the
final WASH-1400 report contains an eleventh appendix in which the major com-
ments are mentioned and an indication is given both of the study's extent of
agreement with the comments and of the manner in which such agreement resulted
in changes in the results or in the report,

A large portion of the comments focussed on the two areas which ~ in gen-
eral terms - constitute the major ingredients in WASH-1400's risk assessment:

the probabilistic methodology and the calculation of consequences. In the fivst

area, reviewers expressed doubts that all important accident sequences could be

identified and, in particular, that those involving common mode failures could
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be found; furthermore, many comments indicated skepticism of the data base for
quantification of the probabilities and, closely related, of the dependability
of the fault tree methodology in yielding absolute numbers for the probability
of failure, particularly where the probabilities are small. As indicated in
the discussion of the previous sections, the authors of WASH-1400 express con-
fidence that their systematic application of the methodology and their various
checks provide assurance that the study results are accurate within the quoted
uncertainties. They also point out that the probabilities of failure typically
calculated from the fault trees are not as small as those resulting from pre-
vious applications of the fault tree methodology»

In the second area mentioned, that of consequences, each step of the con-
sequence calculation has been criticized. These steps include the meteorolog-
ical model, the population exposure model (including evacuation), and the
health effects and propety damage model. The authors of WASH-1400 respond that
the final results are based on a much improved consequences model (described in
appendix VI). The greatest alteration in the consequences arises in the stated
results for the latent health effects.

(This alteration is to some extent obscured by a change in the manner in

which the results are presented. The draft report stated the total number of
cancers, thyroid illness, and genetic effects induced by accidents of the stat-
ed probability, whereas the final report states each of these per year after
the accident. The latter mode of reporting reduced the numerical value by a
factor of 30.)

Additional comments were received in the more specific areas: probabil-
ity of accident sgequences, radiocactive releases from accident sequences, emer-—
gency cooling functionability, reactor vessel rupture, large nuclear excur-
sions, behavior of radionuclides in soil and water, core melt analysis, steam
explosions, hydrogen combustion, data base, external forces, sabotage, scope,

and design adequacy.
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The study?s assessment of the effect of changes to the draft report is

worth quoting:

"In general, the potential consequences predicted in the
final report have increased over those predicted in the
draft report. All predicted consequences, except one,
were within the factors of 1/3 and 3 error bands of the
values predicted in the draft report. The predicted av-
erage value of latent cancers increased by a factor of
about 7,due principally to the evror made in the weather-
ing half life that was assigned for cesium decay in the
draft report. This effect also increased the land area
needing decontamination by 5 and that in which relocation
is required by 10. Farly illnesses were calculated on an
organ by organ basls which increased the magnitude by a
factor of 6. The rest of the changes were within the con-
fidence bounds of the predictions of the draft veport.
The study believes that its current consequences model 1is
conservative and that the potential consequences in the
final report represent near upper bound Limits for those
consequences such as early effects, property damage and
contaminated land areas... The above noted changes do not
change the basic conclusion of the draft veport that reac-—
tor risks are relatively small compared to other societal
risks'. (our emphasis added)

Evidence that these responses have not been entirely satisfactory to
gsome reviewers of WASH-1400 is given by the appearance of subsequent criticism
of the final report. Thegse criticisms again center on the two general areas
mentioned above, as well as on the presentation of the report and the public
use which has been made of it. Some weaknesses of WASH-1400 were recognized
by its authors or are apparent on independent reading. In subsequent sections
of this report, a number of possible weaknesses will be mentioned, most often
as part of the discussion of other studies, especially those which actually
commented on WASH-1400. Particular attention will be given to how the WASH-
1400 methodology might be improved or its results presented in a more useful
manner.

We note finally that the Nuclear Regulatory Commission’s Office of Nu-
clear Regulatory Research has established a Probabilistic Analysis Branch,
which is continuing the work begun during the Reactor Safety Study. Current

divections of this work are indicated in section 3.Z2.
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2.2 Studies of the Flectric PgwervResearch Institute

2.2.1  Introduction

The Electric Power Research Institute (EPRL), as the research organ of
the electric utility industry, funds a major part of the research devoted to
light-water reactor safety in this country. The bulk of this funding is de-
voted to specific aspects of reactor safety, but a portion of it is directed
at more general evaluations, either to identify those areas where more re-
search and development are needed or to assess the overall reliability of and
risk from nuclear power.

O0f particular interest from the point of view of this report is the risk-
reliability assessment work carried out through contracts with Science Applica-
tions, Inc. (SAL). Investigators at SAI were involved in the probabilistic
work performed for WASH-~1400, so that it is not surprising that their work for
EPRI should emphasize this aspect of nuclear reactor risk assessment. To date,
the work funded by EPRI had led to the publication of six EPRI reports in a
series, EPRI~217-2-

-1 Summary of the AEC Reactor Safety Study (WASH-1400), April 1975
-2 Generalized Fault Tree Analysis for Reactor Safety, June 1975
-3 Critique of the AEC Reactor Safety Study (WASH~1400), June 1975
~4  Probabilistic Safety Analysis, July 1975

-5  User's Guide for the Wam-Bam Computer Code, January 1976

-6 Sensitivity Assessment in Reactor Safety Analysis, February 1976

We discuss certain aspects of this work here, rather than under reviews
of WASH-1400 (section 3.2), because it represents a significant extension of
the methodology employed in WASH-1400, rather than a mere comment on that re-
port. In particular, a major emphasis of the EPRI-SAI work has been the devel-
opment techniques for reliability assessment (i.e., probabilistic methodologies),
directed explicitly toward an understanding of improvements which may be made in
the design or operation of nuclear power plants.

It is, however, true that two EPRI reports deal explicitly with the WASH-
1400 draft. The main points of their critique of that report are of interest,
both because these criticisms reflect on the utility of WASH-1400 and because
they give a strong indication of the intended direction of the work at SAT, an

indication that is borne out by the work they have performed.
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As a general comment, SAT points out that WASH-1400 developed little in-
formation on the conservatigm of their approach in instances where completely
realistic calculations were not possible. In particular, little sensitivity
work was done to show how variation of significant parameters affecis the re-
sults. Moreover, the presentation in WASH-1400 did not break down contribu-
tors to risk in any detail, so that it dis difficult to identify where improve-
ments could be made to reduce risk.

More specific comments were also made on WASH-1400: in the important area
of common mode failures, no systematic procedure for their identification was
developed; the assumption that all core melting leads to complete core melting
and to eventual breach of containment may not be correct; the use in draft WASH-
1400 of large-~L.OCA sequences as the basis for release categorization, even for
small breaks, was not justified in detaily with respect to consequences, use of
site-averaged meteorological conditions and populations distributions may affect
conservatism: moreover, the study did not’consider the special aspects of multi-
unit sites or the effects of growth of population around power plant sites.

These are by no means all of the comments in SAI's review, but they do
reflect the major directions for the work for EPRI: the development of more
genefal probabilistic analysis techniques, which would systematically include,
for example, common mode failures and which would use sensitivity techniques to
identify the major contributors risk. Note, however, that SAT's comments

on WASH-1400 refer specifically to the 1974 draft version.

2.2.2 Methodological Development

2.2.2.1 Generalized Fault Tree Analysis

The fault trees developed in the Reactor Safety Study depended, basically,
on two types of "gates" or logical copnections, AND and OR. Failure at some
level could be described as depending either on some combination of more basic
failures, each of which must be present to cause the dependent failure (in which
case the AND gate would be used), or on the failure of one of a gelection of
failures (in which case the OR gate would be employed). Such fault trees can
only represent independent sequences, although to some extent the additional
uge in WASH&I&OO of an INHIBIT gate to switch on specific logic when a condi-
tional input is satisfied does extend the modeling capability. Bven so, it is

not fully capable of treating arbitrary dependencies or common modes.
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SAT has used a more general set of logical gates, based on addition of
a NOT function to the basic set. Combination of NOT with the AND and OR
yields a total of 16 logical operations on two inputs. These combinations
make it possible to study diagramatically and analytically a broader range of
interactions, including dependencies, common modes, and mutually exclusivé
events., ‘

The details of the resulting analytical capability are not of concern
here, The fault trees which can be developed for reactor systems can be quite
complex, and SAI has developed a computer code BAM (for Boolean Arithmetic
Model) for reducing and evaluating such trees. This code accepts trees with
the full set of 16 operations on two logical variables and uses a truth table
technique (i.e., describes in tabular form the output of a particular gate, yes
or no, as a function of the inputs to the gate) for tree reduction and eval-
vation of failure values. (To simplify use of this code, a preprocessor, WAM,
was developed to accept a logical tree with input components and gates and to
generate a numeric input for BAM. Hence, Wam~Bam.) The vesult is the ability
to calculate point* unavailability of a complex system, including a variety of
interdependencies presumably not available in the WASH-1400 approach except as

rather arbitrary appendages to WASH-1400 fault trees.

2.2,2.2 Sengitivity Analysis

A substantial lack in the WASH-1400 report was that no sufficient indica-
tion was given of the major contributors to risks. There is great value in
identifying how risk depends on component failure rate, external events, human
interactions, or test and maintenance. SAI has developed a systematic approach
to this question based, to some extent, on perturbation analysis. This approach
defines "sensitivity indicators™, which indicate the dependence of one probabil-
ity (such as system unavailability) on changes in another probability (such as
component failuve probability). Such indicators may be developed at any level

in risk analysis. They may be used to relate probabilities for overall conse~

"Point" unavailability 1s the fallure probability, for a specific demand, as
calculated presuming specific failure probabilities for the components making
up the system. Point unavailability therefore does not give any indication of
how uncertainties in the basic faillure rates induce uncertainties in the cal-
culated system unavailability.
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quences, for release categories, or for system failures, to probabilities for
more basic events, down to component fallure, etc.

Tt is clear that such information is of considerable value, and we give
some examples, not because the details of the methodology are of great inter-
est here, but because the examples serve to elucidate certain points which
were obscure in WASH-1400. In considering rhis information, it is dmportant
to realize that the SAT work described in the above reports was based on the
Draft WASH-1400, rather than than on the final report.

SAT bases its release indicators nominally on certain classes of phe-
nomena, labelled conventionally as:

Ci ~ the severity of consequence of type i, such as
fatalities or acute illness,

R. =~ the radioactivity release category j, for one of
J the six BWRgrelease categories or nine PWR release
B . 3
categories,
Wj ~ an accident consequence option j, such as whether
or not evacuation is allowed,
Fk ~ a plant function k, made up of one or more systems,

which is designed to mitigate particular accident
results; for example, Emergency Core Coolant
Injection,

S ~ a system k which performs all or part of a plant
function, for example, Auxiliary Feedwater or
High Pressure Coolant Injection,

Em - an event m, such as a pump OF valve fallure.
Tn general, one may regard one of these types of phenomenon as depending
on another and define an indicator Y. Those gspecified by SAL are:

consequence indicators:

EC R the indicator for the change in probability per
i3 year for a given severity of consequence Cy with
a change in the probability for radicactivity re-~

lease R, .
J

I ~ the indicator for the change in probability per
i] year for a given severlty of consequence Cy with
a change in the accident consequence option Wj@

k3
Draft WASH-1400 release categories BWP 3 and 4 were combined to form BWR 3
in the final report. BWR 5 and 6 became respectively, BWR 4 and 5.



48

release indicators

I = the indicator for the change in the release
ik category probability per year for category Rj
with a change in the probability of failure
for plant function Fk’

T = The indicator for the change in the release
im category probability per year for category R
with a change in the probability of failure
for event Em9

system indicators

I - the indicator for the change in the probability
k' m per year for failure of system Sk with a change
in the probability of failure for event Ems

For those instances where well-defined probabilities exist, for both the
dependent and the independent phenomena, the indicator may be defined in a
rather general manner. SAT chooses to define T in such cases as the ratio of
the change in the dependent probability to the change in the independent prob-
ability divided by the ratio of the original dependent and independent prob-
abilities*u

The consequence indicators cannot be so defined, at least as presented
in WASH-1400, because the results are displayed as a cumulative probability
versus a continuous spectrum of consequences (see, for example, figures 2-4 to

2-10). As a result, SAI's consequence versus release indicators (I ) give

C.R,
i
directly the percentage that a given release category contributes to tﬁe risk,

rather than giving the ratio of changes. Since this breakup of the overall
consequences into the consequences from different release categories is of par-
ticular interest, we give some of SAI'g results, emphasizing that they are

based on the information in draft WASH~1400. To extract this information, SAI

%
For example, a system indicator for event failures may be expressed as:

P ¥ *
. P (8 = B(8) /EB(S) i 1EP (sk)/ . P (Eml
k'm  PRE) - PE)/ PE) P (5 PE))

/

where the asterisk indicates the altered probabilities.
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had to recalculate the consequences for the individual release categories. A
selection of those results is given in figures 2-14 to 2-17, where early and
long~term fatalities due to whole body doses are given for a PWR and a BWR as

a function of release category. This information may then be used to obtain
the consequence indicators just described. These are given in tables 2-12 and
2-13. Also given there arve the summed consequences (T*) for each type of con-
sequence. (Note that these types differ from those presented in the final
WASH-1400, particularly since both doses and their effects are given,) These
indicators are the percentage that each release category contributes to each
total consequence. This information was not available in the WASH~1400 reports,
but is necessary to identify which release categories contribute the major risk,
Note that category 2 dominates the PWR consequences, as does category 4 the
BWR. (These refer to gggig‘WASH=léOO release categories.) This is of some in-
terest, particularly since PWR 2 is a low probability, but large release, cat-
egory (see table 2-6). BWR 4, on the other hand, is the high probability cat-
egory. (These consequences, for either type of reactor, cannot be taken as
definitive, particularly since the calculations on which they are based presum-
ably contain many of the same errors for which the draft WASH-1400 was crit-
ized.)

