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ABSTRACT

The Reactor Safety Study (RSS) or Wash-1400 developed a
methodology estimating the public risk from light water nuclear
reactors. In order to give further insights into this study,

a sensitivity analysis has been performed to determine the
significant contributors to risk for both the PWR and BWR.

The sensitivity to variation of the point values of the failure
probabilities reported in the RSS was determined for the

safety systems identified therein, as well as for many of the
generic classes from which individual failures contributed to
system failures. Increasing as well as decreasing point values
were considered. An analysis of the sensitivity to increasing
uncertainty in system failure probabilities was also performed.
The sensitivity parameters chosen were release category prob-
abilities, core melt probability, and the risk parameters of
early fatalities, latent cancers and total property damage.

The latter three are adequate for describing all public risks
identified in the RSS. Tne results indicate reductions of
public risk by less than a factor of two for factor reductions
in system or generic failure probabilities as higi as one hundred.
There also appears to be more benefit in monitoring the most
sensitive systems to verify adherence to RSS failure rates

than to backfitting present reactors. The sensitivity analysis
results do indicate, however, possible benefits in reducing

human error rates.
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I. INTRODUCTION

The Reactor Safety Study (RSS), or WASH-1400, applied the methodology
of f#dlt trees and event trees to a complex nuclear safety systems analy-
‘sis. This methodology had been developed and used successfully in the
aetospaée and defense industries and was extended to nuclear reactors.
The purpose of the RSS was to estimate the public risk of nuclear power
planté in the United States. The purpose of this study is to develop a
methodﬁlogy anﬁ obtain results which-may be used to estimate the sensi-
tivity of public risk to variations in the failure probability of dif-
* . ferent parts of a nuclear ﬁower plant safety system. This methodology and
the results in the two reactors considered by the RSS may be useful in pro-
. viding a basis for establishing priorities for reactor safety research,
quality assurance, inspection, and regulation. This could result in more
. effective use of the public's dollars by enabling decision makers to assure
fhe safety 6f nuclear power plants without causing economic distortiomns or
hardships through inefficiency. Use of the RSS in the manner described
above is consistent with recommendations made in a recent review of the
RSS by the Lewis Committee. This methodology has already been used in
selected situations. |

The French have used system fault tree methodologies to assess design
options for the AFWS* and PCS* for a PWR*. Similar uses have been eﬁployed
in this country.3as The NRC is also presently sponsoring studies to evalu=-

ate different containment designs. Many studies have been done, including

*See Appendix A (List of Acronyms).

=34



some at Sandia Labs6, Battelle Columbus Labs7, and Generél Atomics. These
studies have concerned sensitivity analyses of containment designs which
would affect containment failure probabilities. The potential of each
desigﬁ for public risk reduction was evaluated. Further work is now moving
in full swing towards a more sophisticated application of the RSS tech-
niques to different containment designs.9
In carrying out this work the following questions were addressed:
1. What are the characteristics of the sensitivity of public
risk to reductions or increases in input failure rates?
The values of sensitivities calculated may be
characterized by the magnitudes of the ratios of the
new public risk to the base of public risk. The
fatios of factor increase or reduction in sensi-
tivities describe trends so that differential bene-
fit analysis can be made.
2. What are the characteristics of the sensitivities to increases
in the uncertainty of system failure rate probability distributions?
The sensitivity of the failure rate probability
distributions to increasing error spreads are charac-.
tefized by larger median values and larger error spread
for public risk probability distributions. Evaluations
of the relation between point values and median values
for different probability distributions can be made.
3. What are the major areas of potential public risk reduction?

Given the sensitivity to reductions in failure

-15-



probabilities, the most sensitive systems, individual

component failure events, and generic classes of events

may be identified. Combinations of these semsitivities

and the breakdown of their essential elements can pro-

vide ﬁore detailed information on thé potential for

public risk reduction. Sensitivity to increases in

failure probabilities and unéer:ainty can provide

further information on reducing public risk.
4. What is the relationshiﬁ between system and generic sensitivi-
ties and their individual component sensitivities?

i The sensitivities of systems and generic classi-
fications'may be further characterized by the principal
individual sensitivities which contribute to them. The
information may be used to recommend specific actioms
for systems and to identify important subclasses for
generic classifications.

5. What is the synergistic effect of combinations of failure rate
changes?

By changing more than one failure probability
simuitanebusly, sensitivities to_combinations of com-
ponents may be calculated and characterized. Those
characteristics may be compared to the sensitivities

of individual failure probabilities.
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6. How do generic classes of failures affect risk as compared to

system failures?

A comparison of the characteristics of generic
classification sensitivities to system sensitivities
may be made for factor reductions and increases as
well as ratios of factors.

7. What parameters are best used to estimate the effect on overall

public risk?

Sensitivities are calculated for four parameters.

These include core melt probability and three of the
risk parameters used in the RSS. A comparison of
those four parameters ma§ be carried out to determine
which is the best estimator of public risk for the
reactor in question. | |

8. What are the limitations of this study?

Limitations resulting from the assumptions made
or the limitations of the input are outlined. Also,
modifications are identified which are required in
6rder to extend the methodology to other reactors
not specifically addr-~ssed by this study.

This study will address these questions based on the following outline
of the contents. First, a brief description of the methodology used is
made in Section II. Elements of Questions 7 and 8 are addressed in that
section. Next, Section III presents the analysis procedure and the results

of the study. Questions 1l through 6 as well as Questions 7 and 8 are

-17-



addressed in Section III. Finally, the conclusions and recommendations are
presented in Secticm IV. Appendix A provides an alphabetical list of the
acronyms used. Appendix B provides a users manual for_: the LWRSEN computer
code. -Appendix C contains the fault trees used for tree systems analysis.
Appendix D describes the models of public risk and their use. Finally,
Appendix E contains the computer code and the accuracies attained in the

uncertainty analysis of failure probability distributioms.



II. DESCRIPTION OF THE METHODOLOGY

A. Introduction and Overview

The objective of this study is to develop a calculational method-
ology to estimate sensitivity of public risk to light water reactor safety
systems and components. This objective is accomplished by combining system
failure rates and initiator rates to calculate the accident probabilities
associated with a particular radioactive release‘category. Accordingly,

a brief explan#tion of the major elements of the RSS is needed so that the
reader may more easily understand the present study. For further details
~ the Report itself should be referenced.

The RSS may be viewed as a breakdown of the calculation of public
risk from nuclear reactors in the U.S. Five basic inputs contribute to
that risk in tﬁis model. First, the probability of an accident-initiating
event must be assessed. Then, the probability of system failure fof sys-
tems which are needed to mitigate the effects of the particular initiating
event is required. Given that those system failures which lead to core
melt for a particular event tree are assessed, then the probabilities of
containment failures are evaluated using models based on the containment
conditions of the accident being examined. Assuming the contaiﬁﬁent fails,
‘the consequence toc the public will be determined by the associated radio-
activity release. This consequence depends upon two other factors. They
‘are the we#ther éonditions and the population density and distribution.
The present study assesses the effect on public risk from variation of the
system failuré probabilities. The containment failure probabilities are

unchanged from the RSS. The weather and population information is included

-19-
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in the model for public risk since it is based on an average of distribu-
tions. The variation of initiator probabilities is considered, but oanly
as a very minor aspect of the study.

B. Event Trees and Fault Trees

The combinations of initiator probability and system failure
probability are described by accident event trees. Given a certain ini-
;iating event, the resulting states of the reactor may be reached by a
tree of system functions which affect the outcome. Note that only event
trees with potential core melt are considered since o:ﬁer events were
assessed by the RSS to have little effect on public risk. The branches of
the tree of system function states give the set of possible final states
of the accident. The final state of the accident is assessed to deter=-
mine which contaimment failure modes are possible. There are many combi-
nations of system failures which lead to core melt, as determined by the
event trees; An assessment must be made to determine which of these event
trees contribute significantly to the probability. Table II-1 gives just
such a list of event trees combined with containment event trees to deter-
mine accident types and their probabilities. Table II-2 is the.key to the
PWR event trees. Tables II-3 and II-4 are the BWR event trees and keys,
respectively. These same event trees and resulting accider.: probabilities
are used to determine public risk by the computer code LWRSEN. One limita-
tion of this computer code concerning its application to diverse types of
LﬁR's is whether or not the event trees are the same as the RSS reactors'
event trees. A basic review of the RSS event tree reduction process in

Appendix I of that report should be completed for reactors significantly
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different from those in the RSS. Even with similar reacﬁors, a study would
probably benefit from this type of review and re-evaluationm.

The event trees use system failure probabilities as input. These
probabilities are determined by a reliability (or actually, unreliability)
analysis of the system. Fault trees are used for system unreliability
determination in this analysis. They differ from event trees in that fault
trees trace backward from possible failures which lead to the event (a sys-
tem failure) while event trees trace forward to the state of the accident
based on the success or failure of the systems necessary to mitigate acci-
dents and their consequences. In this analysis, only the major parts of
the RSS system fault tree analyses are retained, as documented in Appendix
C. This allows concentration of effort on the most important contributors
to risk. For reactors in which the systems are not exactly the same as
those studied by the RSS, different fault trees must be input to the system
failure analysis.

C. Risk Model and LWRSEN Computer Codes

The basic inputs to the system fault tree analysis are a number of
different types of individual failures. These types of failures are fur-
ther classified under generic categories. The category types wére_chosen
ba<ed on the ﬁux;aber 6f components of that type and the basic reliability
classifications of failure modes. The PWR analysis contains more generic
‘types than the BWR, due to the larger number of components and the higher
level of detail necessary for the PWR sensitivity analysis. The fault tree

reductions mentioned above are also made to fit the chosen generic cate-

gories. The generic categories for the PWR are human error, test and

-21-



maintenance, electric power, cﬁncrél elements, valves, pumps,‘other hard-
ware, #nd all hardware. (All hardware includes pumps, valves, and other
hardware; but not control ele&ents or electric power.) The generic cate-
gories chosen for the BWR are human error and test and maintenance com=-
bined, human error, tést: and maintenance, valves, pumps, and all hardware.
(All hardware includes valves, pumps, and other hardware, including control
elements on electric power contributions where ;pplicable.) The BWR cate-
gory which combines human error and test and maintenance was chosen since
test and maintenance contributions many times involve human actioms.

With the system failure probabilities, accident event trees, and
containment failure probabilities, a determination of release category
probabilities may be made. To translate these values to public risk, the

'RSS developed the Calculation of Reactor Accident Consequences (CRAC) code.
This code computes the risk to the public by calculating various conse-
quences of an accident given the magnitude of the radioactivity released,
the release paths, the weather conditions, and the population distribution.
The uncertainties in all of the above inputs cause the generation of prob-
ability distributions of various consequences which represent public risk.

~ These probability distributions may be represented less accurately by point

values, with consequences for each release category and a probability of
occurrence for that category. ' '

The point value models are employed in this study. For more

detailed information on the risk models and the consequences used in the
sensitivity étudy, see Appendix D. The two models used for the PWR and

BWR are different in nature. The PWR model contains actual values for

-22-



three risk parameters for each release category. The BWR model gives oﬁly
their percentage contribution to risk. Consequently, translating the per-
centages to exact values of risk would involve integrating the BWR proba-
bility distributions for each of the three risk parameters and multiplying
the result by that base value. A further approximation may be used by
doing an approximate integration, given the tables of probabilities for
‘particular consequences listed in Appendix D. .Ple;se refer to that appen-
dix for further information and references for the risk models.

The computer code LWRSEN is written to reproduce the above meth-
odology for point values of failure probabilities and consequences. The
code contains three major routines for different types of sensitivity cal-
culations. One routine calculates all the individual sensitivities and
another calculates all the system and generic sensitivities. The third
routine is a combination of both of the first two. Basically, the user
first chooses the type of reactor, the consequence parameter, and the
multiplicative factors for which the sensitivities are to be calculated.
Then, the user decides whether to keep the RSS reduced fault trees or
choose a different set of fault trees. The system failure probability
equations are input for the method chosen. The code then calcuéltes a
' base case of release category probabilities, consequence parameters, and
core melt probability. The user inputs a set of attributes .or each com-
ponent and indicates which attributes are to be varied to determine their
-sensicivities. The new system failure probabilities are calculated, fol-
lowed by the new values of public risk to compare to the base case values.

A comparison is made to determine a sensitivity parameter and that param-

-23-



eter is output to the user. The code has the capability of varying any
subset of contributing failure probabilities, either individually or in
combinations. Sy

D. Probabilistic Analysis

| In additiop to the point value approach, a probabilistic 6: ran-
dom variable technique is also employed. The use of random variables to
4escribe failure data results from variability from component to component
and plant to planﬁ, as well as from different operating conditioms such as
-component environment., This idea of a population of conditions may be
. used to describe.differing situations within one plant, among a system of
plants, or among the entire sets of U.S. or world plants. This random
_variable approach results in a probability distribution that characterizes
the component failure probability. Given these component probabiiity dis-
tributions, a reliability analysis, in this case a fault tree analysis,
will mathemgtically combine component distributions to form system failﬁre
probability distributions. In the same way, system failure probability
distributions may be combined in an event tree analysis to give a probabil-
ity aistribution for the possibility of one type of accident, agd the total
?robability of core melt and public risk parameters.

The RSS determined t':at all of these distributions could be ade-
quately represented by a lognormal probability distribution. The lognormal
distribution implies a normal distribution of the logarithm of failure
r#tes; or data which, in general, vary by factors from lower bound to
median, and from median to upper bound values. Information in Appendix III

of the RSS documents failure data characteristics and should be referenced



for more details concerning different types of data. This informatibn
1ndicaées that the lognormal distribution adequately describes the general
behavior associated witﬁ reliability analyses.

The exact characteristics of the lognormal distribution are given
in Appendix E. 1In addition, Section II1I, "Presentation of Results",
includes relationships between the characteristics of the distribution and
a point value analysis. In general, the lognormal provides a conservative
analysis for two reasons. First, the median value is always greater than
the point value, giving conservative results for system failure probabili-
‘ties. Second, the error factors, or ratios between the median and upper,
and the median and lower bounds, are asymmetrical. In performing the cal-
culations, the upper bougd error factor, the larger of the two, is always
chosen. Consequently, bounds and medians are conservatively overstated
" when compared to those values found from the symmetric distributions.

