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such standards arises from the I act ili.it exposure to radiation may cause harm 
JUI cJif. is, the details ol which ,nv uiscussed in Srciimi -'» oi this irp.ui. 
:•'.»!• purposes tit' this soctin,;. it is sulficicnt to point cut ih.it: l.irju- d<»si-
.it>"Vi- .' > rem dose cqu iva 1 eitt (see glossary), de i i verod aver .1 sh.<rt per iud ol 
may cause i 1 inet" s and, for very I arge doses, dea th soon after exposure ; s imi la 
doses have some probability "I" causing latent somatic •.-Meets, loading to illn 
HI death decades after exposure; smaller exposures than --> rem dose equivalent 
I it j;er exposures spread over a !a rge per iod oi t ime, are nnderst oo-l to li.ive 
some prohabi I i Ly ot causing genet lv damage (and hence harm to succeed i ng gen-
erations) and possibly latent somatic damage (similar to that at large doses 
and dose rates, but with lower probability, perhaps proportional to the dose 
equivalent, but more probably decreased with low dose Jim] dose rale). A very 
useful summary of the background for radiation protection criteria and oi th-
criteria themselves, is given in Nt'KI' Repor* Nn. W en Basic Radiation Pro
tect ion Cri teriu. 

It is the potent ia 1 for ear 1 y or I c. tent somat ic ef fects at re lat ivc 1 y 
large doses that has Jed to the est.-.i> '• ishment of the current standards for 
occupational exposures; the numerical whole body dose limit given in such 
standards is 5 rem per year, with modifications possible, depending on the 
period considered (see Section 2.3). In accordance with ordinary practice 
for protection of workers from occupational exposures, a somewhat larger limit 
had originally been chosen to be approximately a factor of 10 lower than the 
dose equivalent at which deleterious effects had been observed to occur; the 
rationale for the limit originally presumed the existence of a "threshold" 
for such effects. It is useful to consider the manner in which radiation 
protection philosophy has diverged from this view; a useful, although somewhat 

outdated, summary is given in the following paragraphs abstracted from the 
2 

first report (issued in 1960) from the Federal Radiation Council:" 

*The comment in paragraph 4.1 (quoted ftom Handbook 59) on non-existence of 
n threshold for mutagenic effects is particularly questionable in view of 
nunc r, rent ev idem e . 
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1. INTRODUCTION 
Nuclear power constitutes one of the most important energy sources 

available to us in the near future. However, dependence on nuclear power re-
(juiri's 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 radioactively. 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 handltd 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 
i(s dispersal. 

A complete commercial nuclear power system consists not Dnly 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
lic health are concerned, each type of facility may be characterized by its 
routine radioactive emissions and by its potential for large accidental re
leases. Both routine and accidental potentials have received a substantial 
amount of attention. It 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 radioactivity at the reactor sites> but because of the availability of 
large amounts of energy in reactors and associated equipment. The reactor 
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 Telease characteristic of a bomb. 

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 its output. 



A number of important studies of the ^a'ety aspects (.irtnal lv. the po
tential risk) of nuclear reactor power plants have been performed. The- pur
pose of this report is ro 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 boi1ing-water rear tor OiWR) 
var iety. These are the types of power plants that are present 1y being oper
ated or constructed in the United Staces for the commercial generation of 
electrij power. Other types of reactors are used elsewhere, and a varLeiy of 
types, such as the l7.quid-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 unci ear reactor snfetv have foctissed 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, 197b, a 
total of 60 nuclear power plants, with a total g nerating capacity of 41,000 
megawatts* were authorized to operate in the United States, representing 87, 
of total installed electrical capacity. An additional 178 (with 196,000 
megawatts capacity) were under construction, on order, or planned. Further, 
it is anticipated that additional light-water reactors will be built, contrib
uting to a total light-water reactor generating capacity of uj? to^ 800,000 
megawatts or 800 gigawatts by the year 2000. (A gigawatt, which equals 1000 
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 
mnny 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. 

Our examination of reactor jafety studies does not treat the question 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. 
'{'1]'..' f i rst is to assess the r tsk present oil to the pub 1ic by reactors .'is pres
ent ly designed and operated. Assessment of this risk may be used in two dif
ferent fashions; one is to understand the overal1 risk that the nuclear power 
system present s to the ent ire soc iety 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 makinp, over;)] 1 decisions on the 
development of nuclear power. On the other hand, risk assessment; mav be ap
plied ,i choosing a site for a particular power plant. These uses ma-' be re
lated, respectively, to the overal1 accentabi H t y of nuulear power to soc ietv 
a d to the acceptability of a particular plant to the population which would 
surround that plant. 

The second basic purpose of reactor safety studies, sometimes inev.tric-
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 
add it ion, cases of independent studies of the overall safety of nuclear reac
tors. These studies can examine safety 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 
o\ study (and it is sometimes hard to dir.^mguish the two) can be used as a 
basis for improvements in nuclear power plants. 

It is also worth noting that 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 aimed 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 



t' lux measurement instrumental" ion. Further, we do not J i sruss the sai et v .mal-
vsis toports presented in support of license applications for specific- nweW-ar 
^OWL'T plants. Instead , we. concent rati' on stud ies int en Jed to L r t-.u gem-r i i ., [ -
ly the overall safety of light-water reactor power plants, 'these studies ate 
not large in number, unless one itu- ludes Lhe Lnnumerab I e comment s on t he pr i -
nary studies, but the few existing studies trea t <nany of I he important aspec Is 
o\ the safety of nuclear reactors. 

For the most part, studies of overall nuclear reacror safetv have been 
prompted by the need for information in the public arena oii i lie risk presented 
by nuclear power. Recently, studies have tended to examine, in add it inn, si ops 
to be taken to reduce this risk through improvements in the ties igrt and oper-
ation of power plants. Keeping in mind that risk assessment and risk reduc
tion are the two purposes of reactor safety studies, we can still distinguish 
various studies by their approaches to those quesrions. Some diat ingui shable 
approaches are: 

1. Some version of a possible or "maximum possible" accident may be 
examined. This would postulate the release ol some fraction of the radio
nuclide inventory of a nuclear power plant, then make some: assumptions about 
nopulation 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 illness, 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, illness, and 
so on. A useful examination of tne risk from nuclear power based on Lhis 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 :n a postulated accident approach. 

3. A study may examine the safety systems and procedures associated 
uith nuclear power plants with the intention of suggesting steps to he 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" 



or mav i nvo 1 vo a di'ta 11 ed tr.ethodo !OP,V vie!d i nji, quant i t at I'VL- resu I ts . ft is 
>-! I t-n d i! '" ii't! 1 i , i P. any I'.ivcii simly , t o separat e t hi s process of search in i; 
t nr ]K)NK ib i "• it i i's f cr r isk rednetion f m m t he s'l'ii.'-ral pn-resM of risk assess
ment , Cephas i :*ed i a t he t wo approaches above . 

A common i eature of all sir l- studies of reactor safety i s that they are 
pn-diciive, rather than ret respect ive. We have had no experience with Urge 
a.'< id.-iital releases of rad ioac L i v i t y . Furthermore, by comparison with what 
the tiitere appears to hold, our experience with the routine operation of com-
i:iere i.i 1 unci car power pi ant s is not large . All our exper i ence of .t! • >n ! t ',r<-i 
hundrt-d vear i of large react or operat ion wi11 be enuaI 1ed on .in average vearjv 
ii.isis toward the ^nd of this century, according to many projections. 

I'nLil recently, a study performed 20 years â .o for the Atomi" Hr.erjiy 
("o;rn iss i on (AEC) by Brookhaven Nat ional Laboratory stood as the primary basis 
! i»r our understanding of the potent ial ri sk assoc i a ted with the operat ion of 
1 in c ] ear power plants. Because this study, ent i r 1 ed "Theorel ica ] Possibi lit ies 
and Con sequences of Major Accident s in barge Nuc 1 ear Plants" (AF.C Report, 
WASH-7Ml) , adopted approach 1 above, it did not attempt to assess the overall 
risk from such power plants. Rather, it dealt villi the consequences of postu-
Iat 'd accidental releases of radioactivity. More recent studies have dealt 
wi tli 1 he detailed quest ions imp!ieit in the second and * bird npproaches above, 
and these are the studies emphasized in this report. Specifically, several 
important studies or groups of studies have been performed, to some extent 
concurrent ly, since 1972. Their results have been published wi thin the last 
r wo years . ''hi- st ud i es emphas i ::i-d in t h i s report are : 

1. The Reactor Safety Study, performed under the direction of Prof. 
Norman C. Rasmussen for the Atomic Energy Commission raid the Nuclear Regula
tory Commission. Also referred to by its AEC report number, W.ASH-1'-tOO, 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. A.~ 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, Inc. To a large 
extent, these studies do not stand as an independent assessment of the over
all risk fror nuclear power plants, but rather extend the methodologies util
ized in VASH-1-.00. 
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3. The Report to the American Physical Society by thu Study Croup on 
Light-Water Reactor Safety. This study took a broader approach to examining 
accident causes and consequences, but did not use the pr̂ b.-ib i I isii.- methods of 
WASH-1400; it also examined the light-water reactor safety research progran. 
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 cur 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 thes^ 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 response to an abnormality is to shut down the nuclear 
chain reaction 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 mainc-in 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 chaxn 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 additional systems exist to assure availability of cooling. 
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Thc emergency core cooling system (ECCS) is such a system and is one of the 
"eng Lnt-t-red safety features" designed to prevent or mitigate releases of 
radioactivity. Other engineered safety features are, for example, contain
ment sprays and Y?at removal systems (designed to remove, respectively, radio-
activity and heat from the containment atmosphere) and the containment itself, 
cither 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 failure 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 
p 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 represents 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 view at points of uncertainty, inanattempt 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. 

* The "engineered" safety features, which are added onto the basic reactor 
concept, ate to be -iî tinguished from "intrinsic" safety features which are 
characteristic of the basic concept itself. An example of the latter is 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 Satety Study, WASH-1400 

2.1.1 General Background and Objective 

Prior to 1970, no study of the safety of light-vater 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 first step in a 
quantitative as ;essment of the overall risk frrjj 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 radioactivity. 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 risk from nuclear power. 

As a result, the Atomic Energy Commission began a study, under the di
rection of Norman C. 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 (Surry 1, 778 MWe out-
put capacity) and an existing BWil (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 actunl 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 (PWRs) 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 

2 study trom previous analyses, such as that of WASH-740, which attempted to 
make a conservative estimate by postulating releases and calculating their 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. In 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 
"executive summary" was added in each case. The final report added an elev-
venth appendix discussing the comments which were received on the draft report 
and the extent to which the final report 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 "event trees" to identify 
the accident sequences which may result from initiating events known to be 
possible. The combination of event trees and fault trees could then be used 



- 1 1 -

TABLE 2-1 WASH-1400 APPENDICES 

Appi-ndi;-. I--/i-Ju-_l'l( 11L ^j'-jAJlU- iSif1 , : i l c ! l'::c 
o"l i:y<"i)"t"Tr-vs. 

This appervli y. uu'itiins a inscription 
ol event tivi.' :nith >'Joloijy <̂i- used in 
the MuJy and i t s role <is thv princi
pal tuoi in del in inc.) complex accident 
sequences. I t iilao contain:; a d is 
cussion of the potential n undents 
explored in the study and presents 
the event trees used. See Chapter 3. 

Append! >; J J-Fault Trees. 