We also quoteresults for the less general indicators, which do correspond
to a ratio of changes in probabilities as indicated above. In each case, the
larger the magnitude of the indicator, the more sensitive is the dependent
probability to changes in the more basic probability. For the PWR, we give the
release indicators for event failures in table 2-14, where the indicator is
given, in each case, for a range of alterations in the event failure probabil-
ity. Note, for example, that release category 2 (the most consequential for
the PWR) is the most sensitive to failures due to test and maintenance. On
the other hand, category 7, which is the core meltdown category that occurs
most often, is most sensitive to human error. We give gimilar information for
the BWR in table 2-15 where the dependence of release category on selected
plant function failures (QUV = water inventory make-up, W = decay heat vemoval,
= reactor shutdown system) is also shown. Category 4, the predominant risk
contributor, is the most dependent on hardware faillures or, alternatively, on
failure of decay heat removal. Indicators for the specific plant functions
just mentioned are given in table 2-16. Note that the hardware faillures listed

in the table do not exhaust the list of such failures. This accounts for the
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TABLE 2-12 (Table 10 of EPRI 217-2-6)

TABLE 10. Consequence Indicators for the PWR of WASH-1400, After Smoothing,

RELEASE CATEGORY

Caonsenguence, (“ '['k 1 2 3 4 5 6 ' 7 B e
H0Y WHD Man-Dem Rt} L7173 L2150 0. 0o . 003 0. G. 3.
tung Man-Rem R L7162 0. (8} L0602 . 0. o,
JOD WREL Man- Rem Lo 787 0. SO0t .00g .00y 0. 0.
Thyrotd Han-lem L007 LR2O o, i L0165 L0 0. 0.
G0V WHD Fatalities 007 761 o o 0. 0 [ 0.
tang Fatnlitles .n03 L 665 0 0 a. 0 o a,
20D WHD Fatalitites Lonn JRDY a o 0. 0 o o,
Thyroid {1innsses 008 LRRO a .002 L0b) a0t o 0.
Land Cost in holiars
[TIRE ] LO08 L 860 131 1. L0t .00t Q. 0. o,

Evecuation Cost in
Holisrs R.56K+3 007 .RAR L] 0. a. 0. . 0. [t
Total Cost in
Bnliars 2. 49144 .a07 L4 L1650 [¢N L0011 0. 0. 0. 0.

i e

[N {v(n‘) gl exf
it T A i

TABLE 2-13 (Table 4 of EPRI 217-2-6)

TABLE 4. Consequence Tndications for the BWR of WASI-14006.

RELEASE CATEGORY

T 1 2 3 4 5 R 8
Consequence, C‘
50Y WRBD Man-Rem 9. 25F+0 . 018 .033 .240 . 689 0. 0.
Lung Man-Rem 6.315+2 . 053 .033 . 276 L6393 0. 0.
30D WBD Man-Rem 5.408+0 . 046 . 037 L 201 714 0. 0.
Thyroid Man-Rem 4.15R+2 L0234 . 040 L1102 L824 a. Q.
50Y WBD Fatalities 4. L0117 . 098 L1RD L6986 0. 0.
Lung Fatallties 1 0. . 08H . .264 640 0, 0.
30D WBD Fatalitles .023 .128 . 153 LGOS 0. 0.
Thyroid Illnesses .037 LG50 0941 .B1i8 0. a.
Land Cost in Dollars L0360 .037 .293 L6314 Q. 0.
Evacuation Cost in .025 .038 L2417 L6006 0. 0.
Dollars
Total Cost in Dollars 1.28144 .25 . 034 . 262 .B78 o, 0.

CGuax)

D fv(n;) f
dt .
? "(mlu)
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TABLE 2-14 (Table 11 of EPRI 217-2-6)

TABLE 11. Release Prohabjlities for Event Fallures Contributing
to PWR Scquence Probabilitics,

RELEAST CATEGORY, Ri N
PR ) /PR 1 2 3 4 5 6 7
Base Cnse 1.00 §.28E-8  4.B0E-6 2.00E-6 2.84F-11 1.44E-7 4.02F-8 2.650-5
Rvent, Em
Human EFrror 0.05 3. 4.¢ 2.88E-6 1.518-8
0.10 3. 4.1 2.04¥%-6 1.57E-5
0.50 4. 4. 3.41E-6 2.05E-5
2.00 6.6 5. 5.28BE-6 3.87E-5
Test & Maintenance
0.08 2.248-8 4.7 1.7 1.63E-6 2.
0. 10 2.401-8 4.7 1. 1. 2.
0.50 3.680-8 4.1 1. 2. 2.7
2.00 B.4RE-8 8.7 2. 6.0 3.
Pumps 0.05 4. 4. 1. 3.
0.10 4. 9 1. 3.
0,50 5. 1. 1. 3.¢
2.00 6. 4, 2.548-6 4.
TABLE 2-15 (Table 6 of EPRI 217-2-6) TABLE 2-16 (Table 8 of EPRI 217-2-6)
TABLE 6. Release Indicators for the BWR of WASE-1400
TABLE 8, System Indicators for the BWR of WASH-1400
PLANT FUNCTION RELEASE CATLGORY, Ry
TAILURE, F
k Systerm, Sk
1 2 3 4 .
E, Pr(E ) /PCED) Qv 5 C
QUv 0.0228 0.085¢ 0.0223 0.0264 )
W 0,7853 [¢] G.6127 0.973¢ )z—:l(Cti\'e Failures, 0.05 0.4307 0.0076 No Change
. otor Operated 0.1 0.4331 0.0076
o s .
C 0.1919 0.9044 0.3650 0 Valves 0’5 0 4508 0 6076
2.0 Q0.5302 0.0076
Passive Failures,0.05 0.0780 0.0076
EVENT FAILUPRE Motor Operated 0.1 0.0781 0.00676
E, Valves 0.8 0.0782 0.007¢6
PA(EL) /PR 2.0 0.0814 0.0076 |
0.05 C,3476 0.9818 0.4972 0.1826 § Pump Failures 0.08 0.2959 0
0.1 0.3550 1.0266 0.5112 0.1828 0.1 0.2962 4]
0.5 0.4140 1.3048 0.6238 0.1829 0.5 0.3028 o
2.0 0.6353 2.34798 1.0443 ©.1828 2.0 0.3282 G Ne Change
TEST AND Test and 0.05 0.9736 0.1557 0.1052
MAINTENANCE 0.05 0.1646 0.1879 0.1554 Q. Maintenance 0.1 0.9926 G.1557 0.10562
0.1 0.1650 0.1897 0.1558 G. 0.5 1.1448 0.1557 0.1052
0.5 0.1€685 .2041 0.1592 C. 2.0 1.7154 0.1557 0.10562
2.0 0.1814 0.2585 G.1718 0.
Human Error 0.05 0.5485 0.1730 1.038
ALL HARDWARE 0.1 0.5485 0.1730 1.0%7
0.05 0.8366 0.2121 0.6845 1.0053 .5 0. 5485 0.1730 1.384
0.1 ¢.8409 0.2145 0.6880 1.0108 2.0 0.5485 0.1730 2.537
c.5 0.8704 00,2346 0.7158 1.0529
2.0 1.0081 0,3282 0.8245 1.2169
= Opn the C tree, the two errors were of order 10“6 and 10_2 while
the ones for ¥ and QUV were of order 10-% and 10"3, respectively.
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fact that failure of decay heat removal 1s not strongly dependent on those
listed, in spite of the fact that table 2-15 strongly suggests that this func-
tion is most sensitive to hardware fallures. (That is, Table 2-15 shows that
release category 4 depends strongly on decay heat rewoval and, more funda-
mentally, on hardware failures.)

SAT concludes from its work on sensitivity analyses that, as expected,
the results are similar for BWR and PWR, and show the importance of human er-
ror and test and maintenance, but that there are situations where hardware
fallure has the dominant rvole and that such failure has more impact on overall

risk than is indicated by a reading of (draft) WASH-1400.

2.2.3 Summary

We have briefly indicated two major areas in which EPRI-SAT is perform-
ing work velevant to the assessment of the risk from nuclear power plants. In
large part, this work has been a response to and further development of the
general approach of WASH-1400, It is important to note, though, that the re-
ports issulng from this work are critical of certain aspects of the WASH-1400
work. Some of these criticisms were noted in section 2,.2.1, but from the me-
thodological development above, it is clear that a major shortcoming in WASH-
1400, as viewed by SAT, is the presentation of the results. The probabilities
and consequences, as given in WASH-1400, are not in a form that is useful for
aseisting in the identification of pessible improvements in design or oper-
ation of reactors, leading to an increase in veliability or a decrease in risk.
That WASH-1400 results should not be dirvectly applicable for such purposes is
not surprising, considering the fact that the purpose of the study was an
assessment of the risk. Methods and vesults appropriate to such an assessment
may not be in a form most useful for risk abatement. In fact, the authors of
WASH~1400 specifically warn that their approach, designed as it was for the
task of assessment, may not be more generally applicable.

From this point of view, the major work performed by SAIL, as contractors
to EPRT, may be seen as an adaption of the methodology of WASH-1400 for more
general purposes. In particular, development of the more general fault-tree
analysis capability described above is intended to remove certain ad hoc ap-
proaches taken in the course of the WASH-1400 work, particularly where common

mode failures are concerned. And further, the sensitivity analysis described



Lo g ¥

above is the first step in the improvement of design and operation. However,
it is also clear that the more thorough presentation implied in such sensitiv-
ity analyses also aids in an understanding of the various ingredients implicit
in the Reactor Safety Study's assessment, and therefore could usefully have

heen included in WASH-1400.

2.3. The Report to the American Physical Society by the Study Group on
Light-Water Safety

2.3.1 Background and Objective of the APS Study

During 1973, the American Physical Society (APS) explored possible tech-
nical contributions which it could make as a society to the understanding of
various aspects of the "energy crisis. This exploration resulted in APS spon-
sorship of three studies beginning in the summer of 1974, one of which was de-
voted to the subject of reactor safety. Support for this study was provided
by the National Science Foundation and the Atomic Energy Commission - Nuclear
Regulatory Commission. The twelve participants in the study began meeting in
April 1974, spent the month of August in Los Alamos, and continued their work
until completion of their reportb during the spring of 1975.

This study differed in two major respects from the studies discussed in
the previous sections. First, the study was not performed by an organization
previously involved in the development of nuclear power (except perhaps, in
that the basic understanding of the nucleus derives from an understanding of
the physical world). Tndeed, the participants in the study had widely vary-
ing degrees of experience with nuclear power, the primary point of their selec-
tion having been to bring together a group of individuals with high technical
competence who could independently comment on important aspects of reactor
safety, based primarily on an intensive examination of the technical and pro-
grammatic aspects of the subject.

Secondly, the study was not intended to "assess the risk" from present
commercial nuclear power plants, but more generally to examine "reactor safety’,
a scope which had to be narrowed significantly, i.e., to light-water reactors,
but which still left the study group with a range that was considerably broader
than that of the Reactor Safety Studyl or of the studies supported by EPRigé
T aceordance with this broader mandate, the study examined both institutional

and technical aspects of reactor safety and reactor safety research.



w56

The narrowly technical material of the APS reporit is concentrated into
three areas: 1) a discussion of events which may initiate accidents, 2) exam-—
ination of the course of an accident, with special attention to LOCA phenomena
(and the associated ECC systems), to containment behavior, and to accident con—
sequences, and 3) an analysis of the light-water reactor safety research pro—
gram. The report includes additional introductory and supporting material.
Throughout the report runs an awareness of the importance of institutional ques~
tions, related to quality assurance, vegulation, and safety research, that bear
directly on the safety of nuclear power plants.

As viewed by the APS group, the basic purpose of reactor safety research
and of the detailed nuclear regulatory apparatus was to design, build, and oper-—
ate nuclear power plants in a manner that confines the large amounts of radio-
activity in a reactor core sufficiently that the "safety' of the operators and
public is assured. A primary aspect of safety design in veactors is the in-
corporation of redundant and diverse safety features, so that several relatively
independent failures are necessary to generate a serious accident sequence.

This design philosophy has less and less benefit at some level of complexity due
to the increasing importance of "common mode" faillures. Below this level of
complexity, such safety features are expected to result in an accident spectrum
in which the probability of occurrence decreases rapidly with accident severity.
In such a situation, the design philosophy will have been justified. However,
it does depend on the avoidance of substantial probabilities of common mode
failure and, more straightforwardly, on the application of well-defined and
conservative standards and criteria and on the design adequacy of the specific
safety features of the reactor system.

Such adequacy has been difficult to assure in any general way. For the
sake of simplicity, AEC (now NRC) licensing procedure have depended on a spec--
trim of "design-basis' accidents, formally defined hypothetical accidents which
the safety features must be capable of handling. Due to the lack of understand-
ing of hypothetical accident conditions, even the calculational methods to be
used in analyzing accident situations are specified, the intention being that
they make conservative assumptions at points of uncertainty. Thisbformal ap-
proach to licensability does not rely on realistic assessments of behavior under
accident conditions, the approach which the APS group recommended should be em-—
phasized. 1In particular, this alternative approach would deemphasize the im-
portance of the design basis accident, so that more realistic assessments of

the safety of reactors, in terms of the full accident spectrum, could be made.
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Such improvements in the licensing process would depend on the results of a

b

reactor safety vesearch program that was designed to this end.

Aside from the question of improving the safety of nuclear power plants
through changes in design and licensing, based on the results of safety re-
search, the APS group pointed out the importance of the complex interaction
between the utility, the architect-engineer, the reactor vendor, and the AEC
(now Nuclear Regulatory Commisgsion) in the current implementation of nuclear
power. Although it is the utility, the licensee, which bears direct responsi-
bility for assuring the health and safety of the public, the accomplishment of
this depends in practice on each participant in design, licensing, construc~
tion, and operation of the power plant. These phases, in turn, require proper
design analysis and, in the end, inspection procedures to assure safe oper-

ation.