E. Accuracy and Limitations

The results that are to be presented in Section III correspond to
the data and analyses presented in the RSS. Most importantly, the results
are specific to the representative plants chosen for the RSS. In additionm,
- the risk calculations are specific to a northeast river valley site and
contain the approximations of tle consequence code (CRAC) developed in the
RSS. Nevertheless, the results are important since the general conclusions
gleaned from a semsitivity study such as this should apply to almost all
reactors of present design. In addition, the reactors chosen for the RSS

were typical of many reactors in the U.S.

~25-



There are also differences between the RSS and this study. The
technique of smoothing 1s dropped from the.analysis'of this étudy in order
to provide clearer indications of semsitivity. Also, for all calculations
except the variational or uncertainty analysis, point values rather than
probabilistic distributions are used. Both of these effects will change
the results obtained if they are included. For example, not including
smoothing results in about twenty percent less early and latent deaths,
and about fifty percent less property damage, than the RSS-reported
results. The reduction is an even greate{ percentage when point values
"are used. In fact, point values have a tendency to underestimate unavail-
abilities, and consequently public risk. For this reason, as well as ease
in understanding, all results are reported as being normalized by the
point value calculations.

The amount of research work done since the RSS analysis was com-
plgted may ;130 have an effect on the rgsults, Specifically, in the case
of LPIS check valve failure, some problems may occur. If the specific
reactor being analyzed does not have this prcblem it will require an appro-
priate change in the input data. One may note that removal of smoothing
also reduces the effect of this imitiator, since it only contributes to
release category two in the PWR in this analysis. Other ir.provements
since the Study may be treated in the same fashion, noting that only
actual probabilities will change whereas_sensitivities will remain approx-
1m$tely the same.

The variational or uncertainty analysis indicates that, for RSS-

reported uncertainties, the median value is close to the point value for
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system failure probability. In general, the ratio of median to point
values for both reactor types is less than 1.8 and more then 1.4, Con-
sequently, point values will have some varying relationship with the median
values. However, the range of variation is small enough such that point
values can adequately estimate sensitivity ratios. The confidence values
of the point value vary between confidence limits of twenty-five and forty
percent. For uncertainties on the order of three higher than that assessed
1# the RSS, the ratio of median to point values is closer to three. This
is still small encugh and consistent enough so that point value sensitivity

analysis of reductions or increases by factors of 3, 10, 30, and 100 are

useful.

These accuracies may not be sufficient for some applications and
more specific Monte Carlo calculations may have to be made. The results of
the following section will provide cne with the tools to make an analysis

consistent with the scope of this effort.

In the total analysis, the economics of the costs and benefits
of safety work should, of course, be considered. These aspects of the

problem are not treated in this study.
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TABLE 1I-2
KEY TO PWR ACCIDENT SEQUENCE SYMBOLS

A = Intormediate to largs LOCA.

e Pailure

- = Pajlure

of electric power to ESTs.

to recover either onsite or offsite slectric power within about 1 to 3 hours following

an initiating transient which is & loss of offsite AC power.

Pailure
= Failure
= Pailure
= Pailure
= Failure
e Failure
= Peilure

railure

Failure

= Massive

[ ]
-

= A small

l,-lnu'u

of the containment spray injection system.

of the emergency coxe cooling injection systea.

of the containment spray recirzculation systea.

of the containment heat removal system.

of the amargency core cooling recirculation systea.

of the resactor protection systen.

of ths sscondary systsa steam relief valves and the auxiliary feedwater systesm,
of the secondary system stsan relief valves and the power conversion systea.
of the primary system safety relief valves to reclose after opening.

rupture of the resctor vessel.

LOCA with an equivalent diamater of about 2 to 6 inches.

LOCA with an equivalent diamster of about 1/2 to 2 inches.

T e« Transicnt event.

¥ e« 1218 check valve fallure.

8 <« Containment gupture due tO & reactor vessel steam explosion.

§ =~ Containment failure resulting from inadequats i{sclation of containment openings and penetrations.

Y = Containment failure due to hydrogen burning.

¢ <« Containment failure due to overpressurs.

¢ « Containmant vessel melt-through.
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TABLE ITI-3

BWR DOMINANT ACCIDENT SZQUENCES OF EACH EVENT

TREE vs. RELEASE CATEGORY
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JABLE II-4

KZY TO BWR ACCIDENT SEQUENCE SYMBOLS

A& = huprusrs of reactos coolant boundary with an squivalent diameter of greater than six anches.
8 <= Failure of alectric power to RSPs.
€ = Pailure of the resctor protection system.
8 = Fallure of vapor supprassicn.
& = Pallure of emsrgency cors cooling injectica.
= Yailure c¢ smargency core cocoling functionability.
< Fallure of containmant isolation to limit lsakage to lass than 100 voluns pex cent per day.
= Pailure of core spray recirculation system. ’

?

e
" 2 = Pailure 0f lov pressurs recirculation systes.

J = Pailure of high pressure service watsr systea.

X = Failure of safety/zelisf valves to open.

? = Failure of safety/rulief valves to nc‘uu after opening.

Q 2 Talluze of normsl Zesdwater systam to provide cors make-up water.
'l = §mall pipe break with an equivalent dismeter of about 2°=6",
83 = Sxall pips hreak with an equivalent diameter of about 1/2°-2°.
T - Trassieat evemr.

U = Failure of HPCI oT RCIC to provide core make-up watsr.

= Failurs of low prassure ICCS to provide core make-up vatar.
= Fallurs to remove residual core heat.

= Csutaimment failure dus to steam explosion in vessel.

= Consaimment failure dus to stsasm explosion in containment.

< » o =2 4

e Cantaimment fallure due to overpressure - relessa through reacter building.
Y' = Contaimmant failure due to overpressuse - relsase direct to atmosphere.

¢ « Comaimment iselstion failure in drywell.

8 =~ Contairmmt isolstion fallure in wetwell.

£ = Camainmms leakage fTestsr than 2400 volume per cent per day.

N = Resctor building isolatica failur ,

€~ Standby gas treatmant systesm failurs.
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TABLE II->5

PROGRAM METHODOLOGY

Identify system failure rate functions and compile with program

modules.

Choose reactor type, risk parameter, and four semsitivity factors.

Input component failure rates and containment failure probabilities.

Choose calculational routine.

Ce.

Calculate individual failure rate sensitivites, including
indicétor probabilities.

Calculate system, generic, and combinations of failure rate
sensitivities.

Calculate system, generic, or a group of components with a
common attribute and break down their sensitivity by
individual failure events.

Calculate the sensitivity of public risk to factor changes in

failure rates.

Repeat for other categories of failure rates.

Order sensitivities and output sensitivity data.



IIXI. PRESENTATION OF RESULTS

-A. Computer Codes Employed

The methodology contained in the RSS for calculating release
category probabilities, core melt probabilities, and approximate conse-
quences using point values, was incorporated in the program LWRSEN. The
ﬁsers manual and the listing for that code are contained in Appendix B.
The fault trees used. to represent the system unavailabilities may be found
in Appendix C. The contributing event trees may be found in Table III-l.
The equations used to represent the fault and event trees may be found in
the listing of the LWRSEN code. Only dominant failure modes were con-
sidered. Failure modes contributing less than one tenth of one percent to
risk, even after a single system failure rate reduction by a factor of
one hundred, were eliminated.

The uncertainty or variational analysis was done using the
PLMODMC code. The code PLMOD and its sister codes (PLMODMC and PLMODT)
are available through the NRC for calculating system unavailabilities.
These codes also contain a fault tree reduction process. In addition to
the uncertainty analysis, the code was used to check on the accuracy of
the fault trees which were reduced by hand from those in Appendix II of
the RSS. Results from the computer-calculated reductions compare favor-
ably to those reduced by hand, using the same one tenth of one percent
accuracy criterion. The PLMODMC code is an extension of the PLMOD code

incorporating a Monte Carlo package for calculating complex fault or event
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trees with probabilistic lognormal distributions as inputs, The users
manual for the PLMODMC code was recently documentedlo; however, the
listing of the code is not yet available for public use except through the
NRC. The exact characteristics of the Monte Carlo analysis are contained
in Appendix E. For information on the accuracy of thése results Appendix
E should be comsulted.

Given that the above two codes were written or made available,
sensitivities to differing characterisﬁics of the RSS can be studied.

LWRSEN calculates point unavailabilities and was the main work horse of

~ the present study. It was used for analysis of sensitivities to changing

point values of component, system, and initiator probabilities. PLMODMC -
calculates median unavailabilities and error factors, and it was used in
an auxiliary role to calculate sensitivity to changing error factors.

B. Seansitivity and Risk Parameters Used

Devising a set of parameters to analyze the resulting calculated
release category probabilities is important in order to facilitate evalua-

1 This anal-

tion. A study #erformed at SAI used sensitivity in&icators.
ysis primarily gives ratios of top event probabilities. Where reductions
are being performed, the sensitivity quoted is the base value divided by
the new value, which was calculated from a perturbation of some failure
probability by the designated factor. This gives a number greater than
oné, which is the factor by which the top event was reduced. For
increases, the inverse is plotted to preserve pérameter values at greater

than one. It is, therefore, the factor by which the top event was

increased from its base value. In addition, ratios of succeeding factors
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are given to illustrate a measure of thelsensitivity from sequential per-
turbations of failure probabilities. These parameters give a measure of
diminishing returns in the case of reductions, and increasing returns in
the case of increases in failure probabilities.

When an important contributor is reduced to a level below other
contributors, its semsitivity is at, or less than, the other, previously
less dominant, contributors. Consequently, the sensitivity of the contri-
butor is reduced. The diminishing return in the tables indicates, never-
theless, that the more sensitive systems sometimes provide more return,
after significant previous reductions, than any reduction in a system less
sensitive to changes of a factor of three. The increasing values give a
measure of the rate of growth. This rate of growth should be compared
with the change from one factor to another, which is approximately three.
Finally, in the variational analysis, the ratio of error factors, or'somé-
times the ratio of upper bounds, are illustrated, along with the ratio of
median failure probabilities.

The factors with which to perform the sensitivity analysis were
chosen after personal conversations with.the.NRC staff.12 It was decided
to use factors of 3, 10, 30, and 100. Factors above one hundreé seem
'impractical for reductions. The results of the study indicate that this
also happens to be the limit of useful reductions. The same factors were
chosen for increasing failure probabilities for similar reasons. In the
case of increasing error factors, factors of 3 and 10 were used, as was
30 on occasion. Even factors of 30 had a tendency to give such large

values for the new error factors that they seem unrealistic.
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The values calculated for taking ratios are the following: core
melt probability, the number of early deaths per year, the number of latent
cancer fatalities per year, and the total property damage per year in mil-
lions of dollars. Core melt probability is the sum of the release category
probabilities which lead to core melt. For further descriptions of these
four parameters, see Appendix D. In addition to the ratios, the release
category probabilities and the risk parameter values are given, except for
the BWR, where only ratios of risk parameters and release category proba-

bilities are given, due to the lack of a detailed model of the conse-

. quences by release category.

C. Results: PWR

The primary thrust of this work is the calculation of point
value sensitivities. More accurate results would have to employ a proba-
bilistic analysis such as those done in the uncertainty sensitivity cal-
culations. ‘Howevet, the cost and complexity of a complete analysis was
not justified by the extra accuracy attained.' A sensitivity analysis of
the RSS is of value only in showing directions or relative magnitudes.
The probabilistic analysis was only completed for the first three release
categories of each reactor type. Since these types of accident; account
for almost all of the comsequences, these results will represent quite
effectively the risk to public safety. For more information regarding the
point value and probabilistic studies, see Appendix E.

1. PWR Initiator Reductions

Table III-1 illustrates the basic contribution to each PWR

release category by accident initiator, and the resulting dominant accident
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sequences for that initiator. First, we examine the initiating events
which cause the dominant sequences. In the case of the BWR, virtually all
of the sensitivity to any parameter is a result of the transient with on-
- site AC power. The transient without on-site AC power is less than two
percent of the core melt sensitivity, and all LOCA and vessel rupture ini-
tiators contribute even less. In the case of the six initiators of the
PWR, only the reactor vessel rupture contributesvan insignificant amount.
The large LOCA and the small LOCA with an equivalent diameter of two to
six inches (indicated by an S1 in most tables) contributes very little.

In fact, their sensitivity is less than many systems and even a few indi=
vidual components. The primary contributors are the LPIS check valve
failure, the transient, and the small LOCA with an equivalent break diam-
eter of about one-half to two inches (indicated by an S2 in most tables).
The sensitivities of the five significant PWR initiators are contained in
Tables III-1l and III-2. Table III-1 illustrates the sensitivity of core
melt probability and total property damage to changes in initiator proba-
bility. Table III-2 illustrates the sensitivity of early and latent
deaths. The tables indicate that core melt probability is most sensitive
to a reduction in the small LOCA (S2) probability. )

The LPIS check valve failure is the dominant contributor to
public risk. In those reactors where the likelihood of this event has
been reduced, it will be much less significant. For example, had the LPIS
check valve failure been reduced by yearly testing from its median value

of 4.0 x 10-6/year* to 6.8 x 10-7/year* in a particular reactor, then the

*RSS Appendix V estimates.



-

sensitivity to a factor of 3 change, for a reactor with yearly testing,
would be close to that given by the ratios of the factor reductions for
factors of 30 and 10, (Since yearly testing gives about a factor of 10

reduction and a factor of 3 more would be a reduction of 30.) In this

- case the LPIS check valve'failure would be the third largest comtributor,

thus making it lower in all categories except early deaths. For.a failure
probability corrésponding to monthly testing, which is approximately one
hundredﬁh of the original RSS estimate, the event would become almost
insignificant. It should be noted, however, that other specific sensitiv-

ities would no longer be entirely accurate. Only their relative magni-

"tudes would stay the same. More information relative to this will be pre-

sented later under combinations of system reductioms.
2. PWR Systems Reductions
a, System Failures

System failures are the next level in the event tree
hierarchy. The PWR systems' contribution to public risk will be dependent
on:their contribution to the transient and small LOCA (S2) initiators,
since the LPIS check valve event involves no other system failuresf The
systems which are indicated in the key to the fWR tables of sensitivities

all contribute something to public risk, with the magnitude depending on

“tl.:ir contributions to the important initiators.