Methodologies used i n constructing 
and quantitatively assessing fault 
trees are presented along with the 
result;; of the quanti f ication of the 
fault trees used in this study. In
dividual reports describing the fault 
tree evaluation of the plant systems 
analyzed are also presented. See 
Chapter 4. 

Appendix III-Failure Data. 

This appendix contains a compendium 
of data sources and .*,ata used in the 
quantitative evaluation ot fault 
trees and event t rees . See Chapter 
4. 

Appendi >: 3V-Common Mode Failures. 

The techniques used in the study to 
analyze the possible contributions of 
cocoon r.-.ode failures to overall risk 
asser.JU'nt are summarized. See Chap
te r 4, 

Appendix V-Quantitative Results of Acci
dent Sequences. 

The probabil i t ies of occurrence com
bined with the radioactive releases 
for tUif aceiJi snts defined in Appendix 
1 are presented. Also included is 
the oid-.-rinq of accident sequences to 
identify those sequences that are the 
nirijci" contributors to the various 
sizes of releases. See Chapter 5. 

Append ix V J-Cii lrvl ^ii. J <*nr. of Hoactor Ac-
cidvnt Consequence:;. 

The rs.ork'l usr-d for predicting the 
dispersion of radioactivity in the 
env i joii.ueut i s presented, together 

This l i s t i n g i s taken from the main 
to are in the main report . 

wi th the model n for predict i ig the 
result s of this dispersion in terms 
of f at.J 1 it ies, injuries, long t<--rm 
health effects, and property damag--. 
See Chapter 5. 

Appendix VJl-Rclease of RadioaC ivi ty in 
Re a c t or Ace l dc n't y,. 

The factors affectinc. the magnitude 
of the release of radioactivity frorc 
fuel unuer various conditions deter
mined Ly the accident sequences are 
presented, as are the transport and 
removal mechanisms that affect the 
release : of radioactivity from the 
fac i l i ty . See Chapter 5. 

Appendix VI JI-Physical Processes in Pe-
actor Meltdown Accidents. 

The various engineered safety feature 
interactions as defined by the acci
dent sequences are described. In
cluded are predictions of core and 
containment behavior, along with 
times of fuel melting, times and 
modes of containment fai lure, and the 
interactions of molten fuel and clad
ding with water and concrete. See 
Chapters 3 and 4. 

Appendix IX-Safety Design Rationale for 
Nuclear Power Plants. 

A discussion of the safety design 
rationale currently used for pressur
ized and boilinq water reactors is 
presented. It includes a discussion 
of the barriers to the release of ra
dioactivity and their design bases, a 
discussion of potential accident i n i 
t i a tors in nuclear power plants , and 
the features provided to mitigate the 
effects of these accident i n i t i a t o r s . 

Appendix X-Safety Design Adequacy of Nu
clear Power Plants. 

A study of the extent to which safety 
design requirements in regard to 
seismic and accident environments 
have boen fulfil led in the actual 
engineering design of the plants. 
See Cli.ipter 5. 

This appendix contains a discussion 
of the comments received as a result 
of the draft report. 

of WASH-1400, and the chap te r s r e f e r r e d 
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to calculate the probability of occurrence of tb^ idrnvifi^C ."idenf ':'C|ucr,ces, 
Additional information to be associated with the various accident sequences is the 
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 the study'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, po; lation distribu
tions around nuclear power plants, a model for calculating exposures, and one 
for 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 th.-:- 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 
release 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 radioactivity is 
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IABLE 2-2 (Table 3 -1 of WASH-1400) 

TABLE 3-1 TYI'ICAI. RADIOACTIVITY INVENTORY FOR A 1000 HWo NUCLEAR POWER REACTOR 

T o t a l Inventor-/ ICi i n e s : 1 F r a c t i o n of Core I n v e n t o r / 
Loca t i on F i j e l 1 G a p T o t a l F u e G a p Tot, >1 

c o r e ' " B.O X l o 9 1.4 x 1 0 B 8 . 1 X 1 0 * 9.B x l O " 1 1.8 x 1 0 " ! 1 

Spent Fue l 
storage Pool 
I K d X . ) l b ) 1 . 3 X 1 0 9 1.3 x 1 0 7 1. 3 X 1 0 9 1.6 x 1 0 - ' 1.6 x 1 0 ~ 3 1.6 x 1 0 " 1 

front Fuel 
s to rage Pool 
(Avg . j l c j 3 . 6 X 1 0 B 3.8 x 1 0 6 3 . 6 , 1 0 8 4 . 5 x 1 0 " J 4.8 x 1 0 ~ 4 4 .5 x 1 0 " 2 

Shipping Cask 2.2 
2 .2 

X io ' 
l o ' 

3-1 X 
2 x 

10* 
1 0 5 

2.2 
2.2 X 

10 ' 
i o 7 

2.7 x 
2.7 x 

l o " J 

l o - 3 

3.8 x 1 0 " S 

2 .5 x 1 0 " S 

2.7 x 
2.7 x 

10" J 

1<T 3 

fctistc Gas 
Storage Tank - - 9 . 3 x 1 0 4 - _ 1.2 x I D " 5 

Liquid Waste 
Storage Tank " " 9 . 5 X l o 1 " - 1.2 x 1 0 " B 

la] Core inventory based on activity 1/2 hour after shutdown. 
It,) inventory of 2/3 core loading; 1/j core with three day decay and 1/3 core wit 

150 day decay. 
ic) Inventory of 1/2 core loading; 1/6 core with 150 day decay and 1/3 core with 

60 day decay. 
Id) inventory based or 1 PWR or 17 BWR fuel assemblies with 150 day decay. 
Ic) Inventory ijr one fuel assembly with three day decay. 
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raore easily released and, in some cases, is the primary release (for example, 
in cases vith no core melting). Based on the observed distribution of r.id in
activity :.n 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 core 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 obviously important 
part of accident analysis. 

The specific LOCA initiating events analyzed in the study were: 
i. 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. From the point of view of safety anal
ysis, the transient itself, or the subsequent shutdown (trip) and dpcay 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 occurrences each year (including some 
planned shutdowns). The relatively low probability (unanticipated) transients 
were eliminated from detailed consideration since their contribution to the 
overall risk was small by comparison with higher probability anticipated tran
sients with similar consequences. In a similar way, the class of anticipated 
transients was reduced, fJT assessment purposes, to those involving loss of 
offsite power and loss of plant heat removal pyoLuns. 

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, 
thereby allowing only dual branches. Incorporating into the tree all safety 
systems which pertain to the initiating event defines a tree which includes all 
the accident sequences which may follow that event. For each of the tree end-
points corresponding to failure, the failure mode implied by that accident se
quence was identified. 

Evaluation of probabilities on the basis of event trees in which only dual 
branch points are permitted depends on knowledge of probabilities 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 LOG A le.ulini', to fail
ure, the engineered safety systeics 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. Tost accident radioactivity removal (PAT1R) to remove any released 

radioactivity from the containment atmosphere 

4. Post accident heat removal (PAHR) to remove decay heat from 
within the containment, preventing containment overpressure 

5. Containment integrity (CI) to prevent radioactivity 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
struction 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 

N initiate is 2 to the Nth power (2 ), 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 ECC systems leads to core 
melting. (Core melt is always assumed to lead to failure of the containment. 
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 piece. Referring agavn to V\f\. ~-l, 
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 Lree may 
be calculated. Further, 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 release. Thus it 
was within the framework of these event trees thai, quantitative determination 
of tĥ - probability and magnitude of radioactive releases took place. 

Calculation of accident probabilities required the probabilities asso
ciated with initiating 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 is 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 failure. 
Depending on whether these failures can independently cause system failure or 
whether some combination of them is required, they are connected to "system 
failure" by a logical "OR" or a logical "AND", respectively. Each o f these 
failures, in turn, may arise from a number of causes. This process continues 
down to the level where failure rate data is available In 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 
required 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 r.itey were altered to take arxount of conditions peculiar to 
nuclear power plants. Furthermore, a test of the extent to which design 
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specificaticns 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 l-ere 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 their utilization in any sit-
uatio.. 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. In 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 interdependenctes is made 
difficult by the complexity of the analysis. 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 cormnon 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 stayes of probability 
modeling and quantification. 

It is important to note that not all possible (went tr&ss and fault 
trees were fully developed. In 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
quencer 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 several "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. In 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 radioactivity 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 radioactivity effectively released to the environment ie 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 radioactiv
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. For the differing sequences, this information, and the 
relevant experimental data on movement of radioactivity out of the core and 
within the containment, 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 "key11 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. In 
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 involving the core is also given.) From the point of 
view of risk, the categories of mosr 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 WASK-1400) 

TABLE 5-2 PWR DOMINANT ACCIDENT SEQUENCES vs. RELEASE CATEGORIES 
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KEY TO PHR ACCIDENT SEQUENCE SYMBOLS 

A - Intermediate to large LOCA. 

B - Fai lure of e l e c t r i c power to ESFs. 

8' - Failure to recover c i t he r ons i te or o f f s i t e e l e c t r i c power within about 1 to 3 hoi-rs following 
•n i n i t i a t i n g t ransient which i s a loss of o f ( s i t e 12 power. 

C - Fai lure of the containment spray Inject ion system. 

D * Failure of the emergency corn cooling i i j e e t i o n systein. 

F - Failure of the containment spmy rec i rcu la t ion system. 

G - Failure of trip containment heat reaoval system. 

H - Failure of the emergency core cooling rec i rcu la t ion system. 

K - Failure of the reactor protect ion system. 

L - Failure of the secondary system steam re l i e f valves and the auxi l i a ry feedvater system. 

M - Failure of the secondary cysLcm steam r e l i e f valves and the (over conversion system. 

C - f a i lu re of the primary system safety r e l i e f v i lves to reclosc af ter opening. 

R - Kassive rup'.ure of the reactor ve s se l . 

S - A snai l uDCA with an equivalent dian*ter of about 2 to 6 inches. 

5 - A «nsall LOCA with an equivalent diametur oT about 1/2 to 2 inches. 

T - Transient event . 

V - LP1S check valve f a i l u r e . 

ii - Containment rupture due to a reactor vessel steam explosion. 

6 - Containment fa i lure resu l t ing i ron inadequate i so la t ion of containment openings and pene t ra t ions . 

T - Containment fa i lure due to hydrogen burning. 

6 - Containment fa i lure due to overpressure. 

C - Containment vessel melt-through. 

KEY TO TABLD 5-2 
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TABLE 2 - 4 ( T a b l e 5 - 3 o f WASH-1400) 

TABLE S-3 BWR DOMINANT ACCIDENT SEQUENCES OF EACH 
EVENT TREE v s . RELEASE CATEGORY 

KEY TO TABLE 5 - J ON FOLLOWII.'G PACE 
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XTV TO BWR ACCIDENT SEOUnHCE SYMP0L5 

A - Rupture 

D - F4llu.ee 

C - Failuit 

D - Failure 

£ - Failure 

r - Failure 

G - Failure 

H - railure 

I - Failui 

J - Failure 

H - Failur 

P - Failui 

c - Failur 

. l e s s than 100 volume per cent per day. 

; of ruactor coolant boundary with an equivalent diameter of g r ea t e r than s ix 

• of e l e c t r i c power t o ESFs. 

ne of the reactor pro tec t ion system, 

ice of vapor suppression, 

ire of emergency core cooling i n j ec t i on , 

ire of emergency core cooling func t lopab i l i t y . 

; of containment i so l a t i on t o l imit leakage 

: of core spray r ec i r cu l a t i on system. 

t of low pressure r ec i r cu l a t i on system. 