2.3.2 Ipnitiating Events

Based on the fact that a light wetor core cammot support a nu-

&

t-water re
clear explosion, the primary means for public harm would be melting of the
core followed by a large velease of radicactivity and substantial exposure of
the public. Looking first at the events which may initlate accidents leading

to melting, the study examined the following factors:

primary system integrity - a loss-of-coolant accident (LOCA) could be initiated

by breach of the primary coolant system, the vessels and associated piping
through which the water that actually cools the core flows. Failures in this
system, including particularly the pressure vessel, were studied in detail.

Tt was concluded that continuous and meticulous attention to inspection, main-
renance, and operation can best guarantee the integrity of the primary system,
including the pressure vessel

L

transients ~ occasional departures from normal operating conditions are ex-

pected (anticipated transients), as well as events that are not expected

(unanticipated transients). These include, for example, reactivity changes,
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equipment failure, and so on. Although most transients are handled by the re-
actor control system, some portion - about 10 per year, on the average - re-
quire shutdown of the reactor. The operations of reactor shutdown and subse-
quent decay heat removal afford opportunities for failure leading to core
melting. The study group concluded that it is difficult to estimate the prob-
ability of such failures, particularly because of the difficulty of identify-

ing all possible transients.

quality assurance - safe operation depends heavily on the high quality of com-

ponents and the high reliability of systems. Quality assurance (QA) includes
the procedures which assure that design and operating specifications are met
in practice. The study group felt that QA problems may become an important
limitation on nuclear reactor safety. For this reason, two questions were
asked: 1) how adequate is the present level of QA and 2) how can a persis-
tently high level be assured in the future expansion of nuclear power? Only
the first question was directly addressed. The group asserted that no objec—
tive and quantitative measurement of the present QA system's effectiveness
existed and recommended adoption of an objective measurement program. The

report discusses possible forms for that program.

operator error - a significant number of licensee-reported abnormal occurrences,

some with safety significance, are initiated or aggravated by operator error.
This occurs in spite of the seemingly excellent qualifications of operator
staffs, for two reasons: poor human engineering of the control voom and con-
trol consoles, and limitations in what can be expected of operators in emergen-
cy situations. The report recommends improvements in the human engineering of
reactor consoles, implementation of further automation of control sequences,

and greater dependence on simulators for operator training.

sabotage - it 1s conceivable that saboteurs could act to release significant
amounts of radioactivity from a nuclear power plant. The report concludes that
it is difficult to conceive how they could initiate accidents any more severe
than those which could in principle occur from equipment failure. However, be-
cause of the proximity of reactors to large population centers and based on
considerations of possible ways to intentionally cause core meltdown and con-
tainment rupture, the study recommended more careful determination of the pos—
sible comsequences of sabotage, of the cost-effectiveness of preventive mea-

sures, and of the effectiveness of mitigating measures, should sabotage occur.
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2.3.3  Prevention and Mitigation of Radiocactive Releases: Computer Modeling

Should an abnormality oceur, various "engineered safety features™ may
be called into operation to control the event, preventing damage to the core
or - should that be unsuccessful - mitigating any release of radiocactivity.
The APS study gave particular attention to the operation of the emergency core
cooling systems (ECCS) and to the response of the containment to possible ac~
cidents. The emphasis on the ECCS arose from the basic understanding that sub-
stantial radioactive releases only occur as a result of insufficient cooling of
the fuel, which ~ even when the reactor is shut down — must be cooled to pre-
vent melting from either the stored energy (from the chain reaction) or from
continuing generation of energy from decay of radiocactive species produced in
the course of the chain reaction. Assuming successful shutdown, the mere pres-
ence of water in the core would provide substantial cooling, due to nmatural
convection. It dis in the circumstance where the primary system 1s ruptured,
with severe loss of coolant, that emergency cooling systems must be called into
play. On the other hand, should these systems fall, the core would melt,
throwing the burden of accident mitigation onto features of the containment.
Minimum standards for ECCS performance are prescribed in the "Acceptance
Criteria” that are part of the AEC (NRC) licemsing procedure. The criteria go
so far as to specify required and acceptable features of evaluation models used
in predicting ECCS performance.

The report to the APS presented a moderately detailed discussion of the
course of loss-of-coolant accident, first presuming that the ECCS performs
as required. This discussion divides the accident conventionally into four
time periods: blowdown, in which loss of the coolant inventory occurs, refill,
the subsequent period during which loss of fluid through the break is negligible
and the emergency coolant refills the pressure vessel to the bottom of the core,

during which the coolant reaches a level that again covers the core,

and long-term cooling, once cooling has been recovered. The temperature and

structural behavior of the fuel and the dynamical behavior of the coolant are
discussed for the various periods,

The acceptance criteria and the related evaluation models were examined
qualitatively for adequacy. The nominal capacity of the ECCS gystems wag
deemed sufficient for their purpose, but the critical questions had to do with
actual system behavior under accident conditions. In particular, adequacy of

the criteria specifications with respect to several model elements was
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examined: sources of energy in the fuel, the structural hehavior of the fuel,
dynamics and core thermal bebaviot, and the possibility of "steam binding"
(prevention of reflood due to back pressure from the steam generators ot PUmMPS ).
The results of this examination are indicated in tabular form (table 2-17).

The specified evaluation models are regarded as key elements in evalua-
tion of ECCS performance. These models are intended to be "adequately conser—
vative' in areas where the physical processes are not well enough understood
for realistic modeling. This leads to the questions whether they are indeed
"adequately' conservative and whether the degree of conservatism can be
determined quantitatively. On the last, the study noted that a realistic
model would have to be available to test the degree of conservatism of the
"conservative' models; however, the study felt that an adequate theoretical
basis did not exist for either type of model, and the experimental work
necessary to test their adequacy had not been performed.

The group identified the basic difficulty as the complexity of LOCA phe~
nomena, which make it necessary that any computational code make great simpli-
fications in describing the physical situation to make a 'best estimate!
Rather than describing the reactor system structure as it actually is and cool-
ant flows as they exist (including their complex time dependence), the system
ig divided into nodes, representing various volumes or parts of the system,
and the manner in which they are connected is prescribed (based on the presump-
tion that all changes in flow are gradual), thus yielding a very simplified
representation of flow within the system. Due to the uncertainties inherent
in such an approach, conservatism has been sought by prescribing conservative
discrete elements of the evaluation model, on the presumption that the result-
ing overall model will yield comservative results. The correctness of this
assumption has not been demonstrated, nor does it appear that present theoret-
ical or experimental programs will lead to quantitative evaluation of the mar-
gin of conservatism.

According to the APS group, one fruitful approach to identification of
parameters on which conservatism depends most strongly might be an extensive
numerical parametric analysis of overall system results, carried out to eval-
uate predicted system response to systematic variations of parameters through
the range of uncertainties for the individual model elements. Alternatively,
efforts to simplify the problem of analyzing ECCS performance might be directed
at development of alternative ECC systems to overwhelm the problem; one exam-

ple would be to specify reflood rates much more substantial than those presently



TABLE 2-17 (Table IX of

TABLE IX, Critical LOCA phenomenological behavior and conservatism of related BECCS criteria treatment,

relevant LOCA poeriod,

61—

the APS report)

i
Wy

Criteria sdeguacy in

LOCA parameters Blowdown Refill Reflood
A. Energy sources
1. Initial stored energy c? C ove
2. Fission heat C NA NA
3, Actinide decay C C C
4. Tission product decay C C C
5. PWR secondary-to- OK /W OK/W OK/W
primary system heat
transfer
6. Metal-water reactions 8 8 8
B. Structural behavior
1, Core loads NT{NC) NA (negligible 1. Fuel rod thermal shocks W
fluid flows) {clad brittle failure)
2. Steam gencrator NT(NC) ‘
tube loads/failure
¢. Coolant fluid dynamics
: 1. Break flow/location S ECCS downcomer OK 1. Reflood rate W
refill rate
2. Frictional Ap OK njected ECC 5/0K 2. Fluid “carryover”  C
fluid—steam from core
interaction
3., Pump Op OR(WDT) 3, PWR steam binding
a. Pump Ap S(WDDR)
b. Steam genevator OK
superhcat
¢. Steam penerator NT(NC)
tube leaks
4. Coolant “by-pass” OK{(WDD) 4, Blockage and radial W(WDD)
of core flow
5. Blockage and W
radial flow
6. Computational w
models
7. Steam generator  NTNC)
tube leaks
D. Core thermal behavior
: 1, Critical heat flux  C Post-CHI heat C 1. PWR reflood heat OK
(CHF) /departure from transfer transfer
nucleate boiling
2. Post-CHT heat C(WDB) 2. BWR core spray oK
transfor
3. Swelling and rupture S(wWDB) 3, Core migration and S
of fuel cladding pressure vessel melt
through
4. ¥uel/clad thermal OK(WDER)
property wiodels
. Containment structure
influence
1, Pressure buitdup NP NT(C?) NT{C)®
during LOCA
2, ECC related equipment OK Ol OK

survival {(punps, spray
washdown, ote,)

A pefinition of symbols: 8, strongly conservative; C, conscrvative; OK, adequ
i eriteria-noncongervative omission; NA, not applicable; WD, weak data b
7 Defintion of symbols: NG, not treated

omission is conservative,

Rev. Mod. Phys., Vob. 47, Suppl. No. 1, Sumimer 1975

in eriteria—conservatism of owmission uncertain; NT(C), not treated in eritovin-
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required, an alteration that would involve convincingly overcoming the problem
of steam binding by some means.

The basic view of the APS group was that the experimental data available
were not sufficient to demonstrate the overall system conservatism of ECCS cri-
teria, nor was the current generation of codes adequate to evaluate system ef-
fectiveness. In view of the fact that no large-scale tests were planned, great—
er confidence in calculational methods must be gained through a much stronger
code development program, supported by a much improved experimental data base,
and coupled with a strong program in code assessment and evaluation.

Should a LOCA occur, systems within the containment building are avail-
able to remove heat and radioactivity released into the contaimment. These
would also operate should effective emergency core cooling fail, but in this
case the amounts of heat and radiocactivity released would be much larger than
otherwise, and it is presumed that the molten core would eventually breach con-
tainment (within about a day). The APS group questioned the soll filtration
attenuation factor which was assumed by draft WASH-1400 for radioactivity
reaching‘the atmosphere in instances where the core melts through the bottom
of the containment. The group also urged consideration of: design of contain-
ment for controlled failure at some pressure through a filtration system, under-
ground siting, core catchers (to prevent containment melt-through), and improve-

ment of the reliability of various containment systems.

2.3.4  Radioactive Releases.and Thelr Consequences

The study examined the various classes of vadionuclides which would be
released from a molten core, and then considered - in a simple "wedge" model -
the transport of released radioactivity and the resulting human exposures and
consequent health effects. The wedge model simply assumes that any radioactiv-
ity released proceeds uniformly in velocity and directional dependence away
from the source within a specified opening angle and within the 'mixing layer"
of the atmosphere. This specifies a wedge within which concentrations of
radioactivity will be confined and wherein the time-integrated radiocactivity
will depend only on distance from the reactor. Although such a model would not
be applicable to determination of early deaths and illness, effects which de-
pend critically on the details of local meteorology and population densities,

it might be expected to yield useful results for latent effects, which are



presumed to depend only on the integrated dose in man-rem.

The study specifically applied this simple model to a release and re-
lease conditions chosen to simulate one accident whose consequence calcula-
tions were described in detail din draft WASH-1400. This draft was veleased
during the August 1974 meeting of the APS group. For this large release ac-
cident (PWR release category 2; see section 2.1), the APS study found that the
WASH-1400 draft has seriously underestimated the total whole-body population
dose, with a particularly serious omission being the neglect of most of the
dose from l37Cs deposited on the ground. This correction alone led to an in-
crease in the number of latent cancer deaths by a factor of 25, an increase
which caused such deaths to dominate the total number of fatalities from the
hypothetical release. (We may note here that the final WASH-1400 accounted
for this source of exposure, thereby yvielding the result that it dominated the
total number of fatalities, but that the final WASH-1400 numbers were not as
high as suggested by the APS study.) Using the wedge model, the APS group also
estimated other long-term consequences, most yielding lavger numbers than those
given in the drafit WASH-1400. (The required alterations ave shown in table 2-
18). With the wedge model, the connectlon between the various parameters af-
fecting release consequences is particularly transparent. For example, the
influence of evacuation assumptions on total population dose is very easy to
assess, presuming that the assumed population digtribﬁtién is simple (and yniform).
In many cases, corresponding changes were made in the WASH-1400 final report.

In addition to the use of evacuation, sequestering of contaminated food,
and decontamination for rveducing the consequences of a release, the study
urged investigation of: wuse of lodine blocking (based on distribution of pills)
to reduce uptake of radiofoding, indtallation of air filtration systems on large
buildings near to nuclear power plants, and distant siting to reduce population

at risk.

2.3.5  The Light-water Reactor Safety Research Program

A major part of the APS study was an examination of the then curvent
(late 1974) reactor safety program, largely to seek an understanding of the
extent to which the program could hope to elucidate reactor behavior during a
logs—-of~coolant accident. The main burden of research on the safety of light-
water reactors was carried by the AEC Division of Reactor Safety Research (RSR -

now part of the Nuclear Regulatory Commission), whose efforts are gupplemented
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TARLE 2-18 (Table XIV of the APS Teport)

TABLE X1V, Effect of changed assumptions on Draft WASH~1400 reference accident average man-rem cbnsequences,

A, Cancer Deaths

Assuraption change 2

Truncation of ground dose at one day. .. to...no truncation

100 cancer deaths/{10% whole body rem), .. to. .. (about 130)/(10°

whole body rem)

Neglect of cancer induction from lung dose. . .to... (20-50}/

(10% Jung rem) over 40 years following exposure

Neglect of deaths from beta-ray induced thyroid cancer...to..
(1275 thyroid cancers)/(10% thyroid rem) over 30 years followmg‘
exposure, use range of AEC-EPA conversion factors, assume 4%
mortality for persons exposed as children, 15% for persons ex~
posed as adults,

B, Morbidity

1.

C,

i,
2.