The first results presented are the new release category
probaﬁilities which léad to a core melt for reductions in system failure
probabilities. This information may be found in Table III-4. The ECCS
(H and D) is a major contributor to the sensitivities in release cate-
gories 5, 6, and 7; however, they are minor contributors in the lower
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categories. The transient systems involving the auxiliary feedwater sys-
tem (AFWS) and the power conversion system (PCS) contribute to all cate-
gories except 4 and 5. The containment spray injection system (CSIS)‘con—
t;ibutes heavily to categories 1 and 3.

The sensitivity results for the public risk parameters
(early deaths per year, latent cancers per year,‘and total property damage
in millions of dollars per year) are presemnted in Table III-5. The tran-
ﬁient systems mentioned earlier contribute the most heavily to each risk
parameter. The AFWS and PCS provide the most potential for reducing public -
risk in the PWR. The CSIS is the only other system which contributes to
early deaths.

The sensitivity parameters, core melt ratios, and the
three aforementioned risk parameter ratios are given in Tables III-6
through III-9. The ECCS contributes strongly to core melt, with forty and
sixteen percent reductions for a factor of three reduction in fzilure
probability for recirculation and injection modes, respectively. The
forty percent reduction was the largest for any parameter or system for a
factor of three. However, these systems contribute very little to risk,
except total property damage. In short, core melt is not an acéurate indi-
cator of the éousequences for the PWR. The transient systems AFWS and PCS
offer thirty percent reductions for a factor of three in early deaths,
with similar reductions in latent deaths and total property damage. In h
fact, all other systems offer less return than the transient systems, even

when their unavailabilities are reduced by a factor of one hundred. The

reactor protection contributes less than one percent to public risk -
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reduction, even for factors as high as one bundred. Thé containment safety
systems qffer little potential for risk reduction, except for the CSIS and
its sensitivity to latent cancer fatalities. The diminishing returns
listed in the tables indicatg little return fo¥ changes larger than fac-
tors.of 3 for all but the most sensitive systems.
b. Systems Breakdown

The systems or functions listed in the tables may be
further broken down into other reactor safety systems, subsystems, and
individual failures. Tables III-10 and III-11 contain such a breakdowm
 based on the most significant contributors to risk within a safety system
or function. Table III-10 contains a breakdown of emergency core cooling
and injection sensitivity for core melt probability as a risk parameter.
Table III-11l {llustrates the three most important contributors to latent
deaths, namely, the AFWS, PCS, and CSIS. 1In the case of emergency core
cooliﬁg, the high pressure recirculation and injection systems are much
more sensitive to core melt than the loﬁ pre;sure systems. The high pres-
sure cooling systems are the primary contributors to the small LOCA (S1
and S2) element of core melt probability. When the reductions of release
category probabilities are translated to risk, however, the CSIé system
ﬁ;s major poteﬂtial for risk reduction. This sysﬁém contributes heavily to
release categories 1 and 3 and, ;herefore, latent deaths through the small
LOCA (S2) event tree coupled with steam explosion and overpressure con-
taimment failures. The largest contributors within the CSIS are human
errors from CLCS miscalibration and valves being left open. Hardware and

test and maintenance contribute much less in the CSIS. The largest

~40-



potential for risk reduction comes from the event trees involving the AFWS
and PCS. In the particular case of the AFWS, one particular human error
of tg;ee valves being left closed contributes more to risk than even the
CSIS. Clearly, special attention should be placed on the procedureé and
environment of this valve's human action. The PCS subtree was not
developed fully, but the main feedwater system has the most sensitivity.
A more detailed analysis of the failure of this system should be done,
with hopes of identifying the potential sensitivity.
c. Individual Failures

To take further advantage of the more detailed analysis
of the PWR, a review of the most sensitive individual failures may be
‘found for all four sensitivity parameters in Tables III-1}2 through III-15. =
The component numbers listed in the table refer to designations from the
LWRSEN compute? cﬁde. The individual failures' relation to the analysis
may be found by reference to the fault trees in Appendix C, where compo-
nent numbers are given. The equations used to calculate sensitivity may
be found in Appendix B in the listing of computer codes. The components'
algebraic relation to the rest of the analysis may be found from the com-
ponent number also. It can be seen that very few components from systems
ot qer than H, D, L, M, and C have potential for reduction in rotal risk.
Component 182, or the event B', is defined as the failure to recover
electric power (off-site or on-site) within one to three hours after a
transient with loss of off~site AC electric power. Increasing availabil- -
ity of electric power within this time window would provide much more

reduction in public risk than the time window of one hour necessary for
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the ESF's to mitigate LOCA events. In addition, the independent failure
of three or more control rods can be seen to have little impact om public

risk from further reductions. It may be noted that while this analysis

‘used statistical coupling techniques to determine a base value, the term

was varied as a whole, so the resultant sensitivity is to a three rod fail-
ure rather than a one rod failure, and the resultant statistical transla-
tioﬁ is to three rods failing.

d. System Combinations

The results presented so far allow only for reductione

~of one system or component failure probability at a time. Since more than

one dominanﬁ_failure mode has been identified, a rational safety reduction
policy would consider multiple redu;tions of failure probabilities. Table
III-16 is the result of a simple analysis of multiple system reductions of
core melt probability. Also illustrated for each case are the multiples
of each individual sensitivity. Simultaneous reduction in failure proba-
bility of ECI, ECR, CSIS and AFWS have larger magnitudes than the multi-
ples of individual reductions (case 1). It can also be seen that the
returns for further reductions of the combination are larger than the mul=-
tiples of individual reductions. This is caused by avoidance of "cre-
ating" other dominant failure modes as soon as one reduction in a major
contributor is made. The cases illustraté.that, for every case other ;han
11, this additional reduction is attained. In case 11, the combined sys-
tems both contribute primarily to the same event trees; éonsequenCIy, a
reduction of ten in both systems is equivalent to a reduction of ome

hundred in either.
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In summary, there is not much potential for reduction of
public risk from reduction of system failure probability in terms of magni-~
tude. Magnitudes are generally much less than two. Also, diminishing -
returns indicate that little sensitivity to further reduction occurs after
reductions of ten or more. The benefit for higher factor reductioms can
be increased with combinations of reductions. The magnitudes can also be
increased up to about six if the four most importént systems are reduced
bﬁ a factor of one hundred each.
3. PWR Systems Increases

The magnitudes of the sensitivities change considerably when
one considers increases to public risk from increases to system failure -
probability. The effects of increasing failure probability over those
reported in the RSS for the parameters of release category probabilities
and public risk are contained in Tables III-17 and III-18, respectively.
The sensitivity by category and parameter for increases are similar to
those for reductions. However, the magnitude of the sensitivity is
greater. These magnitudes are illustrated for core melt probability and
the public risk parameters in Tables III-19 through III-22. Since the
relative potential among systems is the same for reductions as it is for
increases,‘the valuable information in these tables may be found in the
characteristics of the increasigg return. The ratio between the consecu-
tive factor§ 3, 10, 30, and 100 is approximately three. When the
increasing return is near three, any increasing system unavailability is
translated directly to public risk. This is the case for the functions

Mand L (systemé PCS and AFWS). Latent deaths are very sensitive to the
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CSIS, and total property damage is sensiﬁive to a larger number of systems.
The reactor protection system and other containment systems show very
little seﬁsitivity to 1n§reasing failures. The most sensitive increases
by factors of 3 and 10 cause public risk increases of less than one half of
the factor magnitudes, and most other cases show much less increase in
public risk. Increasing public risk for sensitive systems nears almost
the entire additional system increase ;t total factors such as 30 and 100,
indicating they become dominant.
4. PWR Generic Failures
a. Generic Reductions

A systems analysis provides information on the specifics
of nuclear reactor safety features. However, many times engineering
‘advances are made in types of components, rather than one specific valve,
pump, or subsystem. For this reason, a gemeric analysis was performed on
the individual failure contributors which. make up various systems. The
generic analysis also indicates a credit obtainable in the reactor's
safety as a whole if generic improvements are obtained.

The sensitivity of release category probabilities to the
generic types mentioned earlier is shown in Table III-23. Humaﬁ error
“shows potential reduction in all categories, the most significant ratio
reduction being in categories 1 and 3. Electric power shows reductions in
categories 1, 2 and 6. In category 2, only the dominating contribution of
the LPIS check valve rupture remains after electric power is reduced by a
factor of 100. Other failure types show little reduction, except for con-

trol, which contributes heavily to category 7, the largest contributor to
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core melt probability.

Table III-24 indicates reductions in risk parameters for
reductions in generic component failure probability. Human error and elec-
tric power reductions cause reductions in all risk pérameters, with elec-
tric power changes, based on its contribution to release category 1 from
the transient event trees, causing greater sensitivity of early deaths.
Total property damage shows the most sensitivity to other generic classi-
fications. The actual sensitivities for core melt probability and public
risk found in Tables III-25 to III-28 indicate that, while core melt is
. very sensitive to control, it is insensitive to all but total property
damage because of the large reductions in release category 7, where only
property damage is a significant consequence. Test and maintenance is
less sensitive than control for the first factor of 3 reduction; however,
it is more sensitive during subsequent reductions. This is because test
and maintenance was more sensitive at all factors in category 1, which has
higher property damage, while control only contributed for initial factors
in category 7, which has low property damage consequences.

The magnitude of the initial reduction in generic fail-
ures 1is lafger than that of the most sensitive single system. At the same
" tjae, the return for higher reductions is less than for generic components.
This results from the fact that a failure in a system is usually the result
-of one of many possible failures of components from all generic classes.

In addition, the failure probabilities of most components were of the same
order of magnitude, so there were many contributors to system failure and,

consequently, to public risk. Any reduction in one class could be
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initially reflected in overallvsensitivity, however further reductions

only left exposed other generic failures of similar magnitudes. In the
case of éystems, there was a larger variety of failure probability and
therefore larger potential for further reduction. The larger magnitude
reductions can also be explained., Generic failures contribute some to all
events; while, in the case of public risk reductions for systems, there are
two major contributing events, the transient and failure of AFWS and PCS,
&nd the small LOCA (S2) and failure of the CSIS. Therefore, reduction of

one fault tree leaves dominance of another. The larger number of con-

~ tributors for gemerics leads to less further reduction, eventually negating

the advantage of contributing something to all event trees. This is in
contrast to the systems analysis, where contributions were limite§ by not
affecting all trees, but the wider range of contributions leads to higher
reductions at higher factors.
b. Generic Breakdown

A further breakdown of the more sensitive generic fail-
ures is contained in Tables III-29 and III-30. Human error contributions
to the sensitivity occur primarily from valve operation errors. There are
a number of errors with significant contribution to public risk; as
measured by tbtal‘property damage. The most significant hardware contri-
bution results from the unavailability of diesels for electric power. The
contribution of test and maintenance to early deaths is primarily that of

turbine and safety valve maintenance resulting in unavailability of the

ATWS.
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¢. Generic Increases
Generic failures also exhibit a markedly different sen-
sifity to increases of failure rates. The initial increases are still
slightly larger than those for systems; however, subsequent increases grow
larger faster. The increases eventually exhibit an a\ialanching effect,
This is due to the fact that a generic failure can contribute in many dif-
ferent parts of the system and also to the fact that there are second- or
ﬁigher-order cut sets within the system failures that can cause exponential
increases. These traits may be found in Tables III-31 through III-34.
5. PWR Uncertainty

The final analysis performed on the PWR was a variational or
uncertainty analysis. The uncertainty analysis is effective in measuring
a system's sen#itivity to error propagation. Only increasing error fac~-
tors were considered. The error factors, or ratios of the 95Z confidence
limits upper bound to the median value, were increased by factors of 3,
and sometimes 10 and 30 as well. Given the f&ct that most systems have
unreliabilities on the order of 10.4 or above, increases on the order of
30 may be unreasonably large; however, they can be used to indicate trends.

The first uncertainty analysis was performed on a'system and
its components. While the consideration of individual systems and their
component levels was, in general, too complicated to be included in the
time frame-of this study, this analysis was performed as a check on the
fauit tree reduction process. The LPRS system contributes little to the
uncertainty of release categories 2 and 3. Nevertheless, increasing the

system error factors by almost seven had no effect on the release
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category distribution. It is’doubtful that many individual comporents
would have much effect on risk uncertainty; however, consideration from a
generic viewpoint could have a profound effect on system uncertainty, con-
sidering the avalanching éffect noted in increasing generic compeonents in
the point value analysis.

a. Initiators Uncertainty

The primary focus of the uncertainty study was to explore

‘the dependences of major elements of the event tree analysis. Those ele-

ments include sensitive systems and the initiators. For the PWR, the ini-

. tiators are of interest due to the more diverse nature of the PWR risk con-

tributions. Table III-36 illustrates the sensitivities of all types of
initiators as well as the combined effect of an increase in all initiators'
uncertainty. Vessel rupture uncertainty increases have no effect on
rélease category uncertainties, even when Iincreased in error factors of
100. Reledse category 1 shows much less effect from uncertainty than
categories 2 and 3. The dominance of the transient in category 1, and the
low initial error factor associated with the transient, account for this
insensitivity. Even when the transient error factor is increased by a
factor of 3, it is still less than that of the small LOCA (S2), which is
anotﬁer major contributor to risk from category 1. Category 3 is very
sensitive to LOCA uncertainties, exhibiting almost the full factor
increase of 3 in the new upper bound. Category 2 is sensitive to the

LPIS check valve rupture uncertainty. Tables III-37 through III-39 indi-
cate new values of medians and error factors for increasing all error fac-

tors by factors of 3, 10, and 30. Comparing this to the initiator
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uncertainty results, one can see that most of the uncertainty from release
category 3 is a result of the LOCA uncertaihty. Release category 1 shows
more sensitivity to increasing error factors, and it is presumed most of
that comes from the systems uncertainty, since transient initiator uncer-
tainty was significantly smaller. This is because the initiator transient
contains higher order event tree "cut sets” and some multiplication of
uncertainty results. This multiplication proves to be of little effect,
hbwever, since top event error factors increase little over the factor
1n;rease for all systems and initiators. Consequently, one can safely
assume that increasing all uncértainties given in the RSS by a certain fac-
tor will increase public risk uncertainty approximately by the same amount.
Increasing all error factors also affects the medians of release category
probabilities. The medians show a more noticeable increase than the case
of increasing all initiator factors. Therefore, it would appear that com-
binations of increasing uncertainty affect the ratio of the medians more
than they affect the error factors. |
b. Systems Uncertainty

Finally, an uncertainty analysis was performed on indi-
vidual systems which contribute to release categories 1, 2, and.3. These
results are presented in Table III-40. Systems L and M have a profound
effect on rglease category 1, and system C has a slightly larger effect
on release category 3. Increasing error facters in a system increases the
top event uncertainty by about half the factor. Systems M and L also con-
tribﬁte more than a few percent to any top event uncertainty. An analysis

for individual systems was also done for public risk of latent deaths.
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This could be effectively approximated by the contributions from release
categories 1, 2, and 3. Since L and M contributed at least some in all
categories, they had the most effect on latent cancers. Increasing an
individual system's uncertainty by 10 results in a maximum increase of
aboﬁt 2.5 in public risk uncertainty and 1.5 in median public risk. Only
the AFWS, PCS, and CSIS appear to have noticeable sensitivity.