? of high pressure service water system. 

>re of s a f e t y / r e l i e f valves to open. 

a f e t y / r c l i e f valves to rec lose af ter opening, 

lormal feedvater system to provide core make-uj water. 

£. - Small pipe break with an equivalent diameter of about 2"-6" . 

£ - Small pipe break with an equivalent diameter, of about J / ? " - 2 " . 

T - Transient event. 

U - Fa i lu re of HPC1 or RCIC to provide core make-up water . 

V - Fai lure of low pressure ^CCS to provide core make-up water. 

W - Fa i lu re t o remove res idual core hea t . 

• - Containment fa i lu re due to steal? explosior in ve s se l . 

fl - Containment fa i lu re due to steam explosion in containment. 

T - Containnent f a i lu re due to overpressure - r e lease through reactor bui ld ing . 

Y* - Containment f a i l u i e due to overpressure - r e lease d i r e c t to atmosphere-

6 - Containment i so l a t ion f a i l u r e in drywel l . 

£ - Containnent i s o l a t i o n f a i l u r e ii. wctwell. 

C - Containment leakage greater than 2100 volum* per cent per day. 

T) - Reactor building i so l a t i on f a i l u r e , 

fl - Standby gas treatment s>>>Lcm f a i l u i e . 

KE* TO TABLE I 

http://F4llu.ee
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TABLE 2-5 - APPROXIMATE DESCRIPTION OF RELEASE CATEGORIES 

PWR Release Categories 

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

2 - failure of core cooling systems, followed by failure of 
containment spray and heat removal systems and failure of ths? 
containment through overpressure 

3 - overpressure failure of containment due to failure of containment 
heat removal systems; containment failure is followed by core 
melting, venting through containment 

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

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

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

7 - failure of core-cooling, but containment spray works and containment 
is integral until melt-thiough 

8 - larfie pipe break LOCA with failure of containment isolation, no core melt 

9 - large pipe break LOCA, no melt 

BWR Release Categories 

1 - steam explosion 

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

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

4 - core melt, containment leakage (not failure) 

5 - large pipe break LOCA, no melt 
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Table 2-6 (Tables V 2-1 and V 2-2 oj WASH-HOOj 

TABLE V 2-1 SUKMARY Or ACCIDENTS INVOLVING COJtE 

« i i o 

j ) cor o.o) lit 

t.JO 1 ) 0 W t 

miBJ. l i «c*.-l in *!-[»na" <•:: 

TABLE V 2 - J SVMMAftY OF ACCIDENTS NOT INVOLVING CCRT 

mtt * u imio 

LIJOID VMM 

•> i " 1 BHIO'* * » » * • »*io"' imio"" m o " ' io' 
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the alkalis) is largest. As can be seen from tables 2-3, 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. 
2-2 (PWR) and 2-3 (BWR). The total probabilities for core melt-down may be 
obtained by summing the probabilities o£ the corresponding release categories. 
The results are 6x10* per reactor-year for PWRs and 3*10~~ for BWRs, yield
ing an average for the first 100 reactors of about 5x10 per reactor-year. 

Tn addition to interna] causes, the study considered the importance of 
releases induced by external causes. Earthquakes, 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 risks 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 co;nments of others. 

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 

See section 4.3. 
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IIGURE 2-2 (Figure 5-1 of HASH-1400) 

FIGURE 2-3 (Figure 5-2 of MASH-1400) 
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dispersed in the environment, on the exposure nf populations and property, 
and on the effects of this exposure. A calcuJatioual model was developed to 
evaluate these various dependencies and yield a set of consequences as n func
tion of probability. Calculation of the consequences involves an atmospheric 
dispersion model, a nopulation 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 modifications. The required inputs to this model were the mode of 
release (including information on point and time of release and on the amount 
of radioactivity and heat released) 3nd the weather conditions during the re
lease. The output of the model was the radioactivity concentrations (by iso
tope) in the air 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 six 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 radioactivity and for making certain 
corrections, to yield the required radioactivity concentrations. 

The population 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 six 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 dose 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
uation and cleanup or denial of property depend on the effects of radiation 
exposure.) The effects calculated were early fatalities (occurring wiLliin one 
y*-ar) , early ilinesses (requ i ring med ical treatment), and cancer deaths » thy-
roid i1 Iness, and genetic effects arising long after the accident (due to the 
overal1 populat ion exposure). In add it ion, property damage due to radioactivu 
contfim itKit ion was calculated, including population relocation costst as well 
as t he cost of decontaminating or abandoning property. 

Briefly, the calculated early fatalities were dominated by cancers ri-sult-
ing from exposures of bone marrow; for this exposure mode, 310 rads was cho
sen as the 50% fatality dose. The largest portion of early illnesses occurred 
due to several thousand rads dose to the lung. Long-term deaths, illness, and 

3 
genetic etiects were calculated based on recommendations of the BE1R report, 
hut with significant reduction of latent cancer deaths on the basis of dose 
rate and magnitude dependencies. 

The he.iIMi effects and property damage ealeulationa] 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 section. 

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 
pnpulat ion sectors. This yields over 100,000 possible combinations. It is 
understandable that separate consequences were not presented for each, combina-
i ion. However, as noted in sections 3 and 4, it would have been interesting 
to set* 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 nrobnbili-
ties of various accidents with their consequences, was actually performed by 
the consequence calculational code discussed in the previous section. Jn 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 consequences of a minimum magnitude 
versus that magnitude. In addition, consequences were stated In tabular form 
as minimum consequences of accidents of specified probability. Finally, (lie 
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 national system 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.) It 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, thvroid 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 are 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 accident. 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 years, and - for a given accident - one may state 
either the total number of effects over that period or the rate at which they 
occur. The final WASH-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 ffects often substantially exceeds the number of early ef-
£ec_t_s. (See sect on 4.3.) 



FIGURE 2-4 (Figure 5-10 of WASH-1400) FIGURE 2-5 (Fi 

FIGURE 2-6 (Figure 5-12 of WASH-1400) FIGURE 2-7 yFigure 5-14 of WASH-1400; 
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\ 

FIGURE 2-8 (Figure 5-13 of WASH-1400) FIGURE 2-9 (Figure 5-15 of WASH-1400) 
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FIGURE 2-10 (Figure 5-16 of WASH-1400) 
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TABLE 2-7 (Table 5-7 of WASH-1400) 

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

Consei ju t :nc<. 

Chatn.c- l'.-i; 
Yc.il Fi 

bai l y 
I l l n e s s 

T o t a l Pr 
e r t y na r 

S10« 

c p - D e c o n t a m i n a t i o n 
Area 

S q u a r e Ml l e ; . 

R e l o c a t i o n 
A r e a 

S q u a r e M i l e s 

One in i'OP ' 

Fi 
bai l y 

<J .U < 0 . 1 <O.J - 0 . 1 

One i n K'.OuO <a .o 300 0 . 9 2000 130 

One i n 1 0 0 , 0 0 0 110 300 3 3200 250 

One i n 1 , 0 0 0 , 0 0 0 900 14000 8 <b) 290 

One i n 1 0 , 0 0 0 , 0 0 0 3300 A r.coo 14 (b) (b) 

(a)This j s the pred ic ted chance jier year of core melt consicierinu 100 reac tors 
(b)No elianae from previous ly l i s t e d va lues . 

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

TABLE 5-8 CONSEQUENCES OF REACTOR ACCIDENTS FOR VARIOUS PROBABILITIES 
FOR 1C0 REACTORS 

ice Per 
fear 

Consequent r e s * 

Char 
1 
ice Per 
fear 

La ten t Cancer 
F a t a l i t i e s 
(per year) 

(b) 

Thy ro id Nodules 
(per year) 

<b) 
Geni 

1 
, t i c E f f e c t . ( C ) 

iper year) 

One in 2 0 0 ( a ) <1.0 <1.0 <1.0 

One in 10,000 170 1400 25 

One- in 100,000 4 6 0 3500 60 

Cno in 1,000,000 860 6000 110 

One in 10,000,000 1500 8000 170 

Normal Inc idence 17,000 8000 8000 

(a) This is the predicted chance per year oE core melt for 100 reactors. 
(b) This rate would occur approximately in the 10 to 40 year period after 

a potential accident. 
(c) This rate would apply to the first generation born after the accident. 

Subsequent generations would experience effects at decreasing rates. 

5VSor r.oxt. 

http://Yc.il
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TAELE 2-9 (Table 5-6 of WASH-1400) 

TABLE i*-G APPKOXIMA'JT: AVI;HAC;K SOC:II:TAL AND INDIVIDUAL KISK PROBABILITIES 
PliH YEAK l-'KOM POTENTIAL NUCLEAR PLANT ACCIDENTS<a> 

Consequence Societal Individual 

Farly Fatalities ( b ) 3 x 10~ 3 2 x 1Q~1° 

Early Illness ( b > 2 x lcf1 1 x 10~ 8 

Latent Cancer Fatalities 7 x 10 /yr 3 x 10 /yr 
(c) -1 * -9 * 

Thyroid Nodules 7 x 10 /yr 3 x 10 /yr 
1 x l0 _ 2/yr* 7 x 10""n/yr 

Property Damage ($) 2 x 10 

(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. 
(c) 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 generation 
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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Tt 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- Tn 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 is 10 per year (or once in 100,000 years). 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 
show average incidence of fatalities, injuries, and economic loss for nuclear 
and non-nuclear accidents in the United States. In 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 TY;irly" 
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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FIGURE 2-11 (Figure 6-1 of WASH-1400) Figure 2-12 (Figure 6-2 of WASH-1400) 
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FIGURE 2-13 (Figure 6-3 of WASH-1400) 
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TABLE 2-10 (Table 6-6 of WASH-1400) 

TABl.t 6-6 A11IJUAL ACCIDENT FAT7vLITIl.S AJ1U INJURIES IN THE U.S. 

Accident Type-

Tota l United S t a t e s 
People Within 25 Mil.'S 

of Nuclear S i t e s 

Fatal itic-s Injuries Fatalities Injuries 

55,000 5 X io6 4200 375,000 

20,000 1 X io6 1500 75,000 

7,500 0.3 X lo6 560 22,000 

33,000 1.6 X io6 2500 120,000 

115,000 7.9 X io6 87&0 592,000 

Automobile 

F a l l s 

F i r e 

Other 

W A L 

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

2 x 10 

*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 effect 
predictions (given as number per year per year in table 2-9) by an incidence 
period of roughly 30 years. Effects within 25 miles cannot be determined on 
the basis i>' 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 

Source 
Estimated Annual Losses 

(Millions of $) 

Automobile Accidents (1970) 

Fires (Property - 1970) 

Hurricanes (1952-72 averaye) 

Fires (Forest - 1970) 

Tornadoes (.1970) 

Reactor Accidei.ir- from 100 p l a n t 
(Pt-c TaMo 5-G, Ch.;r.t.'l b) 

5,000 

2,200 

500 

70 

50 

2 
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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 uf 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 Large 
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 risk. ) 

As noted before, the calculated average probability of meltdown is 9(10 
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-

-3 lihood of accidents is less than 10 per reactor year. 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 

-3 than 10 , particularly in view of the general experience that large accidents 
are much less probable than smalJ ones. These hints are consistent with the 
calculated value of 5*10 per rea'tor-year. (However, the suitability uf 
this comparison has been questioned. -

The study makes some closing remarks on its methodology. The purpose of 
the study was to achieve a realistic estimate of risks from reactor accidents, 
and participants in the study were confident that the basic 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 conservativu approach was taken in cer
tain other areas, for example in calculation of the actual quantities of radlj-
activity released, in the treatment of plume rise and rain 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 reactors should be less likely 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 radioactive releases from molten fuel, on steam explosions, on plume behav
ior, and in methodological development would be useful in determining the de
cree of conservatism present in various assumptions made in the analysis. (It 
must be emphasized that this discussion is the studv 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 o.vt 
the study, the Nuclear Regulatory Commission, received comments from a variety 
of organizations and individuals. These comments ranged in generality 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-
..nts 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 calculat ion of consequences. In the first 
area, reviewers exnressed 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 Tor 
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 arna 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 lat-.ent 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 j-robability, 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 sequences, radioactive 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 reDort 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 error 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. Early illnesses were calculated on an 
organ by organ basis 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 report. 
The study believes that its current consequences model is 
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 _o_f_ the draft report that _re_a_c-
tor risks are relatively small compared to other societal 
risks". (our emphasis added) 

Evidence that these responses have not been entirely satisfactory to 
some reviewers of WASH-1400 is given by the appearance of subsequent criticism 
of the final report. These 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 3 Probabilistic Analysis Branch, 
which is continuing the work begun during the Reactor Safety Study. Current 
directions of this work are indicated in. section 3.2. 
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2.2 Studies of the Electric Power Research Institute 

2.2.1 Introduction 

The Electric Power Research Institute (EPRI), 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. 