Show full range of uncertainty of thyroid exposure-dose
and dose consequence coefficients

Genetle Defects

Truncation of ground dose at one day. .. {o...no truncation

(100 genetic defects)/(10% whole-hbody rem), .. to. .. (25-250)
identifiable dominant genetic defects and 12.6 noninheritable
genetic defeets/ (108 whole~body rem}. Not included are 0500
additional conatitutional or degencrative diseases/(10% whole-
body rem)

Relative effect
Factor of about 25

Factor of 1.3

Not calculated in
Draft WASH-1400

Not caleculated in
Draft WASH~1400

Factor of 0.9-12.0

Factor of about 25

Factor of 0.4-2.5 in

genetic defects

Total effect?

10000 cancer deaths
instead of 310 cancer
deaths

Acd 6001600 lung cancer
deaths during following
40 years

Add 5004000 thyroid
cancer deaths in 30 years
following exposure

22 500300000 thyroid

nodule cases instead of
25000 four estimate—

not explicitly stated in

Draft WASH-1400)

3000--20000 genctle
defects instend of 310
genetie defects

a

. indicate assumption change from. . . to. ..

It ia essential to note that these in:‘rvm(»nm} cuncer deaths and morbidity would occur over natural Hfetimes of a very large

exposed population,
of about 10 million,
Axex),
of one chance {n a thousand,

Rev. Mod. Phys., Vol. 47, Suppl. No. 1, Summer 1875

These calculations are based on a population denstty of 300/mi” which results in an exposure of a population
A population density of 165/mt* would multiply all tota) consequence entimates by 0,55 (Sce Footnole, page

independent of ascumed population density, there would be an additfonal risk of cuncer to the averasge exponed indlvidual

with the risk distributed over a substantia) fraction of his natural Hfetime,
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in a major way by the reactor vendors and by the Electric Power Research Insti-
tute. The RSR program on LWRs was based primarily on: separate effects tests
of various components and subsystems, computer code development which uses in-
formation developed in the separate effects tests, integral system experiments
on a scale smaller than an LWR but hopefully large enough to test the predic~
tive ability of the codes, and primary system integrity tests. The long-term
goal of the research program is to be able to understand and quantitatively
predict the important safety aspects of reactor behavior.

The report delineates the 1975 breakdown of funding for the individual
research areas, then discusses the work being performed in each area. The

program on primary system integrity emphasized the physical bases of integrity

and also the attention given to quality assurance and inspection, areas which

the APS group would indeed emphasize. The separate effects tests can be as-

sociated with the various elements of LOCA phenomena, as detailed in the ac-
ceptance criteria (see, for example, the phenomena mentioned in table 2-17),
and the study examined the extent to which our understanding of these pheno-
mena is being strengthened. Although the number of separate effects tests
being performed has increased in Tecent years, the group recommended a further
increase in such experiments, particularly on ECC bypass, heat transfer with
cross flow, non-equilibrium two-phase flow, and core blockage. Such exper-
iments relate strongly to code development and system testing. Of particular
importance in the research program was that tests of fuel and cladding prob-
lems at the Power Burst Facility proceed on a timely basis.

The major integral system testing program has been planned at the Loss

o

of Fluid Test (LOFT) facility. The LOFT system 1s a specially designed and
instrumented PWR of intermediate scale (55 MWt) relative to a large commercial
PWR (3300 MWt). Objectives of the LOFI program are: 1) to provide data for
testing the adequacy of analytical models which predict transient response of
the core, primary system, and coolant and which predict the capability and
the margin of safety of current ECCS designs, 2) to verify the adequacy of
the design criteria used to establish BECCS capabilities, and 3) to reveal
thresholds or unexpected phenomena affecting eirher the validity of analytic
models predicting transient response OF the selection of ECCS design param-
eters.

A crucial issue is the relationship between LOFT system parvameters and

those of a PWR, i.e., the matter of scaling. Since complex transient Two-—
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phase flow is not well enough understood to develop useful scaling criteria
through the definition of characteristic dimensionless numbers, the basic
criterion chosen is volumetric and power denslity scaling, basically to assure
that the same relative amounts of fluid are available for energy exchange in
LOFT as in a PWR. On the other hand, an attempt is made to scale break areas
and fuel cross sections. It is clear that volumes and areas cannot be scaled
simultaneously. Thus, although LOFT results may be representative of a PWR in
some respects, in others it will not. As a result, LOFT canunot be regarded as
a test of the PWR ECCS, but as an integral test of the many separate effects
important in LOCA phenomena. The group urged that the test program be kept
flexible enough to take into account new results and also to test alternative
ECC concepts. In a similar vein, it was urged that care be taken that the test
program not be restricted to initial conditions associated with normal PWR
operation, but also allow for the possibility of abnormal initial conditions
existing prior to the onset of loss-of-coolant.

Scaling compromises have made the use of LOFT data for code verification
a difficult issue, particularly because of the nodalized character of present
calculation, which often requires adjustment of parameters to obtain agree-
ment. Significant comparisons with data from LOFT and, certainly, dependable
scaling to a PWR will require codes with more vealistic physical treatment and
fewer arbitvary parameters. The APS group questioned the ability of the then
current experimental and code development programs to achieve a satisfactory
quantitative understanding of phenomena at full PWR size. Moreover, no test
comparable to LOFT exists for the BWR.

Design of the experimental program aside, the ability of the LOFT system
actually to make the intended measurements, was examined in terms of the instru-
mentation on the system. Core measurements include many temperature sensors,
several absolute and differential pressure sensors, and mass flow and velocity
sensors. Neutron flux is monitored by power measurements. In each instance,
the group identified some deficiency either in the intended measurement, the
accuracy of the instrumentation, ov its calibration. It was particularly crit-
ical of the absence of direct measurement of the core water level., The pri-
mary system measurements relied on temperature sensors, pressure sensors, a
liquid level monitor, a density monitor, and mass flow indicators. For these
systems, too, the group questioned their ability to make the required measure-

ments. Overall, they recommended a major effort to upgrade the quality, range,
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quantity, and redundancy of LOFT instrumentation, so that measurements appro-—
priate to testing code calculations would be possible.
An earlier companion of LOFT is "Semiscale", a small, essentially one-

5 ft. long 1 MWt electrically-heated core, in-

dimensional system, with a
tended to provide data for basic LOCA model development and for LOFT design
assessment and instrumentation evaluation. This is the device which first

gave indications of the possible importance of ECC bypass, the phenomena where
injected coolant bypasses the core and goes out the LOCA-~inducing break. Al-
though Semiscale is very small and one-dimensional, parametric measurements
should be important when compared with LOFT results.

(The report goes on to discuss current and suggested research in contain-
ment system response and radiological consequences. Although containment sys-
tems have worked well to control routine releases, there are major uncertain-—
ties in containment conditions during severe accidents - involving, for ex-
ample, core meltdown —~ and in corresponding effectiveness of specific systems.
The research program should be upgraded to examine and improve the reliability
and  effectiveness of specific containment systems and to examine some of the
possible changes mentioned in the previous section. In a gimilar way, the con-
sequences of meltdown and containment failure could be much better understood
as a result of increased efforts in the areas of radionuclide release from
molten fuel, dispersion through soil and water, meteorological analysis, miti-
gation of biological effects, and decontamination effectiveness.)

The view of the APS group is that a major consideration in the LOCA anal-
ysis portion of the light-water reactor veseavch program is not the specific
work, either experimental or theoretical, that is carried out, but the manner
in which it is carried out. There is an especially delicate connection between
code development and experiment: the new generation of more realistic and com-
plex codes depends on the results from separate effects tests, and their pre-

dictive ability must be evaluated at LOFT, a gub~PWR-scale test. Based on the

extent to which their predictions are verified, some judgment can be made as

to the strength of an extrapolation, using these codes, to PWR scale. Such a

verification at LOFT scale is critical, rather than the alternative of falling
back to a position where LOFT simply tests whether the conservative evaluation
model codes are conservative at the LOFT scale, a test that would say little

about their conservatism at the PWR scale and that would seriously degrade the

contribution of LOFT to a physical understanding of systems at PWR scale.
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As a result the more realistic codes must have made predictions prior to the
LOFT series.

The APS study also emphasized the limitations of the tests and codes
being planned. For example, LOFT can not be thought of as a test of a PWR
system. Furthermore, however complex a code, it will be applicable within
1limits and will be unable to handle unanticipated phenomena. It is, moreover,
important that the assumptions onwhich they are based be openly available for
review by the scientific community. This is especially true of the conserva-
tive evaluation model codes, for which the APS group thought the basic pre-
mise to be extremely weak, i.e., that making comservative assumptions at each
point may lead to a net conservative result, even beyond the range where the
code has been tested.

Fven with the results from the separate effects tests, the LOFT program,
and advanced code development as now planned, the group was skeptical of the
ability to scale our understanding of transient conditions to PWR (and also
BWR )scale. They identified several possible, and perhaps complementary op-—
tions for the reactor safety research program: 1) Limit scope to the present
program, somewhat improved as suggested above, 2) Augment the research pro-
gram by pushing the investigation and development of alternative concepts to
cope with LOCAs and with other transients of concern, thus obtaining analyz-
able concepts, 3) Augment the present program by larger integral system tests
combined with a move toward standardization of LWR designs, thereby making the
scaling question moot, 4) Augment the research program by placing additional
emphasis on better containment, consequence mitigation, and accident recovery,
research emphases that should be adopted independently of the above choices,
5) Complement the present program through emphasis on remote and other con-
servative types of siting, sharply reducing risk.

The specific recommendation of the APS group was that the research pro-
gram be extended to implement fully options 2 and 4 and that plans for 3 be
drawn up as an alternate program should options 1 and 2 not be leading to suc—
cess on ECCS understanding. It was thought to be particularly important that
the experiments and advanced code work proceed with the help of the best quali-

fied scientific personnel in the country.
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2.3.6 The Major APS Recommendations

Iin

11

s o 0

the words of the APS report:

we have not uncovered reasons for substantial short range concern

regarding risk of accidents in light-water reactors ...we ave confident that

a much better quantitative evaluation and consequent improvements of the safety
situation can be achieved over the next decayed if certain aspects of the safety
research program are substantially improved and the results of the research are

implemented" (our emphasis added) .

Summary of conclusions and major recommendations 57

D. Major recommendations -

Many recommendations are made inthebody of this Re -
port. A few of the major ones are summarized here, but
in each case the reader is referred to the main text for
detailed discussions of the background and rationale.

Our major recommendations, which have not been ranked
according to their importance, include the following:

(1) Human engineering ol reactor controls, which might
significantly reduce the chance of operator errors, should
be tmproved. We also eacourage the automaltion of more
control functions and increased operator training with
simulators, especially in accident-simulation mode.

(2) Measures should be taken to quantify the cffective-
ness of the present quality assurance program, using both
the analysis of experience already reported and new mea-
surements on the quality assurance system.

(3) The techniques used in Draft WASH-1400 for the
calculation of accident sequences and their probabilities
should be:

e cmployed to estimate quantitatively whether as-
sumed subsystem failure data are compatible withthe ob-
served individual small accidents;

e used to provide parameiric studies of the effects of
phenoniena which are ili-understood in the identified se-
quences;

e refined so that they can be used for continuing risk
assessment on a routine basis with a growing data base
of failure data.

(4) The Draft WASH-1400 analysis of accident conse-
quences should be redone tuking into account the modifi~
cations discussed in our report, in order to obtain cor-
rected consequence estimates. The results will help to
determine the magnitude of the benefits which might be
obtained from the introductions of design changes and
means of mitigation of accident consequences.

(5) ‘The proolem of sabotage and ils effect on increas-
ing the risk of radioactivity release should be studied
carefully. We have no way of estimating the presentlike-
lihood of sabolage; howevér, we believe thal reactor se-
curity can be improved and have specific recommenda-
tions for studies that go beyond those already underway.

(6} The ECCS saféty margin should be quantified, and
if necessary, improved through one or more of the fol-
lowing approaches:

e the substitution of more easily analyzable or more
effective ECCS concepts;

e a much stronger theoretical and calculational de-
velopment effort combined with a much improved experi-
mental program, the results of which must be published
openly for evaluation by the technical community;

e a series of large-scale experiments along with
some standardization of reactors. Detailed planning and
analysis for this approach should begin immediately in
case it should be decided in the future that it is needed.
There should be increased emphasis on realistic calcula-
tions and experiments as opposed to those which merely
attempt to set upper limits on the behavior of a reactor
in an accident. In view of the number of reactors now
operating and being planned, we believe it is important
that the reactor safety research program quickly take
major steps to bring about a convincing resolution of the
uncertainties in EECS performance.

() 1In the area of safely research, more emphasis
should be placed on sceking improvements incontainment
methods and technology. In particular, controlled vent-
ing of the containment building in case of overpressure
should be studied. A careful assessment should also be
made of the benelits and costs of alternative siting pol-
icies, such as remote, underground, and nuclear-park
siting.

(8) There should be more effort to resolve major un-
certainties in estimating consequences, including im-
provement of the biological-elfectsdata base, Techniques
for mitigation of conscquences should be developed, es-
pecizlly in connection with the problems of decontamina-
tion afler a large accident.