In summary, increasing all uncertaiﬁties will result in simi-
lar increase in top event uncertainty. Increasing an individual component
sensitivity would have little effect in all but the most sensitive systems.
.Inéreasing system uncertainties also hds little effect on public risk
uncertainty, except for the AFWS, Pcs; and CSIS, and those effects are
muted compared to the system factor increases. Median values increase
Qe;y little for uncertainty increases except when all factors are
increased. Then a multiplicative effect is noticeable.

" In general, PWR sensitivity is primarily concentrated in the
AFWS, PCS, and CSFS for all types of analysis. In addition, generic
clésses of human error, electric power, and control are the most sensitive.
Most of the sensitivity to public risk comes from deviations on the high
side of RSS values, while reducing public risk has little relative poten-
tial unless a careful program considering combinations of effects is
employed. The wide variety of failure modes discovered in the PWR has the
efféct of limiting sensitivity potential. This implies reasonable limita-

:ion of expec:ations for future safety reductions from the standpoint of

engineered safety features.



D. Results: BWR

1. BWR System Reductioms
The sensitivity analysis of the BWR corsidered only the

transient event trees. The values of the probability ratios for release
categories 1, 2, and 3 for failure probability reductions in the safety
systems designed for transient events are found in Table ITI-42. Release
category 4 was not included in the analysis, as it contributed very little
té risk and would have involved a much larger volume of work for a small
part of the sensitivity. Also, values for the risk parameters are not
available since a model relating exact consequences to release category
probabilities could not be obtained for a BWR. A model using percentages
of the total risk was available, however, and this was used instead. Sen~-
sitivity can be obtained, however, since it is a dimensionless ratio of
two risks; a base risk and a newly calculated risk. The actual values
could then be obtained by dividing the sensitivities into the consequences
of the base case, which could be obtained from another source. t should
be noted that the sensitivity of W is overstated in the second release
category since the LOCA event trees are not considered in this study. In
. this category the reactor protection system failure is not a contributor.
When W is reducéd by‘factors higher than 30, contributions from the LOCA
event trees are about one-half the total contribution to category 2,
. leading to some loss of accuracy. In categories 1l and 3, there are two
event trees of significantly larger magnifude than the LOCA trees, so the

individual sensitivities are accurate.



Tables III-43 and III-44 décument the systém sensitivities
for the BWR, with the core melt probability, total property damage, early
deaths, and latent deaths as risk parameters. Whiie core melt probability
is actually the sum of release categories 1 through 4, the probability of
category 4 is less than one-thousandth of the probability of category 3.
Consequently, the sum of categories 1, 2, and 3 adequately represent core
melt probability. Due to the significantly smaller number of dominant.
éontributions to public risk, the magnitudes of the BWR sensitivities are

larger thah the PWR sensitivities. Systems A and C provide significant

" potential for risk reduction, even up to factors as high as one hundred.

The systems Q, U, and V all provide much less sensitivity than the others,
but more than most of the systems encountered in the PWR. The dominant
LOCA-related systems not included in the study would have magnitudes of
less than one-half of the sensitivity of the three systems. It can also
be Feen that the sum of categories 1, 2, and 3, and therefore core melt
pro?ability, are very good indicators of public risk. Core melt seeﬁs to
sli%htly overestimate the risk associated with systems W, Q, U, and V, and
sli;htly underestimate the risks of system C. The difference bgtween the
gsystems is caused by the presence of systems W, Q, and U in release cate-
gory 2. Release category 2 contributes its heaviest percentage to core
mel; probability, or the sum of the three release categories. Then it
contributes to the percentage of risk; first in early deaths, then in total
property démage; and finally in latent cancers. This 1s illustrated in
the tables by the relative sensitivities of each parameter with respect to

core melt. For W, Q, U, and V, the ranking of the risk parameters in
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release category 2 is preserved. Since C, the reactor protection system,
does not contribute to category 2 at all, the inverse ranking of parameters
is found. Therefore, in the BWR, the sum of release categories 1, 2, and 3
are excellent measures of risk. Since this sum is virtually equivalent to -
core melt probability, any reactor similar to the BWR studied in the RSS
can adequately describe public risk by the use of core melt probability.
Ig the case of the PWR the sums of release categories 1, 2, and 3 are also
reasonable measures of public risk. However, they bear no resemblance to
core melt probability.
The system or safety functions indicated earlier were also
broken down by subsystems. The sensitivity of core umelt probability to
subsystem failure probability reductions is given in Table III-45. 1In the
two most sensitive safety functions, two subsystems are found to have the
same sensitivity as the function. This is because, in each case, both of
the subsystems are required to satisfy function success. Consequently, -
any reduction in one subsystem's failure rate has the same effect on the
requirement for success. This is also true of systems M and L in a PWR
transient event tree. Likewise, systems Q, U, and V in a BWR transient
event tree have the same overall sensitivity. In a case where one of two
or more subsystem failures is required, the semnsitivity is d‘vided. This ~
division is approximately such that the multiples of the sensitivities
equal the top event sensitivity. The multiples are roughly related to
their relative order of magnitude. Therefore, the same general rules of
combinations as were found in the PWR apply for the BWR, as would be

expected.
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2. BWR System Increases
The BWR was also analyzed for systeﬁ failure probability
increases. The results are presented in Tables III-46 and III-47. The
characteristics of the results are very similar to those of the PWR systems
analysis. However, in the BWR, one system, W, almost completely ﬁominates
any increase. For any factor increase of W beyond 3, the full value of the

increase is felt by public risk. The system C is almost as sensitive,

.while Q, U, and V are insensitive, causing only factors of 4 increase in

public risk for factors of 100 increase in system failure probability.

A breakdown of the risk increases to system failure rate
increases may be found in Table III-48. Similar characteristics of the
tables correspond to the bréakdown'of risk reducﬁions; however, multiplying
individual sensitivities to find combinations will not work. In facﬁ, they
seem to more closely approach addition of sensitivities. In particular,
it can be seen that increasing the failure probability of three or more
control rods failing independently is not very semsitive to factors of up
to 30; however, increases of 100 in this probability could cause one order
of magnitude increase in risk.

3. BWR Generic Reductions

As in the PWR, an analysis of generic failures in the DWR
w4s performed. Tables III-49 through III-Si illustrate the results.
Fewer categories are analyzed than in the PWR due to the previously meﬁ-
tioned lack of detail available for the systems involved in the transient
event tree. Nevertheless, a significant amount of detail was given to

adequately assess human érrors, test and maintenance unavailabilities,
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and hardware, including the subsets valves and pumps. The additional cate-
gory of human error and test and maintenance was added since many of the
failures or increased unavailabilities could be procedure related. The
results exhibit the general relationship of a combination of failures and
individual failures, as documented in the PWR systems analysis. The orders
of magnitude are all similar to the PWR, but larger. The large difference
j.n all hardware between the BWR and PWR is due to differing definitionms.
Contrgl and electric power were considered separately in the case of the
PWR; but, in the BWR aﬁalysis, these qategories were hidden within the
hardware category.due to a lack of further breakdown of some subsystems in
the BWR. For similar reasons, the category of pumps is likely to be an
inaccurate representation of.its true sensitivity. One can also see that
core melt probability is again a good measure of risk. In the same way as
with systems, different generic categories contriﬁute to different release
categories by proportions resulting in an overestimation or an underestima-
tion of seasitivity of public risk from using core melt probability as a
sensitivity parameter. For human error and test and maintenance, the
core melt parameter underestimates public risk. In the case of all hard-
ware sensitivity, public risk is overestimated by core melt probability.
The other risk parameters follcv the same order, as indicated by the sys-
tems analy;is. The other generic categories also show similar relation-
ships between the risk parameters and core melt.
4., BWR Generic Increases
Examining the BWR for increases in generic component failure

probabilities also indicates the avalanching effect observed in the PWR.
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Table III-53 illustrates the effect of such increases on core melt proba-
bility. To obtain results in terms of pubiic risk, a determiﬁation of the
relationship of risk to core melt must be made for each category. The
results indicate that test and maintenance contributions are more important
for the BWR than for éhe PWR. Human error and other categories.show
slightly less sensitivity at higher factors thgn in the PWR. However, the
orders of magnitude are very similar.

5. BWR System Uncertainty

An uncertainty analysis for the BWR was also performed.

" Tables III-54 and III-55 contain the results for release categories 1, 2,

and 3. In comparison to the PWR, the BWR shows more sensitivity to error
factor increases. The new releasg category error factors, for increases
in all error factors, show an increase much laréer than the factor by
which all system and initiator error factors were increased. The ratio of
the factor increase in release category error factors divided by the factor
increase for each system, is about 1 for a factof increase of 3; about 2
for a factor increase of 10, and about 3 for a factor increase of 30. For
the PWR the ratios are about 1, and little or no avalanching of .error fac-
tors was observed. The median values listed in the tables for increasing
all error factors show less increase than the analysis per:i.rmed for the
PWR.

The results of the analysis of increasing individual system
error factors are presented in Table III-56. This table indicates that
the system W is the most sensitive to increasing error factors. Almost

the full increase in system error factors is felt by the release category
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error factor. System C shows less sensitivity in release categories 1 and
3. The systems Q, U, and V show little sensitivity to release category
probability error factors. They all coutributé through the same event
tree, TQUV. However, their sensitivities are not exactly the same as those
in the point value analysis. The ordering of the sensitivities implies that
the systems with higher median values contribute more to increasing uncer--
tainty. The system W still has by far the most profound effect on release
category uncertainty. Where W is a more dominant contributor, as in cate-
gory 2, the corresponding uncertainty increase is also greater. Given the
results of ‘the point value analysis and the effects of category 2 on risk,
one can assume that the total uncertainty in public risk would be espe-
cilally susceptible to system W.

The results for the BWR and PWR indicate that general risk
sensitivity estimates for either LWR can, in some cases, be good estimates
of the related sensitivity for the other reactor type. The primary dif-
ference is the slightly larger magnitude of reductions possible in the BWR
due to the smaller number of contributors to public risk. Also, the BWR
shows much more sensitivity to uncertainty that the PWR for thg same
reasons. In particular, increasing all error factors can cause even
la: ger increases in release category probabilities in the BWR; while in
the PWR, release category uncertainties generally follow increases in all
error factors.

A general influence that is notable in this study concerns
the differential safety gain, illustrated in the point value analysis by

diminishing returns. This differential safety gain can be fitted to a
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power'curve of the logarytim of the reduction factor. The coefficients of
the power fit appear to be determined by the initial perturbation, that is,
the differential safety gain from the base‘to a factor of three reduction
in system failure probability. There seems to be a general comnsistency to
both types of reactors and different combinations of release category prob-
abilities (risk parameters), so further study of this property may have
some value. This result reaffirms the extra safety gain noted from combi-
nations of system reductions. In those cases a differing rate of diminish-

ing return was noted. These results show that all sensitivities could

-probably be characterized with only the knowledge of an initial perturba-

tion.

E. Summary
To summarize the major results of this.analysis, the design of

ECCS safety systems is excellent for mitigating the consequences of most
pipe breaks: However, the smaller LOCA S2's engineered safety features
should be more closely studied. In particular, reduction of the HPRS and
HPIS failure rates by a factor of 3 offer up to 16 percent reductions in
total-property damage. In addition, the CSIS system is particu%arly sensi-
tive to public risk because of its small LOCA (S2) event tree. The major-
ity of the public risk sensitivity associated with the CSIS is human error.
In particular, the miscalibration of the CLCS system could be a very impor-
tant risk contribution. Additional action should be takén to reduce that
failure proﬁability and, more importantly, to assure that this particular
event is actually of as low a probability as reported in the RSS. The

other important contributors relate to human errors resulting in valves
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being left in incorrect positions. Clearly, the procedure relating to
testing, maintenance, and operation of the CSIS system should be reviewed
carefully and the operators and plant management should be informed of this
system's importance to safety, particularly in small LOCA accident condi-
tions. The sensitivity results indicate that reductions in CSIS failure
rate of up to ten look promising and these procedures are a good place to
start before considering system hardware design changes on future plants.
The results of the variationsl or uncertainty analysis indicate that CSIS
variations on the order of thirty can significantly affect release cate-
gory 3 upper bounds. If qualitative limits are to be set for accident
upper bounds, then the containment spray injection system should be moni-
tored carefully, especially since it contributes to two of the three
serious PWR accident types, including the most widely bounded of the
three accidents.