Of 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. (SAI). Investigators at SAI were involved in the probabilistic 
work perfenned for WASH-1400, so that it is not surprising that their work fcr 
EPRI should emphasize this aspect of nuclear reactor risk assessment. To date, 
the work funded by EPRI had led to the publication of six EPRT report? 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 Anrlysis, February 1976 

We discuss certain aspects of this work here, rather than û ider 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 ha? been the devel
opment techniques for reliability assessment (i.e., probabilistic iwtlhodologies), 
directed explicitly toward an understanding of improvements which m. y be made in 
the design or operation of nuclear power plants. 

Jt is, however, true that two EPRI reports deal explicitly with J-.he 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 boj.ause 
they give a strong indication of thfc intended direction of the work at £./.*, an 
indication that is borne out by the work they have performed. 
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As a general comment, SAI points out that WASH-1400 developed little in
formation on the conservatism 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 affects the re
sults. Moreover, the presentation in WASH-1400 did not break down contribu
tors to risk in any detail, so that it is difficult to identify where improve
ments could be made to reduce risk. 

More specific comments were aiso made on WASH-1400: in the important area 
of conjnon mode failures, no systematic procedure for their identification was 
developed; the assumption that all core melting leeds to complete core melting 
and to eventual breach of containment may not be correct; the use in draft WASH-
1400 of large-LOCA sequences as the basis for release categorization, even for 
small breaks, was not justified in detail; 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 
general 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 SAI's comments 
on WA3H-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 Stuay depended, basically, 
on two types of "gates" or logical connections, AND and OR. Failure at some 
level could be described as depending either on some combination of moie 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 selection 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 
use in WASH-1400 of an INHIBIT gate to switch on specific logic when a condi
tional input is satisfied does extend the modeling capability. Even so, it is 
not fully capable of treating arbitrary dependencies or common modes. 
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SAI has used a more general set of logical gates, based on addition of 
a NOT function to the basic set. Combination of NOT with tin- AMI .imi OR 
yields a total of l'i logical operations on two inputs. These combinations 
make it possible tc study diagramatically and analytically a broader range of 
interactions, including dependencies, common modes, and ijutually exclusive 
events. 

The details o: the resulting analytical capability are not of concern 
here. The fault f -es which can be developed for reactor systems can be quite 
complex, and SAI h<. . developed a computer code 3AM (for Boolean Arithmetic 
Model) for reducing and evaluating such trees. This code accepts trees with 
the full set of 16 >perations on two logical variables and uses a truth table 
technique (i.e., de-.cribes 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
uation of failure ^ lues. (To simplify use of this code, a preprocessor, WAM, 
was developed to ac ept a logical tree with input components and gates and to 
generate a numeric nput for BAM. Hence, Warn-Bam.) The result is the ability 
to calculate point unavailability of a complex system, including a variety of 
interdepender.cies p esumably not available in the WASH-1400 approach except as 
rather arbitrary ap endages to WASH-1400 fault trees. 

2.2.2.2 Sensitivit Analysis 

A substantial lack in the WASH-1400 report was that no sufficient indica
tion was given of t'ie major contributors to risks. There is great valu° in 
identifying how ris depends on component failure rate, external events, human 
interactions, or te.st and maintenance. SAI has developed a systematic approach 
to this question ba ed, to some extent, on perturbation analysis. This approach 
defines "sensitivitv indicators", which indicate the dependence of one probabil
ity (such as systeir. unavailability) on changes in another probability (such as 
component failure r obability). Such indicators may be developed at any level 
in risk analysis. hey may be used to relate probabilities for overall conse-

"Point" unavailability is the failure 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 failure rates induce uncertainties in the cal
culated system unavailability. 
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ces, for release categories, o** for system failures, to probabilities for 
more basic events, down to component" failure, etc. 

It is clear that such information is of considerable value, and we give 
some examples, not because the details of the methodology are of great iviter-
est hure, but because the examples serve to elucidate certain points which 
were obscure in WASH-1400. In considering this information, it is important 
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. 

SAI bases its release indicators nominally on certain classes of phe
nomena , label led conventionally as: 

C, - the severity of -. onsequence of type i, such as 
fatalities or acute illness, 

R. - the radioactivity release category j, for one of 
the six BWR release categories or [tint- I'VK ri-h 
c< tegories, 

W. - an accident consequence option j, such as whether 
or not evacuation is allowed, 

F - a plant function k, made up of cr.o or more systems, 
which is designed to mitigate particular accident 
results; for example, Emergency Core Coolant 
Injection, 

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

E - an event m, such as a pump or valve failure, m r 

In general, one may regard one of these types of phenomenon as Spending 
on another and define an indicator I. Those specified by SAI are: 
consequence indicators: 

1„ R - the indicator for the change in probability per 
i j year for a given severity of consequence C^ with 

a change in the probability for radioactivity re
lease R, . 

J 
I r w - the indicator for Che change in probability ,;er 
i j year for a given severity of consequence C^ with 

a change in the accident consequence option W.. 

Draft WASH-1400 release categories BW° Z and 4 were combined to form BWR i 
in the final report. BWR 5 and 6 became respectively, BWR 4 and 5. 
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release indicators 

I „ - the indicator for the change in the release 
j k category probability per year for category R-

with a change in the probability of failure 
for plant function F, , 

I E - The indicator for the change in the release 
j m category probability per year for category R̂  

with a change in the probability of failure 
for e /ent E , 

system indicators 

I„ „ - the indicator for the change in the probability 
k m per y. ar for failure of system S^ with a change 

in tht probability of failure for event E . 

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. SAI chooses to define I 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 . 

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, SAl's consequence versus release indicators (I- n ) give 

U.K. 
directly the percentage that a ^iven release category contributes to the 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 c SAI's results, emphasizing that they are 
based on the information in draft WASH-1400. To extract this information, SAI 

For e:ca;nple, a system indicator for event failures may be expressed as: 

T = p*(s k >-p( s k . / p o y / p*(skj\ ll P*<EJ\ 
S k E m P*(E„) - P ( E _ ) / P ( E J \ 1 _ P ( S k ) / / \ " P (Ejj' 

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 are 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 draft WASH-1400 release categories.) This is of some in
terest, particularly since PWR 2 is a low probability, but large release, raL-
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 quote results 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 indi- ators for event failures in table 2-14, where the indicator is 
given, in eat I 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 nost sensitive to human error. We give similar information for 
the BWR in table 2-]5 where the dependence of release category on selected 
plant function failures (QUV = water inventory make-up, W = decay heat removal, 
C = reactor shutdown system) is also shown. Category 4, the predominant risk 
contributor, is the most dependent on hardwarp failures 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 failures listed 
in the table do not exhaust the list of such failures. This accounts for the 
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TABLE 2-14 (Table 11 of EPRI 217-2-6) 
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fact that failure of decay heat removal is 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 failures. (Thai is, Table 2-\'> slmws ih.it 
release. eaLugory 4 depends stroiigiy *'n deeny heat removal and ̂  more f'mul.i-
mentally, un hardware failures.) 

SAI 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 
failure has the dominant role 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-SAI is perform
ing work relevant 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 issuing 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 SAI, is the presentation of the results. The probabilities 
and consequences, as given in WASH-1400, are not in a form that is useful for 
assisting in the identificarior of possible improvements in design or oper
ation of reactors, leading to an increase in reliability or a decrease in risk. 
That WASH-1400 results should not be directly applicable for such purposes is 
not surprising, considering the fact that the purpose of the study was an 
assessment of the risk. Methods and results 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 tor the 
task of assessment, may not be more generally applicable. 

From this point of view, the major work performed by SAI, as contractors 
to EPKI, 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 jid 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 

http://ih.it
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above is the first stop 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 
been 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 report during the spring of 1975. 

This study differed in two major respects from the studies discussed in 
the previous sections. First, the t;tudy 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). Indeed, 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-
»r;iinm,i L it- 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 

1 4 
than that of "he Reactor Safety Study or of the studies supported by EPRI. 
In accordance WLth -his broader mandate, the study examined both institutional 
and technical aspects o* reactor safety and reactor safety research. 
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Th e narrowly technical material of the APS report is concentrated Lnto 
three areas: 1) a discussion of events which xrxy 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, regulation, 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 reactors 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" failures. 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. Hovjever, 
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
trum 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. This formal 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. In 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 
reactor safetv research 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 comnlex interaction 
between the utility* the architect-engineer, the reactor vendor, and the AEC 
(now Nuclear Regulatory Commission) in Lhe 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 denends 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-
a t i on. 

2.3.2 Initiating Events 

Based on the fact that a light-water reactor core cannot support a nu
clear explosion, the primary means for public harm would be melting of the 
core followed by a large release of radioactivity and substantial exposure of 
the public. Looking first at the events which may initiate 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 ifie pressure vessel, were studied in detail. 
It was concluded that continuous and meticulous attention to inspection, main
tenance, and operation can best guarantee the integrity of the primary system, 
including the pressure vessel. 

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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equipmenc 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 lending to core 
melting. The study group concluded that it is difficult to estimate tht? 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 arc 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. 
Thiu occurs in spite of the seemingly excellent qualifications of operator 
staffs, for two reasons: poor human engineering of the control room 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 is 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 consequences 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 I'ri-vi-nt inn and M i t i y,,i L i«in >>| K.id i M.H l_i v-• R<- \ r.î r , : Cumputur Morit. -i iu£ 

Should an abnormality occur, various "engineered safety features" m.iv 
be called into operat ion to control the event, prevent in v. damage to the rore 
or - should that be unsuccessful - mitigating any release of radioactivity. 
Tlie APS study gave particular attention to the operation of the emergency con 
cooling systems (ECCS) and to the response of the contai nment to poss iblv ac-

cidents. The emphasis on the ECCS arose from the basic understanding that sub
stantial radioactive releases only occui 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 radioactive 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 natural 
convection - It is in the circumstance where the primary system is ruptured, 
with severe loss of cociant, that emergency cooling systems mest be called into 
play. On the other hand, should these systems fail, 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) licensing 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 |u--r forms 
as required. This discussion divides the accident conventionally into four 
time periods: blowdown, in which loss of the coolant inventory occurs, reJLLU--» 
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, 
reflood, 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 
(|na 1 i tai ivi-1 v for adequacy. The nominal capacity of the ECCS :ysterns was 
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 vas 
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i-xaisined: source? of energy in the fuel, tiie structural behavior of tin- fuel, 
dynamics ;*nd core thermal behavior, and the possibility of "steam binding" 
(prevention of reflood due to back pressure from the steam generators or pumps). 
The results of this examination are indicated in tabular form (table 2-17). 