(9) While we strongly endorse the substanlial improve-
ments that have been made in the safety rescarch pro-
grams and in the openness to scrutiny by the technical
public in the last two years, additional measures should
be-taken to continue to improve the research program
and techniques and to assure that the results of both ex-
perimental and computer code development work related
to safety are openly published.
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3. OTHER STUDLES

3.1 Studies Completed Prior to WASH-1400: Mostly WASH-740

Few assessments of the safety of nuclear power were completed prior to
the work described in the previous sections. The most important example,
yielding a report entitled "Theoretical Possibilities and Consequences of
Major accidents in Large Nuclear Power Plants" (AEC report WASH-740 ),
performed in 1957 at Brookhaven National Laboratory for the Atomic Energy
Commission. Its purpose was to assess the '"possibilities’ and consequences
of accidents at the relatively ''large' commercial nuclear power plants that
were being planned at the time of the report. An important distinction is
that an identification of "possible', that is "conceivable,"accidents does
not carry the connotation of assigning probabilities to those accidents. The
report does indicate ranges of probabilities for three classes of accidents,

but these are based on estimates of experts who would venture an opinion, not

on any probabilistic modeling. A second clarification of the stated purpose

of the study is that the '"large" plants considered were 500 megawatts thermal,

about one sixth the size of current large nuclear power plants (3000 MWt or
about‘lOOO MW electrical). The growth in plant size has led to possible
invalidation of one of the main assumptions of WASH-740: that a molten core
would, under most circumstances, be indefinitely contained by the pressure

vessel, and certainly by the containment structures. As noted in section 2,

precisely the opposite assumption is now made for the large plants, the rea-

son being that the larger volume of molten material would have insufficient
surface area for heat transfer.
The study explicitly treated three classes of accidents:

Class 1, the contained case, assumes that all of the figssion products are
vaporized and dispersed within the containment shell, but that there
is no release to the atmosphere. (Estimated probability of occurrence:
1O=2 to .‘LOm4 per reactor-year)

Class 2, the volatile release case, assumes that all volatile fission pro-
ducts are released to the atmosphere at the time of the accident.
(Estimated probability of occurrence: 1O=3 to 1094 per reactor-year)

Class 3, the "50 percent” release case, assumes that 50 percent of all fission
products are released to the atmosphere. (Estimated probability of

occurrence: lﬂas to 1Ow9 per reactor-year)
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Tn each case, specific accident mechanisms were not treated, but the
stated releases were presumed. The study then calculated early fatalities
(within 15 miles) as well as costs of evacuation and of contamination of the
foodstuffs and land, and illness for each accident class. The asgumed popula-
tion distribution was designed to be characteristic of a reactor sited at a
distance of 30 miles from a city.

In cases involving releases, a range of assumptions affecting disper-
sion and exposure was made, yielding widely varying consequences. The para-
metrers varied included weather conditions (inversion or not, rain or not),
size of the radicactive particulates dispersed, evacuation speed, and amount
of heat released with the radioactivity.

The class 1 accident exposes surrounding populations to gamma radiation
that penetrates the containment. On the basis of the typical population dis-
tribution beyond an assumed 2000 foot site boundary, it was found that no
fatalities would occur, and several illnesses could occur if evacuation was
slow.

Class 2 accidents are major releases, with deaths ranging from 2 to
900 and illnesses from 10 to 13,000, depending on the specific parameters
used. Property damage ranged up to approximately $0.5 billion (1957 dollars).

Class 3 accidents, even larger releases than those above, were estimated
to kill O to 3400, produce illness in 0 to 43,000, and cause damages up to
$7 billion. (The heat released in this accident type presumably accounts
for a lower limit on deaths that is below that of Class 2.)

All the harm to individuals specified above ig in the form of early

death or illness. The study did not consider latent effects.

In a sense, the accident leading to 3400 early fatalities was regarded
a8 a maximum conceivable accident. It was not 1iterally so, since the group
could imagine worse combinations of the various parameters. However, even
given a class 3 release, the combination of conditions resulting in 3400
deaths was itself very unlikely. As indicated above, the study did not
make an attempt to calculate probabilities associated with a spectrum of
accidents in order to assess the overall risk. The purpose of the study was
much less ambitious, to indicate the range of possibilities and magnitudes

for releases from large nuclear plants.



Almost a decade later, workers at Brookhaven again examined the
question of the consequences of major releases from nuclear power plants, this
fime from the substantially lafger plants that were beginning to dominate the
scene. The results of their work to revise WASH-740 did not reach the form
of an AEC report. However, in view of the fact that they were not attempting
to apply any substantially different methodology than was used for WASH-740,
it is to be expected that their results would be similar, and they were.

The major alteration was that the overall magnitude of the consequences from
a 1000 MWe power plant would be about an order of magnitude greater than that
for smaller plants, largely because the inventory of radiocactivity in the
core is proportional to the rate of heat generated.

The only other study of note that bears similarity in approach to
WASH-740 was an investigationz of the consequences of a major release from
a 60 MWe demonmstration liquid metal fast breeder reactor power plant known
as Fermi 1 and located on the outskirts of Detroit. Such reactors are beyond
the scope of our discussion. However, once the release of figsion products
has occurred, an accident at such a plant would be largely indistinguishable
from that at an LWR plant. Because of the proximity of the plant to Detroit,
the potential consequences of a major release were found to he very severe,
the maximum number of early fatalities exceeding 100,000.

Except for the reports just mentioned, little public information has
been developed, until recently, relevant to an overall assessment of the
safety of nuclear power plants. Perhaps the most voluminous such information
resulted from the rule making hearing83 on the ECCS acceptance criteria.
(The APS reporté discusses these criteria.) The subject of the hearings was
the interim acceptance criteria, with amendments, for ECC systems for LWR
power plants. The AEC promulgated revised acceptance criteria in late 1973°3
Such detailed ECCS specifications arose out of many years' consideration of
how such systems should be implemented. One of the basic documents from
this period is a 1967 report to the AEC by Ergen et %lﬁS on emergency core
cooling systems.

During the same period that specifications for ECC systems were being
developed and reviewed, reports appeared which gave an inkling of the future
dirvection of risk assessment. One example is a paper by Otway and Erdmann,
discussing reactor siting and design from a risk viewpoint, wherein conse-

quences versus probabllities were displayed and the idea of calculating the
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probability of failure of the reactor system from the probability of failure
of component systems was outlined. During this same period, the AEC was, of
course, beginning the study that vesulted in WASHMIQOOQ7 Moreover, the AEC
was also assembling information on the safety of nuclear power reactors, but
one resulting report (WASHalZSOS) is best described as a discussion of a
light-water reactor nuclear power system and of various health and safety
criteria pertinent to such a system, rather than as an analysis of the actual
risk from LWRs. However, it may be said that 1t was the AEC awareness of
the public concern for the safety of nuclear power (an awareness indicated
by the publication of WASH-1250 as well as by many other events, such as the
criteria hearings), coupled with the increasing interest in probabilistic

methodologies, that led to the work reported in WASH-1400.

3.2 Reviews of WASH-1400

Because of the seeming primacy of WASH-1400 among various studies of
light-water reactor safety, it is appropriate that we indicate briefly, but
explicitly, many of the public comments on that work. A summary of the com-
ments on the WASH-1400 draft was given in section 2.1.4, and, in the course
of our discussion of the EPRI work and the APS study, we indicated their
major comments oun WASH-1400. Of the numerous other comments, we will
treat those of the U.S. Environmental Protection Agency in section 3.2.1 and

summarize some of the remainder in section 3.2.2.

3.2.1 Reviews by the U.S. Environmental Protection Agency

The Office of Radiation Programs of the Environmental Protection Agency
(EPA)Y conducted reviews of the draft and final WASH-1400 reports. Results of
these reviews were published in 19759 and 1976100 In each instance, the EPA
tended to concentrate its own internal review on the calculation of conse-~
quences, particularly health effects, as presented in WASH-1400. The EPA
relied on contractual work with Intermountain Technologies, Inc. (ITI) to
review the WASH-1400 accident analysis.,

The EPA reviews identified "several significant areas in which we have
found the WASH~-1400 report either deficient or containing unjustified
agsumptions. These are

1) failure to address fully the health effects expected after an

accident and to comsider adequately a technical basis, which
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includes a broad range of perspectives, for estimating the
incidence of the associated bioeffects,
2) the assumptioﬁs made in regard to evacuation as a remedial
measure,
3) improperly or incompletely evaluated parameters used in
determining the accident event-sequences and probabilities, and
4) inadequate description of the analysis of the consequences
of the release of radioactive materials to the environmentb"lo

Area 1 was a major source of dissatisfaction in both reviews. In parti-
cular, the EPA contended that rhe final WASH-1400 lower bound, central, and
upper bound estimates for the relationship between exposure and latent health
effects should all be altered in ways yielding larger consequences, thereby
increasing the middle estimates by a factor of 2 to 10,

The second deficiency arose a) from WASH-~1400 use of a constant radius
(25 miles) within which evacuation takes place, a simplistic assumption that
is inconsistent with present and planned practice (which would relate evacua-
tion procedures more directly to the details of a particular release), and
b) from the assumed timing and speed of evacuation, the details of which are
not clear from the discussion in WASH-1400.

Third, in both reviews, ITL identified the analysis of the BWR transient-
witrhout—-sceram accidents as the most significant accident analysis problem in
WASH-1400 and stated that re—evaluation may increase the tvisk of BWR accidents.
Moreover, the reviews pointed out numerous instances of information insuffi-
cient to assess risk impact, both in the details of quantification of accident
probability based on human error, common modes, and so on, and in the descrip-
rion of core meltdown and containment response (analysis of ECCS function-
ability appears incomplete, and the PWR containment faillure pressure appears
too high).

Lastly, the EPA regarded as deficient the description of how the analy-
tical framework for consequences calculation was applied. There was also too
little information on results obtained at intermediate steps in the calcula~-
tion, causing difficulties to others who would use these techniques or trace

their application in WASH-1400.
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The EPA supported the concept of the Reactor Safety Study. However, it
found that what it considers "more reasonable assumptions in health effects,
emergency actions, and estimates of probabilities of releases" would signifi-
cantly alter the results of the study. Finally, the EPA was concerned about
the implied acceptability of the estimated risks to society that is contained
in the comparisons made between risks from nuclear reactors and from other

sources.

3.2.2 Other Reviews

The comments on WASH-1400 to which we have so far referred have dealt
gently with the basic methodology of that study. Although details of the
probabilistic accident analysis have been questioned, particularly the treat-
ment of common mode failures and the often-cited lack of clarity on how speci-
fic factors contribute to risk, neither the EPRI work, the APS study, nor the
EPA review found basic inadequacies in this approach to risk assessment. The
most serious criticism offered was by the APS group, who said "based on our
experience with problems of this nature involving very low probabilities, we
do not now have confidence in the presently calculated absolute values of the
probabilities of the various branchese"4

Others have sharpened this point of view to a fundamental attack on the
WASH-1400 methodology. One of the earliest public reviews of the draft
report was the "Preliminary Review of the AEC Reactor Safety Studyg”ll
published by the Sierra Club and the Union of Concerned Scientists (the UCS
being one of the protagonists in the acceptance criteria hearings). This
review strongly criticized WASH-1400 both in its application of the event-tree-
fault-tree methodology and in its calculation of consequences of the identified
release categories.

The Sierra-UCS report presented the basic view that experience shows
that the use of fault trees has not been dependable for prediction of absolute
failure rates, a fundamental requirement of the WASH~1400 risk analysis.

This distrust of the methodology was based on two general criticisms: first,
the review committee regarded it as unlikely, and even impossible, that all
important accident sequences were identified or that all common mode failures
were identified; second, the review doubted the dependability of the failure
rate data, a doubt based on questions regarding design adequaéy, human

failures, rarity of many of the failures (particularly of structures), the
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importance of secondary (stress) failure, and the pressure vessel failure
data.

The review also concluded that the human consequences of the major
accidents treated in WASH~1400 were understated by at least an order of magni-
tude. The committee identified as causes for this discrepancy: an under-
statement of the amount of radiocactivity released in given core melt accidents,
underestimation of the damages to human health from radiocactive exposure, an
overstatement of the effectiveness of evacuation and shielding in reducing
exposures, and a neglect of expected population growth in the vicinity of the
identified sites.

Strong contrasts were drawn between the conclusions of WASH-1400 and the
previously accepted assessments of the risk from large loss-of-coolant acci-
dents and/or core melting. The report noted the substantially increased pro-
bability of core melt accidents as calculated by WASH~1400 and the decreased
typical human consequences of such accidents, as compared with WASH-740 and
its update (see section 3.1). Furthermore, the primary contributor to melt-
down accidents was found by WASH-1400 not to be large LOCAs, thereby sugges-
ting a misplaced emphasis in the AEC (now NRC) approach to regulation of
nuclear power, an approach which strongly emphasizes the large-LOCA design
basis accidents. Finally, the Sierra-UCS review committee regarded the AEC
public use of draft WASH-~1400, with its uncertainties and errors, to be
{mproper, particularly because of the lack of opportunity for prior review.

We should emphasize that this review dealt with the 1974 draft. However,

.. oo 12, . . ,
similar criticisms, including even that of improper use of the results of

the study, have been leveled against WASH-1400 since publication of the final
version in late 1975. A useful selection of comments on the Reactor Safety
Study were made at Congressional hearingslB during June 1976 before the Sub-
committee on Energy and the Environment of the Committee on Interior and
Insular Affairs. Testimony was heard from the Nuclear Regulatory Commission
and the Environmental Protection Agency, as well as from a number of indivi-
duals representing a wide range of opinion of the accuracy or utility of

WASH~1400. Those giving testimony included®* Norman C. Rasmussen, Saul Levine,

&%

For clarity in the context of this report, these individuals are listed in
the order in which the studies or reviews with which they were assoclated
were discussed in this report.
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Niel Wald, M.D., and Marvin Goldman, participants in the Reactor Safety

Study; R. C. Erdmann, participant in the EPRI-SAI work; Frank von Hippel and
W. K. H. Panofsky, participants in the APS study; Dr. William Rowe, involved
in the EPA reviews:; and Henry W. Kendall, involved in the Sierra~UCS review,

It is not possible to state briefly the various comments and responses
that were made during these hearings (or, indeed, that are being made in the
continuing discussion of the Reactor Safety Study). Many points raised have
been discussed previously in this report. 7Two items from the hearings may
usefully be mentioned. The first is the particular attention given by parti-
cipants in the Reactor Safety Study to the criticisms voiced by Rowe in behalf
of the FPA; they replied during the hearings to each of the main points listed
in the last section. They especially emphasized the reasons for their choice
of dose-response relationships for latent health effects.