The transient event tree is the most important for both reactors.
In the PWR, the AFWS and PCS provide potential for significant reductions
in safety. The sensitivity results show that almost fifty percent reduc- -
tions in all public risk parameters would result for system failure rate
reductions on the order of thirty. Since both the AFWS and PCS contribute
primarily through the same event trees, a different strateg-— should bte .
considered for these systems. One could approach the AFWS and PCS as one
system with subsystems, and try to reduce the overall system failure prob-
ability. The results of the combination analysis suggest that approach.
There is also more sensitivity in this event tree, so reductions by fac-

tors of thirty may prove worthwhile. The major contribution to risk from
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this "system" is a human error. The chance that the AFWS will be inopera-
tive beéqpse all three discharge pump valves are inadvertently left closed
following a test, is assessed at 3.0 x 10‘5/year. Reducing this particular
error by a factor of 10 would reduce AFWS failure probability by the same
amount. Test and maintenance is the next most important factor, at about
3.0x 10-6/year. Consequently, reducing the procedure error rate by a fac-
tor of 30, and optimizing test and maintenance ;navailability for another
factor of 3 reduction, could lead to AFWS system failure rate reductions

near thirty percent and public risk reductions possibly near fifty percent.

- By taking advantage of the PCS, more options could be invoked to develop a

safety strategy, resulting in the aforementioned public risk reductioms.

For example, reducing the main feedwater failure probability'for transient

events by a factor of 3 could replace attempting to reduce test and main-

tenance contributions in the AFWS. 1In addition, reducing the probability
of loss of 6n-site AC power after a loss of off-site AC power for between
one and three hours, represented by component 182, would also contribute
to reducing this very important event tree's contribution to public risk.
The results of the analysis of increase in failure prqbability
11lustrate the importance of monitoring failure probabilities in differing
activities and vendors. In the particular case of the AFWS, increasing
its failure probability by a factor of 10 would result in an increase in
public risk by about a factor of 4. Given that the risk of AFWS failure
is.primarily dependent on a human error, with a wide uncertainty value,
this proceduré should be monitored closely by public regulators and utility

employees. In the variational analysis, it was shown that the AFWS error
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factors must be maintained at as low a value as possible. Increases of
this error factor to values near 30 would significantly affect uncertainty
ranges of public risk.

To reduce public risk in the PWR by a more significant degree,
some combination of simultaneous reductions would have to be done. Since
combinations give higher returns for higher reductions, they can also make
some system investments more worthwhile. A sensitivity study should be
performed to optimize a set of system reductions. From the results of
this study, factors of 100 or more in the function of the AFWS and PCS,
similar factors in the CSIS, and factors lower by about 10 on the HPRS and
HPIS could provide PWR risk reductions on the order of 5 or more from base
values. |

The BWR is dominated by transient systems. Any safety improve-
ment policy should begin there, with a significant effort, before approach-
int contributions from LOCA-initiated events. Factor reductions of 100
would have to be achieved in the reactor protection system and in residual
core heat removal systems before LOCA system reductions would show much
benefit. There is a significant potential for reduction of public risk
by reducing the failure probability of residual cofe heat removal. This
risk is contributed by the RHR ind PCS systems, which must both function.
Consequently, reductions in each apply toward the total risk reduction.

" The RHR systems are the Low Pressure Coolant Injection and High Pressure
Service Water systems. The LPCI is the much more semnsitive of the two.
Work on the PCS and the LPCI could result in public risk reductions of

more than 2 for system failure reductions of less than 10. This BWR

”
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system definitely will show safety gains for many factor increases in
reliability. '

The reactor protection system also shows significant potential
for public risk reduction. Since manual reserve shutdown must act iﬁ tan-
dem with the RPS to performlthis function, reductions in either can con-
tribute to a significant reductioﬁ in the transient risk contribution.

The probability of three independent rod failures indicates potential for
reduction in the BWR (whereas it does not in the PWR) from its basic value

of 1 x 10.4/year. Given the studies already dome, however, the most cost-

. effective reductions may prove to be elsewhere in the RPS, such as the

manual reserve shutdown system.

By performing simultaneous reductions on the reactor protection
and residual core heat removal functions, significantly greater reductions
caﬁ be achieved. In the case of the PWR, many more systems contributed to
public risk. This limits overall reductions to about factors of 5, unless
one wishes to consider reductions in ten systems, instead of four or five.
In the BWR, only two systems contribute to over ninety percent of the risk |
reduction potential. Conceivably, reducing RPS and EHR simultaneously
could result in similar factor reductions in public risk. -

The great potential of these systems for reductions also char-~
acterizes their behavior for increases in system failure probability. Any .
increase in RPW or RHR failure probability translates almost directly into
1hbreased public risk. The variational analysis also undérscores this
fact. A sysﬁem of reactors that has.ﬁiéhef uﬁcertainiy in the system W than
that assessed in the RSS has almost equally higher uncertainty in pubiic

risk.
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Reducing these uncertainties will also cause a reduced uncertainty in over-
all public risk.

This study shows that the potential for reduction of public risk
in the ﬁWR is not very high, unless one considers reducing failure rates
for a combination of more than one system. In the PWR about five systems
would have to be reduced, in addition to the LPIS check valve failure, in
order to achieve substantial reductions. The BWR would only require two
sﬁstem reductions. The transient systems are the most important to ana-
lyze and offer the most potential for risk reduction. 1In particular, the

.power conversion system, PCS, plays a major role in both reactors. The
reactor protection system, RPS, contributes heavily to the BWR and has a
small benefit for the PWR. Both reactors show that human errors are the
most important comtributors to potential for public risk reduction.
Reducing human error rates on the order of ten could halve public risk.
In addition, human errors contribute to the uncertainty of some important
system fajlure probabilities. The semsitivity tools developed by this
study indicate the aforementioned results. They provide a basis for

public decision-making in nuclear reactor safety.
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Table ITI-1

Reduction in PWR Core Melt Probability and Total Property

Initiator

Small LOCA
(s2)

Transient

LPIS ck
valve

Large LOCA

Small LOCA
(s1)

LPIS ck
Valve

Transient

Small LOCA
(s2)

Large LOCA

Small LOCA
(s1)

Damage for Reduction in Initiator. Probability

Factor Reduction in Parameter

for Factor Reduction in

100 .
Core Melt Probability

2.880
1.184

1.156
1.047

1.003

Total Property

Initiator

3 10 ‘30

1.785 2.460 2.758
1.117 1,164 1.178
1.100 1,140 1,152
1.031 1.042 1.046
1.002 1.003 1.003
1.440 1,702 1.795
1.230 1.337 1.371
1.197 1.286 1.313
1.008 1.011 1.012
1.003 1.004 1.004

1.830 .

1.384

1.323
1.013

1.004

10/3

1.379

1.043

1.036

1.011
1.001

Damage

1.182
1.087

1.074
1.003

1.001

Ratios of Factors

30/10

l.121
1.012

1.011
1.003

1.000

1.055
1.026

1.001
1.001

100/30

1.044

1.004

1.004

1.001

1.000

1.020
1.009

1.008
1.000

1.000



Reduction in PWR Early and Latent Deaths for Reduc-

Table III-2

tion in Initiator Probability

Factor Reduction in Parameter

for Factor Reduction in In-

Initiator
3

LPIS Check

Valve 1.687
TrarS ient 1.299
Small LOCA

(s2) 1.029
Large

LOCA 1.001
Small

LOCA(S1) 1.001
LPIS check

Valve 1.465
Transient 1.229
Small LOCA

(s2) 1.184
Small LOCA

(s1) 1.006

Large LOCA 1.002

itiator _
10 30 - 100
Early Deaths
2.222 2.443_ 2.531
1.451 1.501 1.520
1.040 1.043 1.044
1.002 1.002 1.002
1.001 1.001 1.001

1.750
1.338

1.266

1.008
1.003

Latent Deaths

1.853  1.892
1.372  1.38
1.292  1.301
1.008  1.009
1.0603  1.003

-5~

Ratio of Pactors

10/3

1.317
1.117

1.010

1.001

1.000

1.195
1.088

1.069

1.002
1.001

30/10

1.100
1.035

1.003

1.000

1.000

1.059
1.026

1.020

1.001

1.000

100/30

1.036
1.012

1.001

1.000

1.000

1.021
1.009

1.007

1.000
1.000



TABLE III-3

Key to PWR Tables

Failure of the secondary system steam relief valves and the power
_conversion system.

Failure of the secondary system steam relief valves and the auziliary
feedwater system.

Failure of the emergency core cooling recirculation system.
Failure of the emergency core cooling 1njegtion systeu,

Failure of the reactor protection system.

Failure of the primary systém safety relief valves to reclose after
opening. ‘

Failure of the containment spray injection system.
Failure of the containment spray recirculation system.

Failure of the containment heat removal system.
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System/Function
Code(s)

base case

factor

(from point values WASH-

1400 reduced trees)
H

L,M

QK

G,F

3
10
100
3
10
30
100

3
10
30

100

k]
10
30

100

3
10
30

100

RNew PWR Release Cat

Table 111 -4
egory Probabilities for Factor

Reductions in System Failure Probhability

3.9-8

3.9-8
3.9-8
3.9-8

3.9-8
3.9-8
3.9-8
3.9-8

2.0-8
1.4-8
1.2-8
1.1-8

J.2-8
2.9-8
2.9-8
2.8-8

3.9-8
3.9-8
3.9-8
3.9-8

6.2-6

6.2-6
6.2-6
6.2-6

6.2-6
6.2-6
6.2-6
6.2-6

4.7-6
4.2-6
4,1-6
4.0-6

6.2-6
6.2-6
6.2-6
6.2-6

6.2-6
6.2-6
6.2-6
6.2-6

k

2.6-6

2.4-6
2.4-6
2.4-6

2.5-6
2.5-6
2.5-6
2.5-6

2.5-6
2,56
2.5-6
2.5-6

1.1-6
6.5-7
5.1-7
4.6-17

2.5-6
2.5-6
2,5-6
2.5-6

same 38 base case for all factors
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Release Categories Leading to Core Melt

1.3-11

1.3-11
1.3-11
1.3-11

4,2-12
1.3-12
4,2-13
1.3-13
1.3-11
1.3-11

i.3-11
1.3-11

4.7-12

© 2.0-12

1.2-12
9.4-13

1.3-11
1.3-11
1.3-11
1.3-11

6.7-8

4.5-8
3.5-8
3.4-8

5.6-8
5.2-8
5~1-8
5.1-8

5.9-8
5.7-8
5.6-8
5.6-8

6.7-8
6.7-8
6.7-8
6.7-8

6.2-8
6.1-8
6.0-8
6.0-8

5.4-7

5.4-7
S.4-7
5.4-7

5.3-7
5.2-7
5.37
$.3-7

1.9-7
6.6-8
3.1-8
1.56-8

5.3-7
5.3-7
5.3-17
5.3-7

5.4-7
5.4-7
5.%-7
5.64-7

2.0-5

1.2-5
7.9-6
1.7-6

1.6-5
1.5-5
1.4-5
1.4-5

1.9-4
1.9-4
1.9-4
1.9-4

2.0-5
2.0-5
2.0-5
2.0-5

2.0-4
1.9-4
1.9-4
1.9-4



g

System/Function
Code (s)

Base values
(Zrom WASH-1400
point values)

L.M

Factor

3
10
30

100

3
10
30

300

3
10
3

100

3
10
30

100

Table III-5
New PUR Public Risk Probabilities/¥r

for Factor Reductions of Svstea Failyre Probabiliey

Early Deaths/Yr

4.58-5

3.53-5
3.16-5
3.05-5
3.02-%

4.46-3
4.42-8
4.41-5
4.40-5

4.38-5
4.58-5
§.58-5
4.58-5

4.58=5
4.53-5
4.57-5
4.57-5

Latent Cancers/Yr

5.63-4

&.59=4

L] 2“
‘ .‘12-‘
4. 09"

4.85~4
4.57=4
4.48-4
& 47=4

5.57=4
5.55-4
5.54=4
5.54=4

5.39-4
5.58=4
5. 58-4*
5.57-4

*Appareat lack of change due to round off error.

Total Property
Damage $10°/Yr

2.13-2

1.724-2
1.724-2
1.57-2
1.55-2

1.99-2
1.94-2
1.93-2
1.92-2

1.98-2
1,932
1.91-2
1.90-2

2.12-2
2.12-2
2.12-2
2.12-2



Table III1.5 (cont'd)

10
30
100

10
30
100

4,58-3
4.58=-3
4.57=5
4.57-5

4.56-5
4.58-5
4.58-5
4.58-5

-69-

5.61-4
5.61-4
5.61=4
5.61-4

5.62-4
5.62=4
5.62-4
5.62~4

2.12-2
2.12-2
$.12-2

2.12=3

2.13-2

a_n

2.15=2

d

-

152
2.13-

(2]

*
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- TABLE T11-5
Sensitivity of PWR Core Melt Probability to

Reduction of System Failure Probabilities

1.0007

=70=-

System/
Function
Code 3 10 30 100  10/3  30/10  100/30
K 1.401 1.629 1,709 1.739  1.163  1.049  1.018
D 1.155 1.222 1.262 1.250  1.058  1.016  1.006
L 1.097 1.136 1.147 1.151  1.03  1.010 1,003
¥ 1.097 1.136 1147 1.151  1.03  1.010 1.003
c 1.051 1.070  1.075  1.077  1.018  1.005  1.002
Q 1.006 1.022 1.023 1.024  1.006  1.001 1.0
K 1.016 1.022 1.023 1.026  1.006  1.001  1.001
K 1.002 1.003 1.003 1.003  1.00L  1.000  1.000
F 1.0005 1.0007 1.0007  1.000  1.000  1.000



Table III-7

Reduction in PWR Public Risk of Early Death
for Reductions of Svstem Failure Probability

System/ Factor Reduction in Early Deaths Ratio of Factor Reductions to
Function Due to Reduction in System Fail- illustrate Diminishing Re-
Code(s) ure Probability by a Factor of turns
3 .10 30 - 100 10/3 30/10- 100/30
c 1.027 1.037 1.040 1.041 1.010 1.003 1.001
G 1.001 1.002 1.002 1.002 1.001 1.000 1.000
H 1.001 1.001 1.001 1.001 1.000 1.000 1.000
D 1.000 1.001 1.001 1.001 1.001 1.000 1.000
K,Q,F 1.000 1.000 1.000 1.000 1.000 1.000 1.000
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TABLE III-8

Reduction in PWR Publiec Risk of Latent Cancers/Yr
for Reduction of Svstem Failure Probability

System/ | Factor Reduction in PWR of Public Ratio of Factor Reductions
Function Risk of Latent Cancers/Yr due to a to illustrate Diminishing
Code(s) Reduction in System Failure Proba- " - Returns

Frve

e

e

s

3 10 30 100 10/3. 30/10 100/30
L,M 1.266 1.332 . 1.365 1.378 1.052 1.025 1.010
c 1.161 1l.231 1.252 1;260 1.060 1.017 1.006
H 1.010 1l.014 1.0.15 1.016 1.004 1.001 1.001 |
G 1.006 - 1.009 A1.009 1.010 1.003 1.000 1.001
D 1.005 1l.007 1.008 1.008 1.002 1.001 1.000
K,Q 1.002 1.003 1.003 1f003 1.001 1.000 1.000
14 1.001 1.002 1.002 1.002 1.001 1.000 - 1.000

bility by a Factor of




Table III-9

Reduction of PWR Total Property Damage
for Reduction of System Failure Probability

System/ Factor Reduction in PWR Total Ratio of Factor Reductions
Function Property Damage due to a Reduction Illustrate Diminishing
Code(s) of System Failure Probability by Returns
a Factor of
3 10 30 100 10/3 30/10 100/30
LM 1.223 1.326 1.359 1.370 1.084 1.025 1.008
H 1.077 1.107 1.115 1.119 1.028 1.007 1.004
c 1.070 1.098 1.106 1.108 1.026 1.007 1.002
D 1.035 1.048 1.051 1.053 1.013 1.003 1.002
K,Q 1.005 1.006 1.007 1.007 1.001 1.001 1.000
G 1.003 1.004 1.004* 1,005 1.001 1.000* 1.001
F 1.001 1.001 1.001 1.001 1.000 1.000 ’ 1.000

‘Apparent Lack of Change due to Round off Error.