Tlu- 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 
ior realistic modeling. This leads to the questions whether Chcy are indeed 
"adequately" conservative and whether the degree of conservatism can be 
determined quantitatively. On the last, the study note^ 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 
is 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 conservative 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 
it development of alternative ECC systems to overwhelm the problem; one exam
ple would be to specify reflood rates much more substantial than those presently 
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required, an alteration that would involve convincingly overcoming the problem 
el 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 calcnlational methods must be gained through a much stronger 
iodt' development program, supported by a much improved experimental data base, 
and coupled with a strong program in code assessment and evaluation. 

Slum Id a LOCA occur, systems within the containment building are avail
able to remove heat and radioactivity released into the containment. These 
would also operate should effective emergency core cooling fail, but in this 
ease the amounts of heat and radioactivity released would be much larger than 
• •Uu-iVisi-, and it is presumed that the molten core would eventually breach con-
i.iinmeiii (within about a day). The APS group questioned the soil filtration 
..Herniation factor which was assumed by draft WASH-1400 for radioactivity 
ie.iiliing the atmosphere in instances where the core melts through the bottom 
of the containment. The group also urged consideration of: design of contain
ment fur controlled failure at some pressure through a filtration system, under
ground siting, core catcher.6 (to prevent containment melt-through), and improve
ment <>t the reliability '••{ various containment systems. 

:.'*•„ 'i Ka_dinactive Releases and Their Consequences 

1'iu- :-eitidy examined the various classes of radionuclides which would be 
released from a molten core, and tiien considered - in a simple "wedge" model -
ihe transport of released radioactivity and the resulting human exposures and 
consequent health effects. The wedge model simply assumes that any radioactiv-
itv released proceeds uniformly in velocity and directional dependence away 
1 m m the source within a specified opening angle am, within the "mixing layer" 
M ;ho atmosphere. This specifies a wedge within which concentrations of 
r.idinactivitv will he confined and wherein the time-integrated radioactivity 
will depend on 1v on distance from the reactor. Although such a model wot-Id not 
•>e applicable to determination of early deaths and illness, effects which de-
:un<J critically on the details of local meteorology and population densities, 
il might be expected to yield useful results for latent effects, which are 
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presumed to depend only on tiie integrated dose in man-rem. 
The study specifically applied this simple model to a release and re-

1 nisi' rood i t ions chosen to simulate one ace idout whose consequence calcu 1 a-
tions were described in detail in draft. WASN-1400. This draft was released 
during the August 1074 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 

137 
dose from Cs 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 increast-
wh i eli caused such deaths to domi nate the total number of 1" atal ities from the 
hypothetical release. (We may note here that the final WASH-1400 accounted 
lor this source of exposure, thereby yielding the result that i t dominated the 
total number of fatalities, but that the final WASH-1400 numbers were not as 
high as suggested by the APS study.) Using tlie wedge model, the APS group also 
estimated other long-term consequences, most y ield Lug larger numbers than those 
given in the draft WASH-1400. (The required alterations are shown in table 2-
IH). With the wedge model, the connection between the various parameters af
fect ing 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 populat ion di str i but ion is s impl e (and mi i i .TIH') . 
In ::I,IMV cases, corresponding rhanges were made in the WASH-1400 final ivpor! . 

In addition to the use of evaeuat ion, sequester ing of contaminated food, 
and decontamination for reducing the consequences of a release, the st.udv 
urged investigation of: use of iodine blocking (based on distribution of pills) 
to reduce uptake of radioiodire, installation of air filtration systems on large 
bu11 dings near to nuclear power plants, and distant si ting to reduce population 
,}t risk. 

:'. 3. c) The Light-water Reactor Safety Research Program 

A major part of the APS study was an examination of the then current 
(late 1974) reactor safety program, J argely to seek an understanding o\ the 
extent to which the program could hope to elucidate reactor behavior during a 
loss-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 -
imw part of the Nuclear Regulatory Commission), whose efforts are supplemented 
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TABLE 2-18 (Table XiV of the APS report) 

! " \ u u ; XIV. Effect of changed assumptions on Draft WASH-HflO reference accident average man-rem consequences 

. '.ini-fr Deaths 

Assumption change * 

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

KHi cancer d e a t h s / d o ' whole body rem) . . to. . . (about 130)/(106 

whi.le body rem) 

NVcJect "I cancer Induction from lung dose . lo. . <20-50)/ 
•I0 f tuns reml over 10 years following exposure 

Neglect of deaths from beta-ray induced thyroid c a n c e r . , . l o . . . 
r l J - 7 5 thyroid cancersl /<10 e thyroid rem) over 30 years following 
exiMisure, use range of AEO-EPA conversion factors, assume 4% 
mortality for persona exposed a s children, \s% for pe r sons ex
posed as adults . 

B Morbidity 

M full range of uncertainty of thyrnld exposure-dose 
and dose consequence coefficients 

i-.-ncttc Defects 

I'runcation of ground dose at one day. , t o . . , no truncation 

Kelative effect 

Factor of about 25 ) 

Factor of 1.3 I 

Not calculated in 
Draft V'ASH-HOO 

Not calculated in 
Draft WASH-HOO 

Factor of 0.9-12.0 

Factor of about 25 

Ktfl genetic defertsf/flfl 1 whole-body rem) . . to. . . (25-250) 
d.-nJIIIddc dfiminant genetic defects and 12.6 noninheritable 
.< nvili- dt-fi'vli./nn" whr>le-hivlv rem) . Not Included tire 0-500 
i.MlfUjn.il L'onNtltuttonal or degenerative dlsea^es/ilO* wholo-
K>dv rum) 

Factor 
genet 11 

r of 0 .4 -2 .S ln f 
Ic defects ) 

Tidal effect h 

10000 cancer drjalhs 
Instead of .'110 r .mcer 
deaths 

Add fiOO—lfifo luni! cancer 
deaths during following 
•10 years 

Add SOO-4 000 thyroid 
cancer deaths in 30 years 
fol'.owlnc, exposure 

22 500-300 000 thyroid 
nodule cases Instead of 
250(»n 'our estimate— 
not explicitly stated In 
Draft WASIt-1400) 

3000-20 000 genetic 
defects Instead of ."110 
genetic defects 

* . . Indlralc assumption change from tn . , 
It i* essential to n.ite Unit '.he.ic Incremental cancer dcalhn and morbidity would occur over natural lifetimes of a very large 

cx|xi!,.-i] |H>;ml.itl<>n. Theii- i';dcuIatini)H an- waned en a [wijitil.iftoii density of noil/ml 1 which rehUiln In an exjHinitru of a population 
••( alt,-in Hi rnllllfii. A JMI|.UI.I1I<.II density i-f Ififi/ml1 wmild multiply all LOLJI cim lurnri! r-itirn.ili-H liv "/,!, ISI-.- i ..oinnle, page 
Kxxxi Independent ,A im-mnwi in-pul-illon density, there would be nn additional rlt.k o r e - r to the average expired Individual 
'-•I oni- chance |n a thousand, with Die rlr.k distributed ovr r a milihtantlitl fraetli>n of IIIH n;ihir;:l lifetime. 

Rt-v M„,l.l>hys, Vol .4/ , Sujtpt.ND. 1, Sunnnur 107b 
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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 
Lhp APS group would indeed emphasize. The separate effects tests can be as
sociated with the various elements of LOGA 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 recent 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 blorkage. 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 
of Fluid Test (LOFT) facility. The LOFT system is a specially designed and 
instrumented PWR of intermediate scale (55 MWt) relative to a large commercial 
PWR (3300 MWt). Objectives of the LOFT program are: l) 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 ECCS capabilities, and 3) to reveal 
thresholds or unexpected phenomena affecting either the validity of analytic 
models predicting transient response or the selection of ECCS design param
eters. 

A crucial issue is the relationship between LOFT system parameters 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 density 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 cannot 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 
KCC concepts. In a similar vein, it was urged that car? 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 
-•sling to a PWR will require codes with more realistic physical treatment and 
fewer arbitrary 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, or 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 unt
il i in,-us ion. 11 sys to in. with a 5 f. t. long 1 MWt electrically-heated core, in
tended to provide data for basic LOCA model development and for LOFT design 
assessment and instrumentation evaluation. This is the device which first 
y,;ivv 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 he 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 centa inment sys-
tems have worked well to control routine releases, there are major uncertain-
t ies in containment conditions during severe accidents - involving, for ex
ample, core meltdown - and in corresponding effectiveness of specific system;;. 
The research program should be upgraded to examine and improve the reliability 
ami effectiveness of specific containment systems and to examine some ol the 
possible changes mentioned in the previous section. In a similar way, the con
sequences of meltdown and containment failure could be much better understood 
.is a rt-sul t of increased efforts in the areas of radionuclide release from 
mo I ten fuel, dispersion through soil and water, meteorological analys is, mi t i-
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 research 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 pjrê  
dict jye ability must be evaluated at LOFT, a sub-PWR-scale test. Based on tin-
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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A.s 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 
limits and will be unable to handle unanticipated phenomena. It is, moreover, 
important that the assumptions on which 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 conservative assumptions at each 
point may lead to a net conservative result, even beyond the range where the 
code has been tested. 

Even 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 

In the words of the APS report: 
"... we have not uncovered reasons for substantial shi.rt range concern 

regarding risk of accidents in light-water reactors ...we are confident that 
a much better quantitative evaluation and consequent improvements of the safety 
situation can be achieved over the next decayed iĵ  certain aspects of the nafety 
research program are substantially improved and the results of the research are 
implemented" (our emphasis added). 

Summary ol conclusions d nd ma\or recommendations S7 

D. Major recommendation* 

Many recommendations a rc made in the body of this Ke-
pon. A few of the major oaea are summarized bare, but 
iti 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 of reactor controls,which might 
significantly reduce the rhnnce of operator*- rrnrs, should 
be unproved. We also encourage the automation of more 
control functions and increased operator training with 
simulators, especially in accident-simulation mode. 

(2) Measures should be taken to quantify the effective
ness of IJIP present quality assurance procnun.uKing both 
the analysis of experience already reported and new mea
surements on the quality assurance system. 

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

• employed to estimate quantitatively whether a s 
sumed subsystem failure data a re compatible with the ob
served individual small accit 'ents; 

• used to provide parametr ic studies of the effects of 
phenomena which ure i]J-underj>lood in the identified s e 
quences; 

• 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 laJiin;: Jiito account the modifi
cations discussed in our report , in order to obtain cor -
rt'Cled consequence est imates . The resul ts will help '.o 
determine Iho magnitude of the benefits which might be 
obtained from the introductions of design chaises, and 
means of mitigation of accident consequences. 

15) The proolem of sabotage and its effect on increas
ing the risk of radioactivity re lease should be studied 
carefully. We have no way of estimating the present l ike
lihood of sabotage; however, we believe that re. ir tor s e 
curity can be improved and have specific recommenda
tions for studies thai go beyond those already underway. 