The second item is the somewhat delicate question often raised of the
manner in which the results of the Reactor Safety Study were stated in WASH-
1400 and the manner in which that report is being used and may be used. The
fxecutive Summary, the several pages at the beginning of WASH-1400, is intended
to summarize the results of the study, presumably for a general audience. In
doing so, the three page 'Introduction and Results', and the questions and
answers which follow, appear to many observers to intentionally state the
results so as to minimize the consequences of nuclear accidents, particularly
where latent fatalitieg arve concerned. Since it is difficult to compare such
latent effects with similar effects from other sources, the summary emphasizes
its comparison of estimated early fatalities (although the summary's graphical
displays omit the word "early") with those from other sources. About latent
effects, it says ""The number of cases of genetic effects and long-term cancer
fatalities is predicted to be smaller than the normal incidence rate of these
diseases', neglecting to note that estimated long-term fatalities constitute
99.97% of total estimated fatalities from reactor accidents.

A second aspect of the manner of use of WASH-1400 is the limitations of
the study. One easy observation is that the study did not deal with reactor
types other than LWRs. Application of the methodology to other types would
be useful as an assessment tool. A second observation is that the study
eliminated any site-specific results. Construction of its "typical' sites,
with corresponding meteorological conditions and population distributions

eliminated the possibility of assessing the range of risk, as it varies from
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one site to another. (Possible consequences from accidents, for example, in
the vicinity of large population concentrations, such as New York City, are
of great interest.) WASH-1400 acknowledges these observations, restricting
itself to an assessment of the overall risk from the nuclear power system.
The application of the methodology, presuming its reliability, to other
reactor types and to specific sites would increase the amount of information
available for risk assessment. As discussed below, some efforts in this
direction are being made by the Nuclear Regulatory Commission.

In section 4, we discuss the question of how the results of the Reactor
Safety Study, and others, might be used. Highly relevant to that is the work
that is presently being performed to refine and extend WASH-1400. This is a

subject of the next section.

3.3 Studies being Performed or Planned

Safety assessments

Considerable resources are required to conduct a substantial, independent
assessment of reactor safety., Not surprisingly, most recent efforts in this
area have been largely devoted to analysis, criticism, or extension of the
work of the NRC's Reactor Safety Study. In fact, many of the most important
studies related to WASH-1400 have been the work of substantial groups; these
include the EPA, EPRI, and the APS (although WASH~1400 was not the main sub-
ject of the APS study). As indicated above, EPRI is continuing such work and,
no doubt, the EPA has a continuing interest in scrutiny of the WASH-1400 work.
Moreover, individual members of the APS group are remaining active in indepen-
dent analysis of topics relating to reactor safety and the assessment thereof.
Tn addition to these groups and individuals, numerous others are active, at
one level or anmother, in similar areas. However, the group that is extending
the WASH-1400 work most substantially is the group at the NRC which is con~
tinuing applications of the methodology, the Probabilistic Analysis Branch of
the Office of Nuclear Regulatory Research.

The NRC is, first of all, attempting to adapt the WASH-1400 methodology
to use in licensing. The study itself only analyzed in detail two specific
reactors, which are older than those now being built, and somewhat different
in design. The NRC 1s examining specific features which may distinguish other
reactors from those on which the study was based. A principal feature to be

considered at the present time is the contalnment. The NRC staff is interested
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in examining differences between various containment concepts, sometimes even
as offered by a single manufacturer. A specific containment feature which
may distinguish between results for different PWR manufacturers is presence
of an ice condenser (versus an altermative) used in the containment designs.
On the other hand, the BWR examined in WASH-1400 used a Mark I containment,
whereas reactors now being designed by the same manufacturer use Mark IIL.

Tn addition to analysis of reactor-specific features, for use in
licensing of power plants, the NRC is considering application of this
methodology to other elements of the nuclear fuel cycle, such as reprocessing
plants and waste management facilities.

Further work is being done to improve the methodology dtself. In the
area of probabilistic accident analysis, the NRC hopes to identify which
parameters arve the driving forces for uncertainties in calculated results,
thereby leading to work in those areas which would be most profitable in
reducing the uncertainties. The group is examining the details of the models
for core meltdown and fission product transport (within the containment) to
see how they affect the radioactive release fractions. The consequences model
is also being scrutinized, primarily to remove conservatisms that were
accepted in the interest of timely results. One example is improvement of the
precipitation model.

Thus the main areas of work at the NRC are to improve the details of
the methodology and to extend its vange of application to facilities other
than the specific light-~water reactors examined in WASH-1400.

Studies of safety design

This report has emphasized the form and adequacy of analytical techniques
for predicting the probability and consequences of reactor accidents. Of the
studies discussed in section 2, only the American Physical Society study
group on light-water reactor safety devoted a significant portion of its
effort to the basic question of reactor design and related analysis. The APS
report reviews a number of important areas for reactor safety, including
pressure vessel integrity, emergency core cooling system design, containment
response, quality assurance, and computer modeling of LOCA phenomena. It
also provides a view of the reactor safety vesearch program which has been
pursued in recent years. Although this view was based on information avail-
able in late 1974, the situation has not changed drastically, except that the

responsibility for licensing (and related research on) light-water reactor
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power plants now resides with the Nuclear Regulatory Commission, rather than
the Atomic Energy Commission.

A more recent perspective on the present status of reactor safety can be
had indirectly through the eyes of the Advisory Committee on Reactor Safeguards
(ACRS), the committee which advises the Nuclear Regulatory Commission in
regulatory matters. Although the ACRS regards the current safety design of
light-water reactors adequate to warrant their licensing for operation, it has
established the practice in recent years of maintaining a list of "oeneric
items" relating to light-water reactors. These ave items which indicate
specific areas of uncertainty related to light-water reactors. They do not
necessarily imply that LWR design is deficient in these areas, but rather
rhat an avea has been identified as being unsatisfactory in some respect.
Often it is the data base or analytical technique that is unsatisfactory,
so that there is not sufficient information on which to base a judgment.
Resolution of an item usually involves an improvement in the data base of the
available analytical tools (or in the manner in which standards are formulated)
and may or may not involve an alteration in reactor design of operation.

The ACRS began reporting such a list of generic items in 1972 and has
updated the list on a roughly yearly basis. Of the approximately 70 items
which had been placed on the list by the time of the fourth report (April 16,
1976), about half had been resolved by that time. Because these items indi-
cate areas of uncertainty in LWR safety, we list them in Table 3-1. We have
categorized them by broad Safétymrelated areas. As mighi be expected, these
broad areas themselves constitute a list of the dimportant areas of concern in
reactor safety, from the point of view of both the partisans and critics of
nuclear power.

For each of the areas displayed in Table 3-1, the resolved items are
listed first and followed by items which in April 1976 are outstanding. The
fact that such items are brought up for consideration and gradually resolved
is not surprising, considering how complex, important, and highly-regulated
the safety aspects of nuclear power plants are. Consider, for example, the
items listed under "ECCS and LOCA related items, including containment
response.' Both the resolved and outstanding items include specific areas of
emergency core cooling design, containment design, and component behavior in
a post-accident environmment, all of which are fundamental aveas of safety

design. Considered as a whole, the items listed in the table may be regarded
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Table 3-1.

Rough Categorization of ARCS Generic Items Relating to Light Water Reactors

ECCS AND LOCA RELATED ITEMS, INCLUDING CONTAINMENT
RESPONSE

13 Net Positive Suction Head for ECCS Pumps

13 Hydrogen Control After a Loss-of-Coolant Accident (LOCA)

20 Capability of Biological Shield Withstanding Double-Ended
Pipe Break at Safe Ends

1A-5 ECCS Capability of Current and Otder Plants

iB-3 Performance of Critical Components {puraps, cables, etc.)
in post-LOCA Environment

IB-4 Vacuum Relief Valves Controlfing Bypass Paths on BWR
Pressure Suppression Containment

*11-2
f1-8  BWR Recirculation Pump Overspeed During LOCA

10 Emergency Core Cooling System Capability for Future
Plants

Effective Operation of Containment Sprays in a LOCA

°1{A-1 Pressure in Containment Following LOCA
f1A-3 Icc Condenser Containments
[A-5 PWR Pump Overspeed Duringa LOCA
“11B-3 Behavior BWR Mark [If Containments
11C-1 Locking Out of ECCS Power Operated Valves
11C-5 Vessel Support Structures
[C-8 Behavior of BWR Mark | Containments

QUALITY ASSURANCE, INSPECTION, TEST, AND MONITORING
i-9 Vibration Monitoring of Reactor Internals and Primary
System
111 Quality Assurance During Design, Construction and Operation
112 Inspection of BWR Steam Lines Beyond Isolation Valves
115 Pressure Vessel Surveillance of Fluence and Shife
[-18  Criteria for Preoperational Testing
123 Quality Group Classifications for Pressure Retaining Components
£25  mstrumentation to Detect Stresses in Containment Walls
1A-2  Primary System Detection and Location of Leaks
IB-2  ¥ixed Incore Detectors on High Power PWRs

2114

fnstruments to Detect Fuel Failures

[-5  Monitoring for Excessive Vibration or Loosc Parts Inside the
Pressure Vessel

111
HA-8 ACRS/NRC Periodic 10-Year Review of all Power Reactors
11C-7 Maintenance and Inspection of Plants

instrurnentation to Follow the Course of an Accident

EMERGENCY CONTROL

I-2 Emergency Power

{A-4  Anticipated Transients Without Seram

IB-5  Emergency Power for Two or More Reactors at the Same Site
IB-7  Control Rod Ejection Accident

° [IA-2 Control Rod Drop Accident (BWRs)
PROTECTION AGAINST SABOTAGE

18 Protection Against Industrial Sabotage

[1C-3 Dusign Features to Control Sabotage

GENERAL EQUIPMENT AND SYSTEM ADEQUACY AND PROTECTION

16 Fuel Storage Pool Design Bases

7 Protection of Primary System and Engineered Safety Features
Against Pumnp Flywheel Missiles

113 Independent Check of Primary System Stress Analysis
I-14 Operational Stability of Jet Purops

119 Diesel Fuel Capacity

1-24  Ultimate Heat Sink

IA-1 Use of Furnace Sensitized Stainless Steel

[A-2 Primary System Detection and Location of Leaks
IC-1  Main Steam Isolation Valve Leakage of BWR's

1C-2  Fuel Densification

13-t Turbine Missiles
-6
H-7  Behavior of Reactor Fuel Under Abnormal Conditions

Common Mode Failures

°1{A-4 Rupture of iligh Pressure Lines Outside Containment
SI{A-6 Isolation of Low Pressure From High Pressure Systems
11A-7 Steam Generator Tube Leakage
[1B-2 Qualification of New Fucl Geometries
1IB-4 Stress Corrosion Cracking in BWR Piping
HC-2  PFire Protection
11C-6 Water Hammer

SEISMIC RESPONSE

-5 Strong Motion Seismic Instrumentation
122 Scismic Design of Steam Lines

1G4  Seismic Category I Requirements for Auxiliary Systems

#11-9  The Advisability of Seismic Scam

REACTOR PRESSURE VESSEL

110 Inservice Inspection of Reactor Coolant Pressure Boundary
116  Nil Ductility Properties of Pressure Vessel Materials

11-3  Possible Failure of Pressure Vessel Post-LOCA
By Thermal Shock

GENERAL REACTOR OPERATION: CONTROL

AND INSTRUMENTATION

4 Instrument Lines Penetrating Contaimment

147  Opcration of Reactor With Less Than All Loops in Service
¥21  Operating One Plant While Other(s) isfare Under Construction
IB-1 Positive Moderator Cocfficient

IC-3  Rod Sequence Control Systems

11B-1 Hybrid Reactor Protection System B

EFFLUENTS AND DECONTAMINATION

18-6  Effluents from Light-Water-Cooled-Nuclear Power Reactors

11C4 Decomination and Decommissioning of Reactors

Betass Titems are resolved™; class 11 are not. A, B, and C indicates, respectively, items that were added in the second, thied, and fourth

S reports.

®ftems considered resolved by the NRC staff but pending by the ACRS
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either as a guide to areas of concern in reactor safety or as a glimpse of the
manner in which uncertainties in reactor design are identified and resolved.
Tt is therefore not surprising that these categories include the primary
concerns expressed by organizations such as the Sierra Club and the Union of
Concerned Scientists and by various individuals in recent hearings before the
Joint Committee on Atomic Energyl4 and before the Subcommlittee on Energy and
the Environment of the House Committee on Interior and Insular Affairs,13
Work in all of the areas listed by the ACRS and indicated in Table 2-3 is

continuing, largely as part of the NRC program on reactor safety research.

3.4 Foreign studies

Only a small effort was devoted to examination of foreign efforts related
to light-water reactor safety. In many vespects, such efforts in this area
follow the lead of work in the United States, as 1is to be expected considering
that this country led in the development of these reactors. However, some
important considerations are highlighted in foreign work, and we briefly
summarize the information which is publicly available on European work.

However, it should be noted that the foreign work is not conducted in as open
2 manner as in this country, so that the public information can only be regarded
as representative of foreign work.

Substantial efforts in probabilistic analysis have been taking place in

recent years in Furope. The earliest such study often referred to is the
Swedish Urban Siting Study915 which analyzed the potential impacts of siting
dual purpose power plants in urban areas for power generation and district
heating. However this study adopted a probabilistic approach only to the
consequences modeling and not to the matter of accident probabilities. The
authors were of the opinion that the most important initiator of core-melt~
down accidents was catastrophic reactor vessel failure, with a probability
of occurrence of 1 in 1 to 10 million reactor years. This core meltdown
probability is 50 to 500 times smaller than that calculated in WASH~1400!
Because the authors adopted, rather than calculated, a meltdown probability,
the results of this study are actually more comparable to the WASH-740 study
(of consequences of postulated éccidents) than to the WASH~1400 mechanistic

risk assessment.
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In some respects, European work has extended or supplanted the techniques
of WASH-~1400, though -- even in the Buropean community -- WASH-1400 is regarded
as the archetype and most complete example of such studies. Some of these
extensions take the form of different, perhaps, more sophisticated, probabilistic
analysis techniques, much as work in this country (such as that pursued by EPRI)
constitutes such improvements. Another major area where Furopean work takes
place is to apply these techniques to site~specific risk analysis.* The
possibility of extending WASH~1400 for use in examining specific sites was
mentioned above and is discussed further in section 4. In any event, it is
worth noting that the practitioners of probabilistic analysis in Furope do not
appear to obtain results which differ greatly from those of WASH-1400, except
in specific respects which result from differences in reactor design or in
population distributions.