TABLE III-10

System Sensitivity Breakdown for

Reductions in Core Melt Probabilitv

e System/
Function
Failure

N

Emergency Core Cooling

Recirculation (H)
tion Svstem
- 4 157 Procedure Error (HRRS)

161 MOV to LPRS Pumps

160 MOV to Fot Legs

214 Comtrol: sump lines

215 MOV Comtrol

47 Section Damper

216 MOV Control

Low Pressure Recirculat-
ing Svsten

- ' 157 Procedure Error (LPPS)
158 Procedure Error

Emergency Core. Iriection (D)
Bigh Pressure Injection
107 Standby Pump
80 MOV Fails Open
227 Test and Maintenance
155 Valve Closed by Mistake
- 208 Mov Control

L3

- 209 Detector Failure
- : 211 -MOV Coatrol
- Low Pressure Injection

156 Buman Errce
Accumulators

Ratio of Factor Reductions

31

1.401

1.363
1.066
1.066
1.066
1.056
1.022
1.021
1.020

1.020

1.007
1.007

1.155

1.143
1.053
1.033
1.032
1.013
1.012
1.010
1,010
1.008
1.001

. 1.002

74~

10/3

1.163

1.145

1.024
1.024
1.024
1.012
1.008
1.007
1.003

1.007.

1.002
1.002

1.058

1.053
1.015
1.006
1.011
1.004

1.004 _

1.004
1.001

1.003

1.000
1.001

30/10

1.049

1.043
1.007
1.007
1.007
1.003
1.002
1.002
1.000

1.002

1.001
1.001

1.016

1.015
1.004
1.001
1.003
1.001
1.001
1.001
1.000
1.001
1.000
1.000

100/30
1.015

1.015
1.002
1.002
1.002

1.001

1.001
1.001
1.000

1.001

1.000
1.000

1.006

1.005
1.001
1.000
1.001
1.000
1.000
1.000
1.000
1.000
1.000
1.000



JTARLE 171-11
System Sensitivity Breakdown for Reduc-
tions in Latent Deaths

System Ratio of Factor Reductions
Function
Failure
3/1 10/3 30/10 100/30

SSRY and AFWS(L) 1.266 1.052 1.025 1.010
143 Valves Left Closed 1.162 1.040 1,018 1.006
141 Valve Not Opened 1.024 1.006 - 1,002 1.001
221 Test and Maintenance

( turb ) 1.021  1.007 1.002 1.001
44 Diesels 1.021 1.007 1.002 1.001
222 Test and Mainten.

(sov) 1.008 1.003 1.001 1.000
201 Control Circuit 1.007 1.003 1.001 1.000
63 MSVH Valves 1.007 1.002 1.001 1.000
101 Turbine Pump 1.003 1.001 1.000 1.000
103 Pump Start 1.002 1.001 1.000 1.000
42 Header End Caps 1.002 1.001 1.000 1.000
67 Valve to Turbine 1.001 1.000 . 1.000 1.000
SSRV and PCS(Y) 1.266 1.052 1.025 1.010
31 Main FW system 1.152 1.031 1.016 1.006
181 LOOS AC 1 hr 1.056 1.020 1.006 1.002

Containment Soray

Injection 1.161 1.060 1.017 1.006
147 Miscal. CLCS 1.063 1.022 1.007 1.002
148 Valwe Left Open "..056 1.020 1.006 1.002
145 Valve Left Open 1.022 1.006 1.002 1.001
203 CLCS Control 1.001 1.004 1.001 1.000
224 Test & Maintenance 1.009 1.003 1.001 1.000
204 Pump Control 1.003 1.001 1.000 1.000
104 Pump Start 1.003 1.001 1.000 1.000



Table III-12

The Top 25 Individual Compoment Comtributors

to PWR Core Melt Probability

Component System Generic

157
143

3
182
161
160
214
107

80
227
181
215

47
147
216

148 -

68
155
208
141
209
221

211
45

Type

human
human
subsystem
electric
human
human
control
pump
valve
+n
electric
control
hardware
human
control
human
valves
human
control
human
control
+n
hardware
control
hardware

Factor Ratios for Reductions qf In-
dividual Component Failure Probability

/i
1.074
1.072
1.068
1.067
1.066
1.066
1.056
1.053
1.033
1.032
1.026
1.022
1.021

1.021

1.020
1.019
1.016
1.013
1.012
1.011
1.010
1.010
1.010
1.010
1.008

76~

10/3
1.026
1.026
1.024
1.024
1.024
1.024
1.012
1.015
1.006
1.011
1.009
1.008
1.007
1.007
1.003
1.007
1.006
1.004
1.004
1.003
1.004
1.004
1.004
1.001
1.003

30/10

1.008
1.007
1.007
1.007
1.007
1.007
1.003
1.004
1.001
1.003
1.003
1.002
1.002

1.002 -

1.000
1.002
1.002
1.001
1.001
1.001
1.001
1.001
1.001
1.000
1.001

100/30
1.003
1.003
1.003
1.002
1.002°
1.002
1.001
1.001
1.000
1.001
1.001
1.001
1.001
1.001
1.000
1.001
1.001
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000



TABLE III-13

The Top 20 Individual Component
Contributors to tarly Deaths

Component System Generic Factor Ratios for Reductions of In-
type dividual Component Failure Probability
3/1 10/3 30/10 100/30 -
182 B electric 1,298 1.117 1.034 1.012
1463 L human 1.210 1.080 1.023 1.008
31 M:FW  sibsystem 1.197 1.074 1.022  1.008
181 M electric 1.070 1.025 1.007 1.003
141 L human 1.030 1.008 1.002 1.001
221 L + n 1.026 1.009 1.003 1.001
44 L: -
diestls hardware 1.026 1.009 1.003 1.001
147 c human 1.011 1.004 1.001 1.000
148 c human 1.010 1.004 1.001 1.000
222 L + o 1.009 1.003 1.001 1.000
201 L control 1.009 1.003 1.001 1.000 “
63 L valves 1.008 1.003 1.001 1.000
145 c human 1.004 1.001 1.000 1.000
101 L:
turbine pump 1.003 1.001 1.000 1.000
103 L pump 1,003 1.001 1.000 1.000
42 L hardware 1.002 1.001 1.000 1.000
203 C CLCS control 1.002 1.001 1.000 1.000 -
224 c +m 1.002 1.001 1.000 1.000
67 L valve 1.002 1.001 1.000 ° 1.000 -
184 )4 electric 1.001 1.001 1.000 1.000
45 3 or more rods fail <.01% <.012 <.012 <.012

*
apparent lack of change due to round off error.
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Component

182
143
i1

147
148
181
141
145
221

"

203
224
222
201
63

184
186
101
104
104

TABLE III-14
The Top 20 Individual Component Contributors

System

C
L

L:
diesels

C:CLCS
c

| o

0o o ¢ o6 m o

to Latent Cancers

Generic
type

electric
human

sub-
system

human
human
electric
human
human

+ m

"hardware

control

+ m .
+m
control
valve
electr.c
electric
pump

control

pump

45 3 or more rods fail

Factor Ratios for Reductions of

Individual Component Failure Probability

3/1
1.221

1.162

1.152
1.063
1.056
1.056
1.024
1.022

1.021

1.021

1.011
1.009

1.008

1.007
1.007
1.004
1.004
1.003
1.003

1.003

1.0011
=78~

10/3
1.084

1.040

1.031
1.022
1.020
1.020
1.00¢6
1.006

1.007

1.007

1.004
1.003

1.003
1.002
1.002
0.001
1.001
1.001
1.001
1.001

1.0004

30/10
1.025

1.018

1.016
1.007
1.006
1.006
1.002
1.002
1.002

1.002

1.001
1.001

1.001
1.001
1.001
1.000
;;000
1.000
1.000
1.000

1.0001

100/30
1.009

1.006

1.006
1.002

- 1.002

1.002
1.001
1.001
1.000

1.001

1.000
1.000

1.000
1.000
1.000
1.000
1.000
1.000
1.000

1.000

<.01%



TABLE ITI~15

The Top 20 Individual Component Contributors
to Total Proverty Damage

Component System Generic Factor Ratios for Reductions
' Type of Individual Component Failure Probability
3/1 10/3 30/10 100/30
182 B . electric 1.212 1.080 1.023 1.008
143 L human 1.197 1.074 1.022 1.008
31 M:FW subsystem 1.160 1.059 1.017 1.006
181 M electric 1.055 1.020 1.006 1.002
147 c human 1.029 1.010 1.003 1.001
148 c human 1.026 1.009 1.003 '1.001
141 L human l1.023 1.006 1.002 1.001
221 L + o l1.021 1,007 1.002 1.c0l
44 :
diesels hardware 1.021 1.007 1.002 1.001
157 H: LPRS human 1.017 1.006 1.002 1.001
161 H:HPRS human 1.016 1.006 1.002 1.001
160 H:HEPQS human 1.016 1.006 1.002 1.001
214 H:EPRS comtzol 1.013 1.003 l.001 1.000
107 D:HPIS  pump 1.013 1.004 1.001 1.000
145 c human 1.010 1.003 1.001 .1.000
80 D:HPIS valve 1.008 1.002 1.000 1.000
227 D:HPIS + n 1.008 1.003 1.001 1.0c0
222 L control 1.007 1.002 1.001 1.000
63 | L valve 1.007 1.002 1.001 1.000
45 3 or more rods fail 1.0023 1.0008 1.0002 1.0001
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System
Function