(6) The ECCS safety margin should be quantified, and 
u* necessary, improved through one or more of the fol
lowing approaches: 

• the substitution of more easily analyzable or more 
effective ECCS concepts,; 

• a much stronger theoretical and calculations! de
velopment etlorl combined with a much improved experi
mental program, the resu l t s of which must be published 
openly for evaluation by ihe technical community; 

» a se r ies of large-scale experiments along with 
some standardization of reactors . Detailed planning and 
analysis for this approach should begin immediately in 
case U should be decided in the future that it is needed. 
There should be increa.<,ed emphasis on realist ic calcula
tions and experiments as opposed to those which mere! 1/ 
attempt to sel upper limits on the behavior of a reactor 
in an accident. In view of the number of reac tors now 
operating and being planned, we believe it is important 
that the reactor safety research program quickly lake 
major steps la brtnji abnut a convincing resolution of the 
uncertainties in EECS performance. 

(T) In the a rea of s-ifi'ty research, more emphasis 
should be placed on seeking improvements inc-jntninmcnr 
methods and technology. In particular, controlled vent
ing of the containment building in case of overpressure 
should be studied. A careful assessment should a l i o be 
made of the benefits and costs of alternative siting pol
icies, such :-s remote, underground, and nuclear-park 
sit in;;. 

(fi) There should be more effort to resolve major un
certainties in estimatin:' ionsequences, byludihg im
provement of the biologuMl-e/fectsdat.ib.ise. Techniques 
for mitigation of consequences should be developed, e s 
pecially in connection wuh the problems of decontamina
tion afier a large accident. 

19) While we strongly endorse the substantial improve
ment*, that have been nude in the safety research pro
grams and in the openness to scrutiny by the technical 
public ri the last two years , additional measures should 
be taken to continue to improve the research program 
and techniques and to a s su re that the resul ls of both ex
perimental and computer code development work related 
to tafeiy a re openly published. 
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3. OTHER STUDIES 

i. I $JudJ^ji_fomp[eLiMl_ Prior to U'ASH-UOD: 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 ), was 
performed in 1957 at Brookhaven National Laboratory for the Atomic Energy 
Commission. Its purpose was to assess the "possibilities" and consequences 
ot 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 •-o 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 1000 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 fission products are 

vaporized and dispersed within the containment shell, but that there 
is no release to the atmosphere. (Estimated probability of occurrence: 
-2 -4 10 to 10 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. 

-3 -4 (Estimated probability of occurrence: 10 to 10 per reactor-year) 
CJass 3, the "50 percent" release case, assumes that 50 percent of all fission 

products are released to the atmosphere. (Estimated probability of 
-5 -9 occurrence: 10 to 10 per reactor-year) 
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In 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 assumed 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
meters varied included weather conditions (inversion or not, rain or not), 
size of the radioactive 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 0 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 Classy 2.) 

All the harm to individuals specified above is in the form of early 
death or illness. The_ study did not_ consider latent effects. 

In a sense, the accident leading to 34GC early fatalities was regarded 
as a maximum conceivable accident. It was not literally 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. 
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Almost a decade later, workers at [iruokhaven again examined the 
question of the consequences of major releases from nuclear power plants, this 
time from the substantially larger 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 ws. 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 -in order oi magnitude great r than r ha t 
i-'i" sfii/j 1 1 er plants, 1 argel v because the i nventor., o*' rad ioae i j v v in the 
s ore is proportiona] Io the rate of heat generated. 

The only other study of note that bears similarity in ar roach to 
2 

WASH-740 was an investigation of the consequences r- a major release from 
a 60 MWe demonstration liquid metal fast breeder reactor pow r plant known 
as Fermi 1 pnd located on the outskirts of Detroit. Such r actors are beyond 
the scope of our discussion. However, once the release of fission products 
has occurred, an accident at such a plant would be largely indistinguishable 
from that at an LWR plant. Because of the proximity of he plant to Detroit, 
the potential consequences of a major release were fou to be very severe, 
the maximum number of early fatalities exceeding 100/ .0. 

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 

3 
resulted from the rule making hearings on the ECf acceptance criteria. 

4 
(The APS report discusses these criteria.) The subject of the hearings was 
the interim acceptance criteria, with amendment. , for ECC systems for LWR 

3 
power plants. The AEC promulgated revised acceptance criteria in late 1973. 
Such detailed ECCS specifications arose out o* 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 Frgen e_t al. on emergency cere 
cooling systems. 

During the same period that specifi ations for ECC systems were being 
developed and reviewed, reports appeared which gave an inkling of the future 
direction of risk assessment. One example is a paper by Otway and Erd~ inn, 
discussing reactor siting and design from a risk viewpoint, wherein conse
quences versus probabilities were displayed and the idea of calculating the 
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probabj l< iy of failure of the reactor system from the probability of failure 
of component systons was outlined. During this same period, the AEC was, of 
course, beginning the stud; that resulted in WASH-1400. Moreover, the AF.C 
was also assembling information or the safety of nuclear power reactors, but 
one resulting report (WASH-1250 ) is btot described as a discussion of a 
light-wator reactor nuclear power system and of various health and safety 
c r i t e r i a pertinent to such a system, rather than as an analysis of the actual 
risk from LWRs- However, i t may be said that i t was d.^ AEC awareness uf 
the public concern for the sa£ety of nuclear power Can awai^ness indicated 
by the publication of WASH-1250 as well as by many other events r t?ach as the 
c r i te r ia hearings), coupled with the increasing interest in probabilistic 
methodologies, tnat led to the work reported in WASH-1400. 

3.2 Reviews of WASH-1400 
Because of the seeming primacy of WASH-1600 among various studies of 

light-water reactor safety, i t is appropriate that we indicate briefly, but 
expl ic i t ly , many of the public comments on that work. A summary of the com
ments on th/2 WASH-1400 draft was given in section 2.1.4, and, in the course 
of our discussion of the EPRL work and the APS study, we indicated their 
major comments on WASH-1400. Of the numerous other comments, we wil l 
tr tat those of the U.S. Environmental Protftjtion 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) conducted reviews of t:he draft and final WASH-1400 reports . Results of 
9 10 

these reviews were published in 1975 and 1976 . In each instance, the EPA 
tended to concentrate i t s own internal review on the calculation of conse
quences, part icularly health effects; as presented in WASH-1400. The EPA 
relied on contractual work with Interncuntain Technologies, Inc. (ITI) to 
review the WASH-J400 accident analysis. 

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

1) failure to address fully the health effects expected after an 
accident and to consider 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 assumptions 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 environment-" 
Area 1 was a major source of dissatisfaction in both reviews. In parti

cular, the EPA contended th.it the final WASH-1400 lower bound, central, and 
upper bound estimates for the relationship between exposure and latent health 
effects should all be altered i-- 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 
in 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 ?re 
not clear from the discussion in WASH-1400. 

Third, in both re/iews, ITI identified the analysis of the bWR transient-
withotit-scram accidents as the most significant accident analysis problem in 
WASii-l4rjO and stated that re-evaluation may increase the risk of BWR accidents. 
Moreover, the reviews, pointed out numerous instances of information insuffi
cient tc assess risk impact, both in the details of quantification of accident 
probability based on human error, common modes, and so on, and i>; the descrip
tion ef core meltdown and containment response ^analysis of HCCS function-
ability appears incomplete, and the PWR containment failure 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. 

http://th.it
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The EVA supported the concept of the Reactor Safety Study. However, it 
t"imud that what i t considers "more reasonable assumptions in health -J f fects , 
fiiiL-r̂ 'iu'V actions, and estimates of probabilities of releases" would signifi-
•aiitlv alter the results of the study. Finally, the EPA was concerned about 
the implied acceptability of die estimated risks to society that is contained 
in the comparisons made between risks from nuclear reactors and from other 
sources. 

1.2. 2 Other Re_vi_ews 
Tlit' comments on WASH-1400 to which we have so far referred have dealt 

v.entlv witli the basic methodology of that study. Although details of the 
probabilist K- accident analysis have been questioned, particularly the treat
ment of common mode failures and the often-cited lack of claritv on how speci-
li. fa.-mrs contribute to risk, neither the EPRl work, the APS study, nor the 
Kl'A review found basi c inadequacies in this approach to risk assessment. The 
most serious criticism offered wns by the APS group, who said "based on our 
experience with problems of this nature involving very lev/ probabilities* we 
do not now have confidence in the presently calculated absolute values of the 

.4 
pi"ob;ibi 1 i t Les of the various branches.' 

Others have sharpened this point of view to a fundamental attack on the 
rt'ASH-!400 methodology. One of the earliest public reviews of the draft 
ivport was the "Preliminary Review of the AEC Reactor Safety Study," 
published by the Sierra Club and the Union of Concerned Scientists (the UCS 
be in;-- one of the protagonists in the acceptance criteria hearings). This 
review strongly criticized WASH-1400 both ir> its application of the event-Cree-
lauft-tree methodology and in its calculation of consequences of the identified 
re least- categories. 

I'lte SU-rra-UCS report presented the basic view that experience shows 
th.it tlu* use of Caul t trees has not been dependable for pr"edi ction of absolute 
l.iiluri- rates, a fundamental requirement of the WASH-1400 risk analysis. 
i hi s dist rust of the methodology was based on two general cri ti cisnis : f irst, 
i be review committee regarded it as unlikely, and even impossible, that all 
i 'iiport ant accident sequences were identified or that al 1 common mode fai lures 
were identified; second, the review doubttd the dependability of the failure 
r.itv data, a doubt based on questions regarding design adequacy, human 
failures, rarity of many of the failures (particularly of structures), the 

http://th.it
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importance of secondary ( s t r e s s ) f a i l u r e , and the p re s su re vesse l failure-

d a t a . 

The review a l so concluded t h a t the human consequences of the major 

acc iden t s t r e a t e d in WASH-1400 were unde r s t a t ed by at l e a s t an order of magni-

Lude. The committee i d e n t i f i e d as causes for t h i s d i sc repancy : an under

s ta tement of the amount of r a d i o a c t i v i t y r e l ea sed in given core melt a c c i d e n t s , 

underes t imat ion of th'.L damages to hunan h e a l t h from r a d i o a c t i v e exposure , an 

overs ta tement of the e f f e c t i v e n e s s of e v a l u a t i o n and s h i e l d i n g in reducing 

exposures , and a neg lec t of expected popula t ion growth in the v i c i n i t y of the 

i d e n t i f i e d s i t e s . 

Strong c o n t r a s t s were drawn between the conclus ions of WASH-1400 and the 

p rev ious ly accepted assessments of the r i sk from la rge l o sa -o f - coo lan t a c c i 

dents and/or core me l t ing . The r e p o r t no^ed the s u b s t a n t i a l l y inc reased p ro 

b a b i l i t y of core melt a c c i d e n t s as c a l c u l a t e d hy WASH-1400 and the decreased 

tvp ica l human consequences of such a c c i d e n t s , as compared with WASH-740 and 

i t s update (see s e c t i o n 3 . 1 ) . Furthermore, the primary c o n t r i b u t o r to me 11-

dewn acc iden t s was found by WASH-1400 not to be la rge I.OCAs, thereby .sugges

t i n g a misplaced emphasis in the AEC (now NRC) approach to r e g u l a t i o n of 

nuc lea r power, an approach which s t r o n g l y emphasizes the large-LOCA design 

b a s i s a c c i d e n t s . F i n a l l y , the Sierra-UCS review committee regarded the AKC 

pub 1 i c use of d ra f t WASH-1400, with i t s u n c e r t a i n t i e s and e r r o r s , to be 

improper, p a r t i c u l a r I v because of the lack of oppor tun i ty for p r i o r review. 