In LWR reactor safety design, European work depends heavily on that

performed in the United States. However, with respect to the safety of PWRs,
an extremely interesting reportl7 was recently made to the United Kingdom
Atomic Energy Authority by a study group on pressure vessel integrity chaired
by W. Marshall. Concern over the probability of pressure vessel failure,
voiced most prominently by Sir Alan Cottrell had been one of the reasons for
the British decision in 1974 to emphasize other types of reactors and had
resulted in initiation of the Marshall study. (This study is now one of the
main inputs to a generic review of PWR safety now being performed by the
British Nuclear Installations Inspectorate and due to be completed shortly.)
The Marshall group was satisfied that PWR vessel integrity could be satisfac-
torily assured provided NRC regulations were fully implemented and supplemented
by a number of other specifications: Cottrell himself appears satisfied with
the Marshall Report, but points out the importance of three of these specifica-
tions, having to do with: 1) limiting operational transients, 2) injection of
ECC water at high temperatures, and 3) rigorous inservice inspection. In

this country, the NRC/ACRS appear satisfied with 1 and 3, but 2 is among the

itemg in Table 3-~1.

*A representative sample of publicly available information on European efforts
is given in the report of the latest general meeting of the American Nuclear
Society.
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In general, the Furopean community appears more sanguine about the risks
from nuclear power than does the United States community. Ofteﬁ regulatory
requirements relating to routine emissions or to reactor safety are not as
severe as in the United States. Although there are European critics of nuclear
power, the public as a whole more readily accepts the potential hazards
associated with its use and often regards these hazards as smaller than the
risks from other technologies. A sentence from the recent British report on
"Nuclear Power and the Environment”18 (the "Flowers" report) could easily have
come from WASH-1400:

"The risk of serious accident in any single reactor is
extremely small; the hazards posed by reactor accidents are
not unique in scale nor of such a kind as to suggest that
nuclear power should be abandoned for this reason alone."
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4, TMPLICATIONS OF SUCH STUDIES FOR REACTOR SAFETY

We have indicated in our previous discussion the reasons for emphasizing
WASH~1400, the EPRI work, and the APS study. The first (extended by the second)
constitutes a major methodological improvement in risk assessment, presuming
the methodology can be accurately applied. The APS work, on the other hand, ex-
amines in a useful way the physical basis of reactor safety and the framework
in which safety research has been proceeding.

The situation to be preferred would include an iterative interaction be-
tween the two points of view. Risk assessment requires information on design
and design adequacy and can identify those areas where improvements are most
needed, Safety system analysis and research supplies the information required
in risk assessment and, in turn, may benefit from the vesults of such assess-~
ment. To complete the interactive process, a congideration of costs versus
benefits is needed so that decisions on possible changes in research, design,
or licensing priorities may be made in the light of benefits which may accrue
from such alterations. Drawing primarily on the material presented in the pre-
vious sections, we summarize the major factors pertinent to safety assur-

ance, safety assessment, and interpretation and application of safety studies.

4,1 Safety assurance

The most fundamental aspect of safety assurance 1s the adequacy of the
reactor and associated systems. Such adequacy depends on design adequacy and
quality assurance. The APS study devoted most of its attention to these ques-

tions, particularly design adequacy, even toO the point of discussing specific

portions of the reactor safety research program in some detail. Since the

APS examination of the research program in 1974-1975, two major developments
celevant to their discussion have occurred. First, the LOFT series of tests

has begun, although the testing has so far been restricted to use of a non-
nuclear core. WNuclear tests are not scheduled until 1977. According to the
NRC, the nmon-nuclear tests are proceeding successfully. It is not clear to
what extent this means that the test results are successfully being used to
verify calculations of "realistic", vather than "econservative" codes.

Secondly, ome of the most important ''separate effects" tests, the Plenum Fill
Experiment scheduled to be performed at Battelle's Pacific Northwest Laboratory,

has been cancelled, largely due to rapidly mushrooming costs and to delays in
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the tests. This test was designed to check the manner in which emergency
cooling water injected during 'blowdown' succeeds in filling the vessel below
the core, rather than bypassing it and escaping out the break from which the
ordinary coolant escapes. The NRC was, until recently, negotiating construc-—
tion of a larger "ECC bypass' facility to be operated by ERDA. Although close
to PWR scale, this would have been strictly a separate effects, not a system,
test. (No nuclear core would be included.) It was recently judged unnecessary
on the basis of mew data. Overall, it appears that the specific APS recommen-
dations for increased efforts in safety research have not been implemented.

A factor that may have lessened the APS study's impact was the essentially
concurrent release of draft WASH-1400 and the prevalent impression that the
APS study was primarily a review of WASH-1400, which it was not.

Adequacy of reactor systems also depends on quality assurance in the de-

sign, conmstruction, and operation of each reactor. Failures in quality assur-
ance can directly degrade the performance of individual systems and, perhaps
even more seriously, lead to system dependencies which directly undermine the
basic safety philosophy of redundant and independent engineered safery features.
As a result, a major effort of the utility constructing a plant and of agencies
responsible for its inspection must be assurance of épecified levels of quality
in components and procedures in design construction, and operation. As indi-
cated in the APS study, efforts for checking the effectiveness of quality as-
surance procedures are an essential ingredient in understanding the extent to
which these procedures are fulfilling their role in reactor safety.

The single incident that has aroused the greatest interest in quality as-
surance is a fire which occurred in 1975 at Tennessee Valley Authority's
Brown's Ferry site. This fire, started by a workman in a cable spreading room,
destroyed a significant portion of the control cables for an operating reactor.
This caused failure of coolant pumps as well as emergency systems which could
have replenished the primary coolant that was being lost, over a period of
hours, due to boiling induced by decay heat. TIn the end, a control rod pump
was used to keep the water level in the core sufficiently high to prevent any
damage to the fuel. Serious questions about the quality assurance program were
raised by the fact that multiple failures could arise from a single human error;
apparent violation of many safety procedures and poor layout of the important
control cables permitted such an incident. The subsequent investigation had

one tangible result: a new astandard on fire protection has been proposed that



is much more stringent than the one that probably would have been developed
otherwise. However, aside from the development of the standard, quality as-
surance assumes some level of adherence to good work practicés and to the
standards that ave specified, and it is not clear that such adherence occurred
at Brown's Ferry.

An issue which lies very much at the interface between design adequacy
and quality assurance is whether any degradation in plant performance or safety
should be expected as a result of plant aging. The design of a plant takes
into account the aging of systems and components, and inspection procedures are
designed to circumvent difficulties arising from this aging. Moreover, plant
operators often express the opinion that a plant becomes more dependable as it
is "run in". Such an increase in dependability is certainly to be expected
soon after start-up, simply because the "bugs" are worked out. However, the
question remains whether the dependability curve turns over as the plant reaches
middle age, so that a plant experiences decreased availability during the last
half of life. Decreased availsbility may imply, in turn, greater amounts of
test and mainitenance during reactor operation, and certainly means more fre-
quent shutdown of the reactor. Both of these factors can lead of themselves to
a higher probability of accidents. A balancing factor, overall, is that the

increasing total experience with design and operation of LWRs would tend to in-

crease thel

r overall safety, particularly in newly designed plants, provided
vigorous efforts are made to maintain design adequacy and ﬁuality assurance
standards,

Safety assurance depends not only on features of the nuclear power plant
itself, but on its relationship to ilts surroundings. Strictly mechanical fea-
tures of this relationship are the potential for earthquakés9 floods, and tor-
nadoes. Such potential must be considered directly in the plant design. Less
mechanistic considerations include the distribution of populations around a
nuclear power plant and the meteorological conditions which will be involved in
any dispersal of radioactive materials following an accident. We will con-
sider these factors below in connection with the manner in which consequences
of nuclear accidents are calculated. TFinally, an intrinsically difficult fac~
tor to evaluate is the potential for sabotage, a factor that was not incorporated
into the risk assessment of WASH~1400, but which was considered briefly there

and in the APS report.
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4.2  Safety assessment

The methodology of WASH-1400 provides a framework in which the safety of
nuclear plants may be assessed. The portion of that framework that consti-

tuted a new development during the course of the study is the accident sequence

identification and quantification portion, and it is this portion that depends

most strongly for its accuracy on a consideration of safety assurance, based on
design adequacy and quality assurance. The basic input to the probabilistic
methodology, in addition to information on the logical structure of the plant
design, is the data on human or component failure or on test and maintenance.
Somehow failures in design or gquality assurance must be included in this in-
formation. Such failures may lead, not only to failures of specific components
and systems, but also to common mode failures.

WASH-1400 attempts to include an examination of design adequacy in its
consideration of the possibilities for failure. Observers have questioned the
adequacy of this examination. From the point of view of the safety research
program, one of the most interesting results of the study was that risk was
largely independent of "fu]ﬁ‘;cl‘;‘.:J';cm.abil:i’_t‘y‘"}'< of the ECCS during large LOCAs.

More specifically, sensitivity studies showed that emergency cooling function-
ability failures during as much as 10% of large LOCAs would not affect the
study results "significantly”. A closer reading indicates the 10% lack of func-
tionability assumption would increase the risk by 10 to 30%, depending on the
magnitude of consequences considered. Since many doubt the adequacy of the
KCCS to handle large LOCAs, this question is of some interest. It would also
be interesting to know, in general, the relevance of the recently discovered
error in BWR torus-design calculations to such questions.

The final version of WASH-1400 also dealt explicitly with the relevance
of the Brown's Ferry fire to the dependability of their results. Many critics
of nuclear power tend to refer to Brown's Ferry as a ''mear meltdown accident',
despite the great pains taken by the Nuclear Regulatory Commission to eliminate
this impression. Regardless of whether such an impression is correct, the ques-
tion was asked of the Reactor Safety Study whether their methodology had in-

cluded the possibility that a fire could remove so many systems from operability.

kS

For lack of an English word, "functionability" is used to signify the degree
to which a particular system can perform the intended task, assuming it oper-
ates. FPunctionability is thus a measure of design adequacy.
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WASH-1400 indicates that incidents of this type would only contribute 207 of
the overall risk from nuclear power, leaving the impression that their prior
treatment had not considered such an accident sequence.

We should emphasize that a 20% alteration of the study results is well
within the error bounds quoted on either probabilities or consequences. More-
over, WASH-1400 is very emphatic in discounting any intention of identifying
every accident sequence or every possible common mode failure. In risk assess-
ment, it is adequate to anlyze carefully only those that contribute signif-
icantly to the overall risk. This leads naturally to the questions often asked
by critics, i.e., what is gignificant and, regardless of the precise answer LO
that, have all the significant contributors indeed been identified? It is par-
ticularly difficult to give firm answers to this last question if significant
contributors to risk turn out to be failures in quality assurance, leading to
unanticipated common mode failures,

Presuming an adequate understanding of design and quality assurance con-
tributions to failure, the basic input to the gquantification of the fault trees
is actual failure data. Due to the lack of historical data on many specific-
ally nuclear components, a major portion of the data base is abstracted from
experience in other industries. The actual input to the fault trees typically
has large uncertainties, factors of 3 to 10. When propagated systematically
through the trees, these still yield results with small enough uncertainties to
be useful, (8uch uncertainties are stated in captions of the various figures of
section 2.1.) Tt is, nevertheless, important that the failure rate data be de-
pendable. This, in turn, depends on an accurate understanding of possible fail-
ure due to inadequate design or quality assurance. Turthermore, the failure
rate uncertainties were propogated through the fault trees assuming that the
uncertainties were entirely random. This becomes an important assumption if
multiple failures contribute substantially to the risk. If the central values
of the failure rate data have any systematic error in them, this fact would
then change the accuracy of the overall risk assessment, possibly even outside
of the quoted uncertainties, since the influence of multiple failures depends
on a product of the failure rates; if each of these has a systematic error, the
product has a greater error. WASH-1400 suggests that most of the risk, how-
ever, is due to single component failures.

The fundamental requirements for accurate probabilistic analysis would,

then, appear to be: a good analyst, an accurate representation of the plant
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design for the analyst to use, adequate information on design adequacy and on
the effectiveness of quality assurance, and correct information on failure
rates. It 18 not even necessary that the analysis be complete, only that the
important contributors to accidents be included. One might surmise, from the
range of opinion expressed on the probabilistic methodology and on the basis
of reactor safety in general, that the largest uncertainty in these require-
ments is the quality assurance program, both becausé it may fail to assure the
quality of components, and because it may fail to prevent fundamental design
and construction errors.

Civen an accurate representation of the probabilities of releases, ac—

curate risk assessment next requires adequate treatment of the dispersal of

radicactivity and its effect on humans and other components of the enviropment.

The APS study group and others helped the Reactor Safety Study to improve its
calculation of dispersal and exposure. The EPA continues in its recommendation
of alteration of the dose-response relationship used in the consequence calcu-
lation. This insistence arises from the EPA's adoption of a linear, non-
threshold dosemresponées without correction for low dose or dose rate. The
Reactor Safety Study, on the other hand, feels that a realistic, as opposed to
conservative, assessment of the risk must make such corrections and emphasizes
the concurrence of the National Council on Radiation Protection and Measure-~
ments with this point of view.

There is also a continuing controversy over the adequacy of the assump-
tions on evacuation made by WASH-1400, a controversy that is fueled by the fact
that often the evacuation plans in the vicinity of presently operating nuclear
plants do not appear to meet the specifications suggested by the NRC. However,
it is not clear how much effect the availability of an evacuvation plan has on
the speed of evacuation, or, in turn, how much effect a vrapid evacuation ac-
tually has on the comsequences of a radioactive release, On the first, the data
base is not adequate; on the second, it is difficult to extract from WASH-1400
the importance of evacuation in the reduction of consequences.