TABLE II1-17
Nev PWR Release

Category Probabilizies

for an Increase in Svstem Failure Probabilisvy

Code (8) Facror 1

base case

L,M

K.Q

10

100

10
30
100

10
30
100

10

100

10

100

10

100

10

100

3.9-8
3.9-8
3.9-8
3.9-8
3.9-8

3.9-8
3.9-8
3.9-8
3.9-8

9.5-8

. 2.9-7

8.4~7
2.8-6

3.9-8
3.9-8
3.9-8
3.9-8

3.9-8
4.0-8
4.2-8
4.9-8

4.0-8
4.3-8
5.2-8
8.4~8

6.0-8
1.3

3.5-7

1.1-6

Release Catagory Probabilities

2
6.2-6
6.2-6
6.2-6
6.2-6
6.2-6

6.2-6
6.2-6
6.2-6
6.2-6

1.1-3
2.6=5
7.1-5
2.3=4

6.2-6
6.2-6
6.2-6
6.2-6

6.2-6
6.2-6
6.2-6
6.2-6

6.2-6
6.2-6
6.2-6
6.2-6

6.2-6
6.2-6
6.2~6
6.2-6

3
2.6=6
2.9=6
3.9-6
7.1-6
1.8-5

2.7-6
3.3-6
4.9-6
1.0-5

2.7-6
3.1-6
4.2-6
8.1-6

2.6~6
2.9-6
3.6-6
6.0-6

2.6~6
2.7-6
3.2-6
4.6-6

2.7-6
3.4=6
5.4=6
1.2-5

6.8-6
2.2-3
§.4=5
2.1-4

4
1.3-11
1.3-11
1.3-11
1.3-11
1.3-11

3.8-11
1.3-10
3.8-10
1.3-9

1.3-11
1.3-11
1.3-1
1.3-11

1.3-11
1.3-11
1.3-11
1.3-11

1.3-1
1.3-1
1.3-11
1.3-11

1.4-11
2.0-11
3.6-11
9.4-11

J.e-11
1.2-10
3.5-10
1.2-9

-81-

3
6.7-8
1.3-7
3.6-7
1.0-6
3.3-6

9.8-8
2.1-7
5=3-7
1.6-6
8.9-8
1.7=7
3.8=7
1.2-6

8.0-8
1.3-7
2.6=7
7.4<7

6.7=~8
6.7-8
6.7-8
6.7-8

6.7-8
6.7-8
6.7-8

6.7-8

6.7-8
6.7-8
6.7-8
6.7-8

5.4=7
5.4=7
S.4=7
5.5=1
5.6=7

5.7=7
6.6=7
9.1-7
1.8-6

l.6-6
5.3-6
i.6=3
5.3-5
5.4=7
5.4~7
5.4=7

S.i=7

5.4=7
$.4=7
5.5«7
5.7=7

L)
5.4~7
5.4=7
5.4=7

5.7=7
6.6=7
9.1-7
1.8-6

2.0-5
4.5-5
1.3~4
3.8-4
1-2-3

3.2-5
7.2-5
1.9-4
6.1-4

2.2-5
3.0-5
£.1-5
1.34

2.3-5
2.6=3
3.9-5
8§.3-5

2.0-5
2.0-3
2.0-5
2.0-5

2.0-5
2.0-5
2.0-3
2.0-3

2.0-3
2.0-5
2.0=5
2.0-5



TABLE 171-18

New PWR Public Risk Parameters
for an Increase in Svstem Failure Probability

s

st

E

-

sz

A

System/ :
Function Total Property
Code(s) Factor - Early Deaths/yr Latent Cancers/yr Damage 10°$
base value 4.58=5 5.63=4 2.13-2
ML 3 7.74=5 8.74=4 3.29-2
10 1.88=4 1.97-3 1.37-2
30 5.03=4 5.08-3 1.90-1
100 1.61-3 1.60-2 5.97=1
c 3 4,94~5 71.97=4 2.55~2
10 6.21-5 1.62-3 4.02-2
30 . 9.82~5 3.96-3 8.23—?
100 2.25=4 1.22-2 2.30-1
H 3 4,59-5 5,80-4 2.59=2
10 4,64=5 6.41~4 4,18-2
30 4.76-5 8.16-4 8.75-2
100 5.20-5 1.43-3 2.47-1
G 3 4.60-3 5.74=4 2.15=2
10 &4.65~5 6.13=4 2.22-2
30 4.81-5 7.20=4 2.41-2
100 5.38=5 1.10-3 3.09=2
D 3 4,59-5 5.72=4 2,35~2
10 4.61-5 6.03=4 3.10-2
30 &4,67-5 6.93-4 5:26=2
100 4.,90~5 1.01-3 1.28-1
K,Q 3 4.58=5 8.67=4 2.16=2
10 4.59-5 5.80-4 2.26=2
30 4,62-5 6.19-4 2.56=2
100 4,72-5 7.54=4 3.59=2
¥ 3 4,59-5 5.65-4 2.13=2
10 4.60-5 5.73=4 2.15-2
30 4.,63=5 5.97=4 2.19=2
100 4,75=5 6.79-4 2.34-2



Table ITI-19

Increase in PWR Core Melt Probability for an Increase in
System Failure Probability

System/ Factor Increase in Core Melt Probability
Function For Factor Increase in System Failure Probability
Code(s)
Ratio of Factors

3 10 30 100 10/3 30/10 100/30
H 1.86 4.86 13.4 43.5 2.61 2.76 3.25
D 1.40 2.82 6.86 21.0 2.01 2.43 3.06
LM 1.27 2.20 4.86 14.2 1.73 2.21 2.92
c 1.15 1.65 3.11 8.19 1.43 1.88 2.63
K.Q 1.05 1.21 1.69 3.35 1.15 1.40 1.98
G 1.01 1.03 1.10 1.33 1.02 1.07 1.21
F 1.00 1.01 1.02 1.07 1.01 1.01 1.05
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Table III-20

Increase in PWR Public Risk of Early Death for an

Increase in System Failure Probability

Factor Increase in Early

Death for Factor Increase in

System Failure Probability

1Q
4.11

1.36

1.02

1.01

1.01

30
11.0

2.14

1.05

1.04

all less than 1.01

System/Function

Code(s)
3

M,L 1.69
c 1.08
G 1.00
H' 1.00
D 1.00
K,A,F

100
35.2

4.91

1.17

[

.13

1'07

~B8l4m

10/3
2.43

1.26

1.02

1.01

1.01

Ratio of
Factors

30/10 100/30

2.68 .3.20
1.57 2.29
1.03 1.11
1.03 1.09
l1.01 1.05



Increase In PWR Public Risk of Latent Cancers/yr for

Table II1-21

an Increase in System Fajlure Probability

System/Function
Code(s)
3
M,L 1.55
C 1.42
G 1.02
H 1.03
D 1.02
K,Q 1.01
F 1.00

Factor Increase in Latent Can-

cers for Increase in System

Failure Probability

10
3.49

2.88

1.09

1.14

1.07

1.03

1.02

30
9.03

7.04

1.28

1.45

1.23

1.10

1.06

=85~

100

28.4

21.6

1.95

2.54

1.79

1.34

1.21

'10/3

2.35

2.03

1.07

1.11

1.05

1.02

1.02

Ratio

of

Factors
30/10

2.59

2.44

1.17

1.27

1.15

1.07

1.04

100/30

3.15

3.07

1.52

1.25

1.22

1.16
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Table 111522

Increase in PWR Total Property Damage 106$/yr for an

Increase in System Failure Probability

Factor Increase in Total Property Ratio of
System/Function Damage for an Increase in System Factors

Code(s) Failure Probability

3 10 30 100 10/3  30/10 100/30
D 1.10 1.46  2.47 6.01  1.33 1.69  2.43
M,L 1.5 3.46 8.9?> 28.0  2.23 2.8  3.14
c © 1,20 1.89  3.87 10.8  1.58  2.05  2.79
B 121 1.96 401 116 162  2.10  2.82
K,Q 1.0 1.06 1.20 1.69  1.05 1.14  1.41
G 1,00 1.06 1.13  1.65  1.03  1.09  1.28
F 1.00 1.00 1.03 1.10 1.0l 1.02 . 1.07

~86-



TABLE II1-23

New Release Categorv Probabilities

for a Reduction in Generic Component Failure Probabilities

Generic
Failure
Type Factor
base value
Human 3
Error 10
30
100
Control 3
10
30
100
Electric 3
Power 10
30
100
Test and 3
zztzten- 10
30
100
Pumps 3
10
30
100
' Values 3
10
30
100

Release Category Probabilities

1
3.9-8
1.6-8
7.8-9
5.6-9
4.9-9

3.8-8
3.7-8
3.7-8
3.7-8

1.8-8
1.3-8
1.2-8
1.1-8

3.6-8
3.5~-8
3.4~8
3.4-8

3.8-8
3.8-8
3.8-8
3.8-8

3.8-8
3.8-8
3.8-8
3.8-8

2
6.2-6
4.9-6
4.5-6
4.4-6
4.3-6

6.2-6
6.1-6
6.1-6
6.1-6

4.6-6
4.2-6
4.1-6
4.0-6

6.0-6
5.9-6
5.9~-6
5.9-6

6.2-6
6.2-6
6.2-6
6.2-6

6.2-6
6.1-6
6.1-6
6.1-6

3
2.6-6
1.0-6
5.5=7
4.1-7
3.6-7

2.4-6
2.3-6
2.3-6
2.3-6

2.5-6
2.5-6
2.5-6
2.5-6

2.4-6
2.4-5
2.4-6
2.4-6

2.5-6
2.5-6
2.5-6
2.5-6

2.5-6
2.5-6
2.5-6
2.5-6

-87-

4
1.3-11
4.2-12
1.8-12
1.2-12
1.0-12

9.8-12
9.1-12
8.9-12
8.8-12

1.2-11
1.2-11
102-11

' lo 2-11

1.0-11
9.13-12
9.1-12
9.0-12

9.7-12
9.1-12
8.9-12
8.8-12

9.6-12
8.9-12
8.7-12
8.6-12

6
S.4=7
2.2-7
1.2-7
8.5-8
7.5-8

5.2-7
5.2-7
5.2-7
5.2-7

1.6-7
5.2-8
2.6-8
1.7-8

4.9-7
4.7-7
4.6-7
4.677

5.3-7
5.2-7
8.2-7
5.2-7

5.2-7
5.2-7
5.1-7
5.1-7

7
2.0-5
1.3-5
1.0-5
9.8-6
9.5-6

1.6-5
1.5-5
1.5-5
1.5-5

2.0-5
2.0-5
2.0-5
2.0-5

1.9-5
1.8-5
1.8-5
1.8-5

1.8-5
1.8-5
1.8-5
1.8-5

1.8=-5
1.7-5
1.7-5
1.7-5



New PYR Risk Parameters for a
Reduction in Generic Component Failure Probabilities

base value Factor Ear1y~' .Llatent Total Propéffy
" ' Deaths/yr  Caancers/yr Damage 10
Buman 3 4.58-5 5.63-4 2.13-2
Exrvor 10 3.18-5 3.31-4 1.33-2
30 3.08-5 3.15-4 1,27-2
100 3.05-5 3.09-4 1.25-2
Electrie .3 3.42-5 b .48=4 1.71-2
Power 10 3.11-5 4.17-4 1.60-2
30 3.04~5 4.09-4 1.57-2
100 3.01-5 4.07-4 1.56-2
Test and 3 6.61-5 5,414  2.04=2
Mainten~ - -
ance .10 4.35-5 5.33-4 2.01-2
- 39_‘ 40 34-5 5 ] 30‘4 2 . 00—2
100 4.33-5 5.30~4 2.00-2
Control 3 4.53-5 5.48-3 2.03-2
10 4.51-5 5.43-3 2.01-2
30 4.51-5 5.42-3 2.00-2
100 4.50-5 5.42-3 2.00-2
Pumps 3 4.55-5 5.57-4 2.09-2
' 30 4.54-5 5.54~4 2.07-2
. 100 4.53-5 5.54=4 2.07-2
Valves . 3 4,535 5.55-4 2,07-2
10 - 4.51-5 5.53-4 2.06-2
30 4.51-5 5.52~4 © T 2.05-2

- 100 - 4,51~5 . 5.52-4 2.05-2



Table 111-25

Reduction in PWR Core Melt Probabilicy

for & Reduction in Generic Component Failure Probabilities

Generic Failure

Type

Buman Error

Control

Electric Power

Test and Maintenance

Valves

All Hardware

Factor Reduction in Core Mel:
Probabilitv for Facco r Reduc-
tion in Generic Failure Probabili-

3
1.5

1.1a

1.085

1.060

1.061

1.078

1.194

10 ties 130
1.873 2.000
1.199 1.208
l1.111 1.118
1.082 1.089
1.077 1.081
1.102 1.108
1.259 1.277

-89-

100
2.049

1.210

1.120

1.091

1.082

1.110

1.283

Racio of Factors

10/3
1.223

1.033

1.024

1.0

1.013

1.022

1.054

30/10
1.068

1.008

1.006

1.006

1.004

1.005

1.014

100/30
1.025

1.002

1.002

1.002

1.001

1.002

1.005
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Geveric Failure
Type

Human Errov

Electric Power

Test and Muﬁmcn

Control

Valves

A1l Bardware

Table 171-26

Reduction ic PWR Public Risk of Earlv Death
for & Reduction in Gemeric Compomen: Failure Probatilicies

Factor Reduction in Farly Death

3
1.298

1.338

1.038

1.012

1.007

1.012

1.047

10
1.441

1.47%

1.052

1,016

1.010

1.015

1.063

3
1.648

1.510

1.056

1.017

1.010

1.017

1.068

100

1.508

1.523

1.058

1.01?

$+.011

1.017

1.070

Ratio of Factors

10/3
.1uc

1.099

1.033

1. oo‘

1.003

1.003

1.015

30/10
1.033

1.027

1.004

1.000

1.003

1.002

1,005

"100/30
1.011

1.09%

© 1.003

1.000

1.001 -

1.000

1.002



‘Table III-27

".Reduetion in PWR Public Risk of Latent Cancers/%Yr.

for a Reduction in Generic Compoment railure Probabilities

Generic Failure

" Type
Buman Error

Electric Power

Test and
Maintenance

Contzol

Pumps

Valves

All Hardware

3
1.446

1.257

1.041
1.027
1.0;1
1.014

1.05Q

Factor Reducticn in Latemt Cancers/Yr.

- 10 30 100

1.698 1.786 1.819

1.350 1.375 1.384

1.056 1.061 1.062
1.035 1.038 1.038
1.014 - 1.015 - '1.016
1.018 1.020 1.020

1.067 1.071 1.073

-91-

10/3
1.174

1.074

1,014

1.008

- 1.003

1.004

1.016

Ratio of Factors

30/10
1.052

1.019

1.005

1.003

1.001

1.002

1.004

100/30
1.018

1.007

1.001
1.000
1.001
1.000

1.002

I~
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Table III-28

Reduction in PWR Total Propertv Damage 1065
for a Reduction in Generic Componen: Failure Probabilities

Gener ic Tailure
Type
Human Error

Control

Electric Pover

Test and Maintenance

Valves

All Hardware

Factor Reduction in Total Property
Dansge

3
1.3%0

1.049

1,244

1.044

1.021

1.027

1.080

10
1.602

1.060 .