We should emphasize tluit t h i s review dea l t with the 1974 d r a f t . However, 

s Lmi i :jr c r i t ic is tns , *" i nc luding even tha t of improper use of tin? " e s u l t s of 

tiie s tudy , have been leveled aga ins t WASH-1400 s ince pub l i ca t i on of the i i n a l 

vers ion in l a t e 19 75. A useful solect ion of comments on the Reactor Safetv 
1 3 

Studv wen- made at Congressional hear ings during .lune 1976 before the Sub
committee on F.nergy ;ind the Environment of the Committee on I n t e r i o r and 
insu la r Af fai r s . Test imony was heard from the \ n c l e a r Regu1atorv Commission 
md the Environmental P ro t ec t ion Agenrv, as well ns from a number of i n d i v i 
duals r ep re sen t i ng a wide range of opinion of the accuracy or u t i l i t y of 
WASH-1400. Those g iv ing test imony ine luded* Norman C. Rasmussen, Saul Levine , 

ft 

For c l a r i t y in the context of t h i s r e p o r t , these i n d i v i d u a l s are l i s t e d in 
the order in which the s t u d i e s or reviews with which thev were a s s o c i a t e d 
were d iscussed in t h i s r e p o r t . 

file:///nclear
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Niel. Wald, M.D., and Marvin Goldman, participants in the Reactor Safety 
Study; R. C. Erdmann, participant in the EPRI-SA1 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. Two items from the hearings may 
useful1y 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 
ol the EPA; they replied during the hearings to each of the main points listed 
in ihe 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 
m.niiK-r in which the results of the Reactor Safety Study were stated in WASH-
14i)U and tli" manner in which that report is being used and may be used. The 
Kxecutive Summary, the several pages at the beginning of WASH-1400. is intended 
tn summarize the results of the study, presumably for a general audience. in 
iii> i Hi', so, the three page "Introduct ion and Resul ts", and Lhe questions and 
answers whi eh follow, appear to many ohservers to intentionally state the 
I*L'.%LII ts so as to minimize the consequences of nuclear accidents, particularly 
wiu-ri- latent Natalities are concerned. Since it is difficult to compare such 
I.jtfiH flfeets with similar effects ;"rom other sources, the summary emphasizes 
its i-omp.-irison of estimated early fatalities (although the summary's graphical 
displays omit the word "early") with those from other sources. About latent 
(.-fleets, it says "The number of cases of genetic effects and long-term cancer 
i ata1i L ies is predicted to be smaller than tfie normal incidence rate of these 
di seases" . neglect i ng to note that esc imated long-term fata 1 it ies const i tute 
'il).̂ i. of total estimated fatalities from reactor accidents. 

A second aspect of the manner of use of WASH-1400 is the limitations of 
».ii- >; t udv - ihie easy observat ion is that the study did not deal with reactor 
t /pes otlu-r than i.WRs. Application of the methodology to other types would 
bi lisi't u 1 as .in assessment tool. A second observat ion is that the study 
i : i i:i! *ia ted any si U'-spec i f ic resul ts . Cons true t ion of its "typical " sites , 
* : i ;i .•orrespmul i ng meteorological rond i t ions and populaL ion d is t rib tit ions 
i-1i minated the possibi1i ty of assessi ng 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, ur 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 cif 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. 
In addition to these groups and individuals, numerous others are active, at 
one level or another, in similar areas. However, the group that is extending 
t!R- 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 ol Nuclear Regulatory Research. 

The NRC is, first of all, attempting to adapt the WASH-1400 methodology 
to use in Licensing. The study itself only anafyzed in detail two specific 
realtors, which are older than those now being built, and somewhat different 
in design- The NRC is examining specific features which may distinguish other 
re.ictors from those on which the study was based. A principal feature to IK-
CIMIS idered at the present time is the conta ianient - The NRC sta f f 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 
oT an ice condenser (versus an alternative) used in the containment designs. 
On the other hand, the BWR examined in WASR-1400 used a Mark I containment, 
whereas reactors now being designed by the same manufacturer use Mark III. 

In 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 Ls being done to improve the methodology itself. In the 
<IRM of probabilistic accident analysis, the NRC hopes to identify which 
parameters are 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 
Car con.' meltdown and fission product transport (within the containment) to 
set- how they affect the radioactive release fractions. The consequences model 
iri also being scrutinized? primarily to remove conservatisms that were 
.-iccepU-d in the interest of timely results. One example is improvement of the 
precipitation model. 

Thus riit1 main areas of work at the NRC are to improve the details of 
t lie methodology and to extend its range of application to facilities other 
than the specific light-water reactors examined in WASH-1400. 

Sliidies_ of safety design 
This report has emphasized the form and adequacy of analytical techniques 

fur predicting the probability and consequences of reactor accidents. Of the 
siudits discussed in section 2, only the American Physical Society study 
/.roup un 1 ight-water reac tor safe ty devoted a significant port ion of its 
ft I'm t to the basic question of reactor design and related analysis. The APS 
ri-purt reviews a number of important areas for t actor 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 research 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 
responsib £1i ty frr J icensing (and related research on) 1ight-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 
(ACKS), 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 "generic 
items" relating to light-water reactors. These are items which indicate 
specific areas of uncertainty related to light-water reactors. They do not 
necessarily imply that LWR design !~ deficient in these areas, hut rather 
that an area has been identified as heirig 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 n judgment. 
Resolution of an Item usually involves an improvement in the data bast- 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 safety-related areas. As might be expected, these 
broad areas themselves constitute a list of the important areas of concern in 

reactor safety, from the point of view of both the partisans and critics of 
nude- 'y 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 far cons iderat ion and gradual ly re sol ved 
is not surprising, considering how complex, important, and highlv-regulatod 
Mte safety aspects of nuclear power plants are. Consider, for example, the 
items JisLed under "EtCS and LOCA related items, including containment 
response . " Both the tesol ved and outstanding i terns inr 1 ude spec i f ic an'as of 
emergency core cou] ing design, con fa i nment des i r.n, and component behavior in 
a pos!-accident envi ronment, all of which are fundament.! I ai eas oi safe l v 
design. Considered as a whole, the items listed in tin.- table mav he regarded 
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Table .1-1, Sough Categorization of ARCS 

ECCS ANI> LOLA RKt.ATI P ALMS. ISCi.UtJlNC COM AINMKNT 
RKSI'ONSt 
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*JI-2 FJirt-ine Operation of Containment Spray* in 4 U J C A 
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1-9 Vit.ianrin Monitoring i.t' Kracta' Internals 11,! Primary 
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Generic Items Relating to Light Water Reactors 
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*Il-6 Common MnJr Failure* 

[|-7 Bttavhi oi Htactot Fuel Under Abnormal Conditions 
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1IH-2 Qualification of New iuzii.tomcu.c-. 
I l iU Strc«i Cuiriijion Cracking in BWR Piping 
IIC-2 fit* Protection 
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either as a guide LO areas of concern in reactor safety or as a glimpse of the 
manner in which uncertainties in reactor design are identified and resolved. 
It 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 cy various individuals in recent hearings before the 

14 Joint Committee on Atomic Energy and before the Subcommittee on Energy and 
13 the Environment of the House Committee on Interior and Insular Affairs. 

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. 

J. A I'oruî n studies 
Only a small effort was devoted to examination of foreign efforts related 

to light-water reactor safety. In many respects, such efforts in this area 
follow the lead of work in the United States, as is 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 
a manner as in this country, so that the public information can only be regarded 
as representative of foreign work. 

Substantial effort? in probabilistic analysis have been taking place in 
recent years in Europe. The earliest such study often referred to is the 
Swedish Urban Sir.ing Study, 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 accidents) 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 European 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 European 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 £. In any event* it is 
worth noting that the practitioners of probabilistic analysis in Europe 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, 

17 an extremely interesting report 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 aow 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 NTCC 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 
hXC 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 
j terns in Table 3-1. 

"A representative sample of publicly available information on European efforts 
is given •• n the report of the latest general meeting of the American Nuclear 
Society.iu 
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In general, the European community appears more sanguine about the risks 
from nuclear power than does the United States community. Often 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 

18 "Nuclear Pouer and the Environment" (the "Flowers" report) could easily have 
come from WASH-1400: 

"The risk cf 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. IMPLICATIONS QF SUCH STUDIES FOR REACTOR SAFETY 

We have indicated in our previous discussion the re&sons for emphasizing 
WASH-l'+OC, the EPRI work, and the APS study. The first (extended by the second) 
constitutes a major methodological improvement in risk assessment, presuming 
the inethcdology 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 results of such assess
ment. To complete the interactive process, a consideration 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 
frotn such alterations. Drawing primarily on the material presented in the pre
vious sections, we summciri ze the major factors pi*rt iru-nl. to .s.t fety .-issur-
ance, safety assessment, and interpretation and application of safety studies. 

4. ! Safety assurance 

The most fundamental aspect of safety assurance is the adequacy of the 
reactor and associated systems. Such adequacy depends on design adequacy ana 
quality assurance. The APS study devoted most of its attention to these ques
tions, particularly iesign adequacy, even to 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 
relevant 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. Nuclear tests are not scheduled until 1977. According to the 
NRC, the non-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", rather than "conservative" codes. 
Secondly, one of the most important "separate effects" tests, the Plenum Fill 
Experiment scheduled to be performed at Battelle1s 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 "hlowdown" • ucceeds 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 unnecessarv 
on the basis of new data. Overall, it appears thit 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 prevalenf 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, construction, and operation of each factor. 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 safety features. 
As a result, a major effort of the utility constructing a plant and of agencies 
responsible for its inspection must be assurance of specified levels of quality 
in components and procedures in design construction, and cperation. 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 19 75 at Tennessee Valley Authority's 
Brown's Ferry site. This fire, started by a workman ii» a cable spreading room, 
destroyed a significant portion of the control cables for an operating reactor. 
This - --î-.ed failure of coolant pumps as well as emergency systems which coulc; 
have eplenished the primary coolant that was being lost, over a period of 
hours, due to boiling induced by decay heat. In -he 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 fart that multiple failures could arise from n singli- human i-rror; 
apparent violation of many safety procedures and poor layout of the important 
control cables permitted such an incident. The sub: aquent investigation had 
one tangible result: a new standard on fire protection has been proposed that 
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is much more stringent than the one chat probably would b.ive Inen rifwlop^u 
otherwise. However, aside from the development of the standard, quality HK-
surance assumes some level of adherence to good work practices and to tire 
standards that are 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 ±n plant performance or safety 
should be expected as a result of plant aging. The design of a plant takes 
into ?ccount the aging of systems and components, and inspection procedures are 
designed to circumvent difficulties arising from this aging. Moreover, plant 
operators often exoress 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 st;irt-np, simply because the "bugs" are worked out. However, the 
question remains whether the dependability curve turns over as .he plant reaches 
middle age, so that a plant experiences decreased availability 'uring the lasi: 
half of life. Decreased availability may imply, in turn, greater amou its of 
test and maintenance 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 their overall safety, particularly in newly designed plants, provided 
vigorous efforts are made to maintain design adequacy and quality assurance 
standards. 