Tn summary, then, there are many questioms on the detailed application of
the WASH-1400 methodology and, more fundamentally, on its ability to identify
the accidents which contribute substantially to the risk. Moreover, the manner
in which the results are presented does not leave the study open to easy inter=—
pretation or application, as discussed below. These difficulties aside, the

success of any such risk assessment immediately leads back to its starting
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point, i.e., to safety assurance. Presuming dependability of the assessment,
the identification of important contributors to risk can be used in determining
priorities in reactor safety research or in the design of nuclear power plants.

This is a step beyond risk assessment.

4.3 Interpretation and application of risk assessments: WASH-1400

problems and possibilities

Interpretation of any results from a study intended to assess risk must
necessarily take dinto account the considerations of the last section. The
manner of application of the assessment methodology, including the assumptions
used and the data base employed, obviously affects the validity of the results
and the manner in which they should be interpreted or used.

A less fundamental consideration, but still an important one, is the man-
ner in which the study and its results are presented. In the case of WASH-1400,

for example, it is clear that a veadine of the executive summary alone would

never suggest that latent fatalities completely dominate the total number of

predicted fatalities from larpe reactor accidents. In fact, there is no di-

rect statement or indication in the summary that any accident would ever cause
more than one cancer fatality. Regardless of the intent of this omissioun,
policy decisions or other actions taken considering such information would be
poorly based. Granted, the brief executive summary is not intended to be com-
prehensive. But 1t should also not mislead. A less severe omission, perhaps,
oceurred in the summary of the main report, in the use of the total of 2000
years of power reactor experience, without a serious accident, to show that the
study's result of one core meltdown per 20,000 reactor years is not unreasonable.
That is, this is not a smaller probability than the rough maximum of one petr
rhousand reactror years that one can get on the basis of past experience (i.e.,
the 2000 reactor years). The study omits any emphasis of the differences bet~
ween commercial and militayy power reactors, differences that might invalidate
the use of military data. More important, perhaps, the study gives no indica-
tion of the precision of the data from the military program; is it percise
enough to justify a statement that no accidents resulted in elevated fuel
temperatures?

A much more substantive difficulty with the presentation of the results in

WASH~1400 is that it 1s very difficult, if not impossible, without completely

re-doing the calculations, LO _see how the results develop through the various

steps of the calculation. This obscurity comes close to overwhelming the




reader in the discussion of the conmsequences calculation. As a vesult, it is
very difficult to effectively criticize the results, a process that is extremely
important, as discussed below. Moreover, it makes application of the results
in making various kinds of decisions equally difficult, as we shall see. It
would be quite valuable for the calculations of WASH-~1400 to be presented in
enough detail, including intermediate results, that investigators outside the
study group itself could effectively use and reproduce the results.

An example of some interest i1s the difficulty in following through the
calculation to see how much of the overall risk is caused by each release cat-
egory, and hence by specific accident sequences in these categories. The dig—

cussion in WASH-1400 leaves one with the impression that the accidents with

small consequences are the important omes, although all that it states directly

is that they are the more probable ones. The distinction is important, because
risk does not depend alone on the probability of accidents. Tt depends on a
product of probability and consequences, as is made clear in the study's dis-

cussion of the meaning of risk. As for the release categories that are speci-

fied in the study, since these serve in some sense as the source term for radio-

activity, one would think that one quantity of some interest is not the prob-

ability of the individual categories, but some indicator of the total released

radioactivity from these categories, i.e., some product of the probability for

the category times the amount released. Granted, this is not easy to define
precisely, since the release is composed of many types of vadioactivity. How=
ever, even a crudely defined indicator would be helpful for judging the relative
importance of possible accident sequences at nuclear power plants. Many of the
jmportant radionuclides maintain a roughly constant ratio from one release cat-
egory to another, so that if we voughly multiply the category probability by the
fraction of iodine released, the result should be useful. We display the re-
sults of this exercise in table 4-1, where it is easily seen that the accidents
known as PWR 2, BWR 2, and BWR 3 would be expected to be the major contributors
to risk, on the simple grounds that they contribute most of the source. The
details would be modified by the fact that the radioactivity is given off dif-
ferently in the various release categories; the number of early fatalities
would be particularly sensitive to these details. Furthermore other inputs to
the consequences calculation may affect the relative importance of the release
categories. However, it is clear that the higher probability core meltdown

release categories, such as PWR 7 and BWR 3 are not necessarily the dominant
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%
TABLE 4-~1 A RELEASE MAGNITUDE INDICATOR

Probability Fraction %
per of Indicator
reactor year Iodine Released (Probability x Fraction)
-7 -7
PWR 1 9 x 10 0.7 6 % 10
-6 -6
PWR 2 8 x 10 6.7 6 x 10 A
PWR 3 4 x 107° 0.2 8 x 107/
-7 -8
PWR 4 5 x 10 0.09 4 % 10
PWR 5 7 % 107 0.03 2 x 1078
PWR 6 6 x10° 8 x 107" 5 x 10710
PWR 7 4 x 107 2 x 107° 8 x 10710
PR § 4 x 1077 1 x 107 4 x 1077
PWR 9 4 x 107 1 x 107 4 x 107
-6 -7
BWR 1 1 x 10 0.4 4 x 10
-6 -6
BWR 2 6 x 10 0.9 5 x 10 Lo
BWR 3 2 x 1077 0.1 2% 1070
BUR 4 2 % 107° 8 x 107 2 x 10710
BWR 5 1 x 107% 6 x 1071 6 x 10717
“———— points out dominant contribution according to this indicator.

(i.e., probability X consequences) posed by each release category of
WASH-~1400.




confributors to risk. The EPRJL work succeeded in dividing the consequences
among the different categories (see section 2.2) by actually repeating the cal-
culations of WASH-1400. The ability to identify the relative importance of the
various release categories leads to identification of the dominant accident
sequences, the first step in improvement of reactor safety.

An altermative question which may be asked is, ignoring the question of

which accident sequences contribute most of the risk, how important are small

consequence versus large consequence accidents? This information is not ap-

parent in WASH-1400. All of the tables and graphs indicate clearly that the
large consequence accidents are improbable as compared with the smaller ones,
which is undoubtedly correct. This, again, is not a risk indicator. However,
it is possible to break down the graphical information and associate probabil-
ities with small consequences intervals (or vice versa) after which it is [
vial to identify where the important risk arises. For example, figures 2l

and 2-6 display the probability of early and latent death, respectively. Break-
ing this information down roughly, we have extracted, as an example, the follow-
ing information: the overall risk for early deaths is AXLGWS per year and for
latent deaths is 9X10m2 per year per year. (The strange unit "per year per

year' is due to WASH-1400's specification of the yearly incidence of latent
fatalities after a specific accident, rather than the total due to the accidenta*)
These results are to be compared with the WASH~1400 results of 3X10m3 and
7><10m29 respectively, from table 2-9, giving some confidence that our crude ex-—
traction of this result is not misleading.

As to where most of the fatalities arise, we find that half of the early

fatalities occur from accldents which cause a minimum of 400 early deaths. It

can be determined that the class of accidents causing at least 400 deaths has
a probability of 3X10m6 per year (for 100 regctors) and appear to cause a min-
imum of 650 cancers per year oY gﬁggggfcumulativeo (On the other hand, it is
not this class of accidents which causes the bulk of cancer deaths; the risk
from cancer is concentrated in the higher probability vegion, as we shall indi-

- N I3 '3 3 7'(
cate.) 85% of early deaths come from accidents which cause a minimum of 100

early deaths.

%To minimize the confusion caused by presentation of the rate at which latent
offects occurs rather than the cumulative number, we have also given the
1attrer number (which gives the actual commitment of deaths frowm the accidents
considered) which may then be compared directly with the early fatalities.



On the other hand, half of the cancer de

*
cause a minimum of 80 cancer deaths per year (or 2400 cumulative). This

corresponds to accidents with a probability of 3x10~% per year (for 100 reac-
%

tors). From a rough comparison of the data, it appears that the 2400 cancer

death accident itself (as distinguished from those which exceed this number)

typically causes no early fatalities at all. It is dnteresting that a release

that would cause no early deaths would cause thousands of lethal cancers, based

on the WASH-1400 dose responsé relationship. Finally, 957 of the risk from
cancer deaths arises from accidents which cause a minimum of 10 deaths per year
(QQQ% cumulative).

This simple analysis is revealing (if not confusing) and gives results
which are contrary to the impression which WASH-1400 conveys, that it is the
small accidents that contribute most of the risk. The study, of course, does
not directly make such a statement, but in its consideration of the factors
which are important to the risk, it speaks primarily of the higher probability
of the small accidents, leading the reader to think that these are the acci~-
dents which are most important.

A related question is whether there are any features of the WASH-1400
methodology which would inherently affect the shape of the curve of probability
versus consequences. Such features might not affect the accuracy of the overall
average risk, but might still alter the balance between large and small conse-
quence accidents. For example, WASH-1400 uses a set of population distributions,
each constructed from the total information on all gites that are associated with
one of the "typical sites. There is, to some extent, an averaging process in-
volved in this approach that could reduce the apparent significance of very large
accidents. However, it is possible that the method used to construct the popula-
tion distribution may avoid this difficulty. Another methodological approach
which could influence the balance between consequence sizes is the treatment of
common mode failures. A basir question is whether the occurrence of common mode
failures unanticipated by the study could affect the shape of the curve; a change
of a factor of 10 or 100 at the high end of the curve would drastically change
the importance of large accidents for early fatalities. The relative importance
of high versus low consequence accidents is highly relevant to giting and

emergency planning.

£

ki
See footnote, previous page.



We are thus led to a consideration of how the results of risk assess—

ment studies, such as WASH-1400, may be applied. We can lump applications

into several areas: first, of course, is simply to provide an assessment of
risk that may be used in making overall policy decisions, either on the accept-
ability of nuclear power per se or on its acceptability as compared with the
alterpatives. Use of these studies for this, their most fundamental purpose,
is not necessarily straightforward. For example, it is not clear how to weilght
the importance of very large consequence accidents. WASH-1400, despite its
disclaimers, does attempt to force a judgment that the rigsk from nuclear power
is low. As to the possibility of making comparisons with the alternatives to

nuclear power, no equivalent studies have been performed for other technologies.

A second area of application has been discussed in the previous sections,
i.e., to identify areas where design might suitably be changed. This is the
main thrust, presumably, of the effort of the NRC to extend the WASH~1400
methodology to several other versions of the LWR. However, the point of view
is to apply it to the initial design stage and, indeed, to judgments on the
research program. There 1s a limitation to this approach that is quite visible
in the case of the ECCS: WASH-1400 assumed functionability, then went on to
show that its results were not extremely sensitive to the dependability of the
FCCS system, within limits. Since a basic purpose of the safety research pro-
gram 1s to verify functionability of the ECCS system for large L0CAs, a study
that presumes such functionability is not an appropriate guide to alterations
in the research program. In spite of this, results of the probabilistic treat-
ment, properly applied, can be useful for design or research decisions. It is
to be expected that the work being supported by EPRI would have this emphasis.

Finally, we return to the narrower question of how results from a study
guch as WASH-1400 may be used for siting decisionms. We have indicated that
rhe results are not broken down into enough detail to be used in certain appli-
cations. To be applied in siting decisions, the basic assumptions of the cal-
culation must be known, i.e., assumptions about population distributions, local
meteorology, and probable effectiveness of emergency planning. At the pres-

ent time, the only way to determine the dependence of consequences on these
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E
assumptions is to repeat the calculations. Moreover, for broader consider-

ations, such as what kind of emergency planning should exist around nuclear
facilities, the display of results obscures the relative importance of small
and large consequence accidents, information that would be valuable for plan-
ning.

We should emphasize that the studies discussed in this report direct their
attention only to the nuclear power plant. Hence they do not provide a basis
for consideration of other aspects of the nuclear fuel cycle, such as reprocess~
ing or waste management. Nor do they treat associated questions, such as the
possibilities for sabotage of nuclear plants or the potential for diversion of
nuclear materials to weapons produéticns possibilities which are difficult to
treat in any analytical framework. These studies have concentrated on the
potential risks from accidental releases of radioactivity from the central com-
ponent of the nuclear fuel cycle, the power plant itself.

Because WASH-1400 presents a public framework for assessment of reactor-
related risks, it has been the focus of public debate and of this discussion.
Both the Nuclear Regulatory Commission and outside reviewers are making sub-
stantial efforts to criticize and improve this framework and its results, even
though the point of view of the NRC and the outsiders has often been different.
It is apparent, however, that the interaction has led to\greater accuracy in
the study's results.

Some improvements which might be made to increase the accuracy and utility
of results from the WASH-1400 methodology have been indicated above. In a more
substantial way, the APS study made numerous recommendations related to what we
have called safety assurance, i.e., design adequacy, based on an expanded re-
search effort, and quality assurance. The probabilistic methodology can ulti-
mately be involved in the safety assurance process. In either of the general
areas we have discussed, safety assurance and risk assessment, the interaction

between the Nuclear Regulatory Commission and other elements of the citizenry

b
The necessity of performing one's own calculations requires simplifications

which might be avoided otherwise. For example, the APS study group constructed
a simple, but very revealing dispersion model. However, in the absence of a
careful reading, one might conclude from their discussion that the total latent
deaths from a given accident is strictly proportional to the total distance
from the plant that is considered, a result that would be roughly true only in
the absence of depletion of the plume.
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is extremely important, as the recent past has shown. It remains to be seen
whether the complementary approaches to safety, research and design versus
risk assessment, and the complementary points of view, that of the Nuclear
Regulatory Commission and other government entities versus some members of the

general population, can lead to a satisfactory resolution of the issues impor-

tant to nuclear reactor safety.
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