Safety assurance depends not only on features of the nuclear power plant 
itself, but on its relationship to its surroundings. Strictly mechanical fea
tures of this relationship are the potential for earthquakes, floods, and tor
nadoes. Such potential must be considered directly in the plant dc~ign. Less 
mechanistic considerations include the distribution of population? around a 
nuclear power plant and the meteorological conditions which will be involved in 
any dispersal of radioactive materials following an ni-ridenr. WV wi.l con
sider these factors below in connection with the manner in which consequences 
of nuclear accidents are calculated. Finally, an intrinsically difficult fac
tor to evaluate is the potential for sabotage, a factor that was nci incorporated 
into the risk assessment of WASH-1400, but which was considered briefly there 
and in the APS report. 
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^•^ Safety assessment 

Tlie methodology of WASH-1400 provides a framewoi in which the safety of 
nuclear plants may be assessed. The portion of that 1. icwork that consti
tuted a new development during the course of the study is the accident sequence 
identification and quantification portion, and it is thi 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 strurture of the plant 
design, is the data on human or component failure or on tes and maintenance. 
Somehow failures in design or quality assurance must be incl ded in this in
formation. Such failures may lead, not only to failures of ecific 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 o f view of the safety research 
program, one of the most interesting results of the study was that risk was 
largely independent of "functionability" 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 
ECCS 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 "near 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. 

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. Functionability is thus a measure of design adequacy. 
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NASH-1400 indicates that incidents of this type would only contribute 20Z 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 wi>!1 
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 significant and, regardless of the precise answer to 
that, have ail 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 un adequate understanding of design and quality assurance con
tributions to failure, the basic input to the quantification 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. (Such uncertainties are stated in captions of the various figures of 
section 2,1.) It 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. Furthermore, the failure 
rate uncertainties were propogated through the fault trees assuming that the 
uncertainties were entirely random. This becomes an important assumption if 
mul'iple failures contribute substantially to the risk. If the central values 
of the failure rate data have any systematic error in them, this fact would 
tl en 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 fu- 'amental 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 is 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 because it may fail to assure the 
quality of components, and because it may fail to prevent fundamental design 
and construction errors. 

iMven an accurate representation of the probabilities of releases, ac
curate risk assessment next requires adequate treatment of the dispersal of 
radioactivity and its effect on humans and other components of the environment. 
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 dose-response, 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 evacuation plan has on 
the speed of evacuation, or, in turn, how much effect a rapid evacuation ac
tually has on the consequences 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. 

In summary, then, there are many questions 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 detfifining 
pr io r i t i es in reactor safety research or in the design of nuclear power pi , i t s , 
This i s a step beyond risk assessment. 

4.3 interpretation and application of risk assessments: WASH-1400 
problems and poss ib i l i t ies 
Interpretation of any results from a study intended to assess risk must 

necessarily take into 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 s t i l l an important one, is the man
ner in which the study and i t s results are presented. In the case of WASH-1400, 
for example, i t is clear that a reading of r,he ey^cutive sumisary alone.would 
never suggest that latent fa ta l i t i e s completely dominate the total number of 
predicted fa t a l i t i e s from larfce 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 fa ta l i ty . Regardless of the intent of this omission, 
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 i t should also not mislead. A less severe omission, perhaps, 
occurred in the summary of the main report, in the use of the total of 2000 
ye-jrs 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 i s , this i s not a smaller probability than the rough maximum of one per 
thousand reactor years that one can get on the basis of past experience ( i . e . , 
the 2000 reactor ye^rs). The study omits any emphasis of the differences bet
ween commercial and military 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 i t percise 
enough to just ify 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 i t is very diff icul t , i f not impossible, without completely 
re-doing the calculations, to see how the results develop through the various 
steps of the calculation. This obscurity comes close to overwhelming the 
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render in the discussion of the consequences calculation. As a result, î  is 
verv d ifficult to effectively criticise the results, a p?:ocess that is extremely 
important, .is discussed below. Moreover, it makes application of the r -suits 
in making various kinds of decisions equally difficult, as we shall see. It 
would he quite valuable for the calculations of VASH-i-iOO to be presented in 
t-Miough detail, including intermediate results, that i ;ivest igators out.side the 
study group itself could effectively use and reprodur. _ the results. 

An example of some interest is the difficulty in fallowing through the 
calculation to see how much of the overnll risk is caused by each release cat
egory, and hence by specific accident sequences in these categories. The dis-
cuss ion in WASH-J_400 leaves one with the impression that the accidents with 
smajl consequences are the impnrt ;inr ones, although all that it states directly 
is that they are the more probable ones. The distinction is important, because 
risk dues not depend alone on the probability of accidents. It 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 terra 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 
precise'v. -ince the release is composed of many types of radioactivity. How
ever, even n crudely defined indicator would be helpful for judging the relative 
importance of possible accident sequences at nuclear power plants. Many of the 
important radionuclides maintain a roughly constant ratio from one release cat
egory to another, so that if we roughly 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 seer, that the accidents 
known as PWR 2, BWR 2, and BWK 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 earlv 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 



TABLE 4-' A RELEASE MAGNITUDE INDICATOR 

Probabiliry 
P< er 

reactor year 

9 x 1 0- ? 

8 x ID'" 

4 x io-" 

5 x io-7 

7 x i o - 7 

6 x •o- 6 

4 x lO"5 

4 x .0- 5 

4 x ;o" A 

1 X IO- 6 

6 x 10"" 

2 x I O - 5 

2 x to"" 

1 X ID"* 

F r a c t i o n * 
G f int l ic . j t<>r 

I o d i n e R e l e a s e d (I' rob :ih f I i t v x F r . i c : i . i u ) 

PWR 1 9 x 10 0 . 7 

PUR 2 8 x 1 0 " " 0 . 7 

PWR 3 4 x 1 0 ~ " 0 . 2 

PWR 4 5 x 10~ 0 . 0 9 

PWR 5 7 x 1 0 " ' 0 . 0 3 

PWR 6 

FI-'K 7 4 x 1 0 " 5 2 x 1 0 " 5 

PWR R A v i n - J 1 x la~* 

tWR 9 4 x ; o - M i x io' 

BWR 1 

BUR 2 

BWR 3 

BWR 4 

BWR 5 

0, .4 

0. 

0. 

.9 

I 

8 X 10" -4 

6 X 10" -11 

h x H>-7 

6 x »fb 

8 x H,-7 

4 x lO"8 

- X 10"1 

5 x io-'° 
8 x 10-'° 

4 x IO- 9 

4 x I O - 1 1 

4 x lO"7 

5 x ,o- 6 

2 x ID"" 

2 x io-'° 
6 x JO''5 

points out dominant contribution according to this indicator. 

This "indicator" is intended to be an approximate measure of the ĵ isk 
(i.e.. probability x consequences) posed by each release category of 
WASH-1400. 
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contributors to rink. The FIFRI work succeeded in dividing the consequences 
anion*', the different categories (see section 2.2) bv actually repeating the cal
culations of WASH-1400. The ability to identify the relative importance of the 
v.'if ii'us relea.se categnr ies ] ends to i dent if icat ion of tin* dom inant accident 
sequences, the first step in improvement of reactor safety. 

An alternative 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 informat i ̂ n 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, 
wlii cli 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 tri
vial to identify where the important risk arises. For example, figures 2-4 
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-

-3 
ing information: the overall risk for early deaths is 4x10 per year and for 

-2 latent deaths is 9*10 per year per year. (The strange unit per year per 
vcar" is due to WASH-1400's specification of the yearly incidence of latent 

l.iLnl i t it's after a specific accident, -arher than the total due to the accident. > 
-3 

These results are to be compared with the WASH-1400 results of 3*10 and 
-2 

7''10 , 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 accidents which cause a minimum of 400 early deaths. It 
can be determined that the class of accidents erasing at least 400 deaths has 
a probability of 3*10 per year (for 100 reactors) and appear to cause a min
imum of 650 cancers per year or 20,000 cumulative. (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 region, as we shall indi-
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 
effects occurs rather than the cumulative number, we have also given the 
latter number (which gives the actual commitment of deaths from the accidents 
considered) which may than be compared directly with the early fatalities. 

http://relea.se
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On the other hand, .half of the, cancer deaths occur from accidKn-ts which 
cause a minimum of 80 cancer deaths per year (or 240p cumulative). ThLs 
corresponds to accidents with a probability of 3M0~:* per year (for 100 rt\tc-
tors). From a rough comparison of the data, it appears that the 24(50 cancer 
death accident itself (as distinguished from those which exceed this number) 
typically causes no early fatalities at all. It i_s_ interesting that ?. release 
that would cause no early deaths would cause thousands of lethal cancerst hused 
on the WASH-1400 dose response relationship. Finally, 9b'Z of the risk from 
cancer deaths arises from accidents which cause a minimum of 10 deaths per year 
(300 cumulative). 

This simple analysis is revealing (if not confusing) and gives results 
which are contrary to the impression which WASH-140C 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 ric!:, 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 Che shape of the curve of probability 
versus cjnsequences. Such features might not affect the accuracy of the overall 
averse 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 sites 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 basic 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 siting and 
emergency planning. 

See footnote, previous page. 
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'.v.- arc thus led to a considera ij on of juiw tjie rt/sn j ts c.i_f r i sk Jipjj^Jis-

rii-iil studies, such .is WASH-1-tOO, may be applied. We c.-m 1 umn applications 
into sevvr.il areas: first, of course, is sitnplv to pr<vide -in assessment oi 
risk tii-iL niav be used in making overall policy dec i s urns , either on the .iccept-
ability ui nuclear [mwer per st' or on i t s acceptability as compared with the 
a \ tern.il i ves . Use of these stud ie s for th is , the i r most fundamental purpose, 
i.-. not necessarily .straightforward. For example, it is not clear how to weight 
I ho import, inre of very large consequence arc i dents. WASH-1'+UU, despite its 
d i ••<• la iuiers, does at tempi Lo force a judgm-. nt lliat Liu- r i sk I rori nuc 1 ear power 
i.-, low . As to the possib il i Ly of maki ng comparisons wi tii tlie a 1 tenia t i ves Lo 
mjc 1 ear power, no euuiva lent studies have been pur formed lor other lee hnu lories . 

A second area of application has been discussed in the previous sections, 
i.e., lo ident'fv areas where design might suitably be changed. This is the 
::i.-i i >i thrust, presumably, of the effort of the NRG 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 is a limitation to this approach that is quite visible 
in the case of the ECCS: WASH-1400 assumed functionahility, then went on to 
show that its results were not extremely sensitive to the dependability of the 
HCCS system, within limits. Since a basic purpose of the safetv research pro
gram is to verify functionability of the ECCS system for large LOCAs, a studv 
L hat 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 <*esign 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 
such as WASH-1400 may be used for siting decisions. We have indicated that 
the 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 determii.e. the dependence of consequences on these 

http://sevvr.il
http://tern.il
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assumptions is to repeat the calculations. Moreover, for broadur consider
ations, such as what kind of emergency planning should exist around 'lui'h-ar 
f.-'ci 1 i ties, 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 direc t their 
attention only to the nuclear power plant. Hence thev 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 questiop«, such as the 
possibilities for sabotage of nuclear plants or the potential for Ji vet .•; inn ni 
nuclear materials to weapons production, possibilities which are difficult to 
treat in any analytical framework. These studies have concentrated nn 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, th_ APS study made numerous recommendations related to what we 
have caJled 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 

it 
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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r i •.}•- a s s e s s m e n t , and I In- compl eniunt a r v p i i i m s of v i e w , t !,.i t uf r he Nui 1 e a r 
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