1.330

1.060

1.026

1.036

1.105

30
1.673

1.063

1.355

1.065

1.028

1.038

1.112

100
1.699

1. 06‘

1.363

1.067

1.028

1.039

1.115

Ratio of Factors

10/3
1,152

1.010

1.069

1.018

1.005

1.009

1.023

30/10 100/30
1,045 1.006

1.003 1.001

1.029 1.006

1.005 1.002
© 1.002 1.000
1.002 1.001

1.006 1.003



Generic Sensitivicty Breakdown for Reductionms

TABLE IT329

Generic Failure

Human Error

143 Valves Left Closed
147 Manual: CLCS
148-Valves Left Open
" 141 Valve not Opened
157 Procedure Error
161 MOV to Hot

160 MOV to LPRS Pumps
145 Valve Left Open
155 Valve Closed

158 Procedure Error

All Hardware

44 Diesels

107 Standby Pump

80 Valve Fails to Open
63 MSVH vValve

47 Suction Damper

68 Relief Valves Fail

101 Turbine Pump

45 3 or More Rods Fail
323 Pump Start

42 Header End Cap

in Total Property Damage

Ratio of Factor Reductions

/1

1.390
1.197
1.029
1.026
1.023
1.017
1.016
1.016
1.010
1.003
1.002

1.080
1.021
1.013
1.008
1.007
1.005
1.005
1.003
1.002
1.002
1.002

10/3

1.152
1.074
1.010
1.009
1.006
1.006
1.006
1.006
1.003
1.001
1.001

1.023
1.007
1.004
1.002
1.002
1.002
1.002
1.001
1 001
1.001
1.001

30/100
1.045
1.022
1.003
1.003
1.002
1.002
1.002
1.002
1.001
1.000
1.000

1.006
1.002
1.001
1.000
1.001
1.001
1.001
1.000
1.000
1.000
1.000

100/30
1.016
1.008
1.001
1.001
1.001
1.001
1.001
1.001
1.000

~1.000

1.000

1.003
1.001
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000



e

TABLE III-30

Generic Sensitivity Breakdown for

Reduction in Early Deaths

System
Function
Failure

Test and Maintenance

221 L:Turbine

222 L:SOV-102

224 C:Spray Subsystem
227 Changing Pumps
223 1 drain RPS

230 F: inside Legs

Control

201 Circuit Fails
203 CLCS

204 Pump -

Ratio of Factor Reductions

3/1
1.038

1.026

1.009

1.002

10/3
1.013

1.009

1.003

1.001

all contribute

1.012
1.009
1.002

1.001

4=

1.004

1.003

.1.001

1.000

30/10
1,004

1.003

1.001

1.000

<.01%

. 1.001

1.001

1.000

1.000

100/30
1.002

1.001

1.000

1.000

1.000

1.000

1.000

1.000



TABLE IIT -31

Increase in PWR Core Melt Probability for

an Increase in Generic Component Failure Probability

Generic
Failure

Type

Human
Error

Cont;ol

Electric
Power

Test and
Maintenance

Valves

Pumps

Factor Increase in Core Melt

Probability for Factor Increase Ratio of
in Generic Failure Probabilities Factors
3 10 30 1100 10/3  30/10 100/30
2.10 7.16 73.6 864  3.41 10.28 11.74

1.95 11.6 94.0 1126 5.95 8.10 11.98

1.39 4.57 29.2 29.7 3.29 6.39 10.17

1.17 1.76 3.46 9.44 1.50 1.97 2.73
1.35 4.18 25.9 261 . 3.10 6.20 10.08

1.32  4.26 28.5 345 3.23 6.69 12.11

o
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TABLE III-32

Increase in PWR Public Risk of Early Death for

an Increase in Generic Component Failure Probabilities

Generic
Failure

Type
Human
Error

Control

Electric
Power

Test and
Maintenance

Valves

Pumps

Factor Increase in Early Death for
Factor Increase in Generic
Failure Probabilities

3
1.80

1.05

2.29

1.11
1.04

1.03

10
7.11

1.40

13.1

1.50

1.25

1.19

30 ¢V

73.1

3.84

97.5

2.60

2.47

2.54

~96-

00
2044

29.8

1019

6.47

13.9

30.4

10/3
3.95

1.33

5.72

1.35

1.20

1.16

Ratio of
Factors

30/10
10.28

2.74

7.44

1.73

1.98

2.13

100/30
27.96

7.76

10.45

2.49

5.63

11.97



TABLE III-33

Increase in PWR Public Risk of Latent Cancers/yr

for an Increase in Generic Component Failure Probabilities

Generic
Failure

Type

Human
Error

Control

Electric
Power

Test and
Maintenance

Valves

Pumps

3

2.08

1.12

2.06

1.12

1.05

1.05

Probabilities
10 30

8.53 73.6
2.08 9.34
11.0 81.1
1.53 2.60
1.34 3.15
1.39 4,72

100

1766

93.0

848

6.47

20.9

77.0

Factor Increase in Latent Cancers for
Factor Increase in Generic Failure

10/3

4.10

1.86

1.37

1.28

1.32

Ratio of
Factors

30/10

8.63

4.49

7.37

1.70

2.35

3.40

100/30

23.99

9.96

10.46

2.49

6.63

44.7



*Increase in PWR Total Property Namage 106§ for an

TABLE III-34

Increase in Generic Component Failure Probab;iities

Ratio of

Generic
Failure .

Type

Human
Error

Control

Electric
Power

Test and
Maintenance

Valves

Pumps

Factor Increase in Total Property

Damage for Factor Increase in

Generic Failure Probability

3
1.96

1.29

2.00

1.13

1.12

1.10

avalanching c-n help to set boundary criterion

10
7.54

4.03

10.4

1.16

1.97

1.97

30 100
66.0 1674
26.9 298
76.0 793
2.84 7.29
8.24 74,7
9.37 119

=98~

10/3
3.85

3.12

5.20

1.03

1.76

1.79

Factors

30/10
8.75

6.68

7.31

2.49

4.18

4.76

100/30
25.36

'11-08

10.57

2.57

9.07

12.70
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Y

base case
point value
median value
952 limit

increasing LOCAs

new EF = 30

new median,( ratio
to base)

95% limit,( ratio
to base

increase transient

new EF = 6

new median (ratio
to base)

952 limit (ratio
to base)

increase vessel rupture
new EF = 30

‘new median (ratio
to base)

952 limit (ratio
to base)

new EF = 100

new median (ratio
to base)

952 limit (ratio
to base)

TABLE ITE36

Variational Analysis
PWR Initiators

New Release Category Median Probabilities,

New 95% Confidence Limit, and Ratio's of

Nav to Base Values for Increasing Initiator
Exrror Factor

Release Category Probability

6-05"8
1. 10-7
6.73-7

1.26-7(1.15)

9.63-7(1.43)

1.27-7(1.15)

1.10-8(1.00)

6.73-7(1.00)

6.73-7(1.00)

-100-

Characteristics

2
7.88-6
1.30-5
7.99=5

1.30-5(1.00)

7.99-5(1.00)

1.51-5(1.16)

1.07-4(1.34)

1.30-5(1.00)

7.99-5(1.00)

1.31-5(1.01)

2.74~6
4 . 08"6
3.63-5

5.33-6(1.31)

9.33-5(2.57)

4.27-6(1.05)

3.65-5(1.01)

4.08-6(1.00)

3.63-5(1.00)

3.63-5(1.00)



TABLE 11136

Variational Analysis
(cont'd)

-
fro
jw

increase all initiators
EF's x 3

new median
(ratio to base) 1.51-7(1.37) 1.73-5(1.33) 5.53-6(1.36)

95Z limit (ratio
to base) 1.29-6(1.92) 1.94-4(2.43) 9.46-5(2.61)

increasing LPIS ck.
valve

new EF = 30

new median (ratio to
base) . 1.44-5(1.00)

new 95% limit (ratio to base) 1.53-4(1.91)
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TABLE III-37

PWR

Variational Analvsis

Increasing All Error Factors (EF)
Release Category 1

Release Category 1

Point Value
median
EF (95%)

Increase all EF by 3

median
EF(95%)

confidence
level of pcint

ratio of med/
point

Increase all EF by 10

median
EF (95%2)

confidence leavel
of point

ratio of med/
pt
Increase all EF by 30

median
EF (95%2)

confidence level
of point

ratio of‘med/pt

Base case Ratio of Median/point = 1.82
6.050-8 Confidence

1.099-7 Levél of point

6.1 - value ~ 28%

Ratios of:
median error factor (95%)
2,257-7 2.05
3.26

~ 202

‘3.73

5.332.7 4.85

77.0 12.56

~ 192

8.81

1.255-6 11,42

201.1 ‘ 32.90

~ 172

20.7
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TABLE III-38

PWR
Variational Analysis
Increasing All Error Factors
Release Category 2

Release Category 2 base case

point value
median

EF (95%)

Increase all EF by 3

median
EF(95%)

confidence
level of point

ratio of med/
point

Increase all EF by 10

median
EF (95%)

confidence level
of point

ratio of med/
Pt
Increase all EF by 30

median
EF (95%)

confidence level
of point

ratio of med/
pt

1.305-5

6.13

19.2

~ 20%

3.73

4.386
73.7

~ 22%

5.57

7.07-5
152.8

~22%

9.65

Ratio of median/point = 1.66
Confidence Level of Point

Value ~ 30%
Ratios of:
median error factor(95%)
1,82
3.13
3.36
12.02
5.83
24.93
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TABLE ITI-39
PWR

Variational Analysis
Increasing All Error Factors (EF)
Release Category 3

Release Category 3 base case ratio of mediaﬁ/point = 1,149
confidence level
of point value ~ 37%

point value 2.739-6
median 4.083-6
EF (95%) 8.90

Increasing all EF by 3

median 8.825-6 - 2.16
EF (95%) 22.6 2.54
confidence
(point) 24%
ratio med/pt 3.23
Increase all EF by 10
median 2,789-5 6.83
EF (95%2) 69.5 7.81
confidence ~ 14% )
ratio med/pt 10.2

Increase all EF by 30

median 8,723-5 21.36
“EF (95%) 185.6 20.85
confidence ~ 10%

ratio med/pt 31.9
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TABLE 11I--41
Variational Analysis

PWR Public Risk of Latent Deaths/yr
for an Increase in System Error Factors
by Factors of 3 and 10

System
Function b
Code Factor lower bound median upper bound
base case base case = 1.112-3 confidence level = 417
1 3 3.286~4 (4.99) 1.639-3 1.083-2 (6.61)

10 3.197-4 (6.79) 2.172-3 2.712-2 (12.5)

M 3 3.268-4 (4.95) © 1.617-3 1.007-2 (6.23)
10 3.251-4 (6.40) 2.082-3 2.398-2 (11.5)

c ' 3 3.224-4 (4.62) 1.491-3 7.648-3 (5.13)
10 3.145-4 (5.46) 1.718-3 1.361-2 (7.92)

F 3 ©3.355-4 (4.10) 1.375-3 6.495-3 (4.72)
10 3.440-4 (4.19) 1443-3 6.699-3 (4,64)%

* all others h~d insignificant effects on the

median and error factor of the latent deaths

‘probability distribution.
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TABLE III-41A

Key to BWR Tables

Failure to remove residual core heat

Failure of the reactor protection system

Failure of normal feedwater system to

provide core make up water

Failure of HPCI or RCIC to provide core

make up water

Failure of the low pressure ECCS to

provide core make up water
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TABLE III-42

New PWR Probabilities for Releases 1, 2 and 3

for Factor Reduction in Function/Svstem Failure Probabilitv

System/Function Release Category Probabilities
bc:s? case Factor 2.128-7 2.294-6 1.7395-5 ‘
W 3 1.35-7 1.07-6 1.065-5
.10 1.02-7 4,20-7 8.05-6
30 9.27-8 2,33-7 7.32-6
100 8.94-8 1.68-7 | 6.96-6
c. 3- 1.74-1 2.94-6 ~ 1.365-5
10 1.55-7 2.94-6 1.220-5
30 1.50-7 | 2,-4-6 1.176~5
100 1.48;7 , 2.94-6 1.161-5
Q,U,V B 2,23-7 2.85-6 | 1.758-5.
10 2.22-7 - 2.81-6 1.745-5
30 2.21-7 2.80~6 | 1.742-5
‘_ 100  2.21-7 2.80-6 1.‘741-5
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TABLE III-43

Reduction;;p PWR Core Melt Probabilitv and

Total Property Damage for a Reduction in System Failure

Probability
System/Function Factor Reduction due Ratio of Factors to
Code (s) to a reduction in System Illustrate Diminishing
' Failure Probability Return
3 10 30 100 10/3  30/10 100/30

Core Melt Probability

W 1.790 2.475 2.779 2,904 1.383 1.123 1.045
c 1.255 1.328 1.418 1.432 1.098 1.029 1.010

Q,U,v 1.022 1.031 1.033 1.034 1.009 1.002 1.001

Total Property Damage

w 1.746 2.363 2.628 2,736 1.353 1l.112 1.041
c . 1.279 1.418 1.463 1.479 1.109 1.032 1l.011
Q,u,v 1.022 1.029 1.032 1.033 . 1.007 1.003 1.001
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TABLE I11-44

Reduction in BWR Public Risk of Early and Latent
- Deaths for a Reduction in System Failure Probability

- System/Functon Factor Reduction due Ratio of Factors to
‘ Code(s) to reduction in system Illustrace Diminishing
failure probability Return
| 3 10 30 100 10/3  30/10 100/30
Early Deaths
- W 1.762 2.403 2.682 2.796 1.364 1.116 1.043
- c 1.270 1.378 1.446 1.462 1.085 1.049 1,081
- Q,Uu,v 1.022 1.030 1.032 1.033 1.008 1.002 1.001

Latent Deaths

W 1.724 2.310 2.558 2.658 1.340 1.107 1.039
c 1.292 1.438 1.487 1,506 1.113 1.03%4 1l.011
Q,u,Vv ‘ 1.021 1.029 1.031 1.032 1.008 1.003 1l.001
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TABLE ITT<45
BWR System Breakdown for Summary of Release Cate-
gories 1, 2 and 3 for a Reduction in Function/
System Failure Probability

Punction/System Factor Reduction in Release Categories due

Failure is: " to reduction by a factor of
' 3 ‘10 30 " 100
Remove Residual Core Heat 1.790 2.475 2.779 2.904
Power Conversion System 1.790 2.475 2,779 2.904
Residual Heat Removal 1.790 2.475 2.779 2.904
Low Pressure Coolant In-
jection 1.422 1.668 1.755 1.788
High Pressure Service ‘
Water 1.172 1.246 1.266 1.274
Reactor Protection ©1.255 1.378 1.418 1.432
Manual Reserve Shutdown .1.255 1.378 1.418 1.432
Reactor Protection System 1.255 1.378 1.418 1.432
3 or more rods fail 1.082  1.114 1.123 1.127.

Normal Feedwater System )
Makeup 1.022 1.031 1.033 1.034

with onsite AC 1.016 1.021 1.023 1.024
without onsite AC 1.006 1.009 1.009 1.010
HPCI or RCIC Makeup 1.022  1.031 1.033 1.034
HPCI 1.012 1.015 . 1.016 " 1.017
HPCI test and maintenance 1.010 1.013 1.014 . 0.015
RCIC .ol 1.014 1.015 0.016
RCIC test and maintenance 1.011l 1.014 1.016 1.016
Low Pressure ECCS Makeup 1.022 1.031 1.033 1.034
Manual Activation 1.012 1.017 1.018 1.018
Low Pressure ECCS System 1.010 1.013 1.014 1.015
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TABLE I1I-46

Increase in BWR Public Risk of Earlv and
Latent Deaths for an Increase in System
Failure Probability

(Increase in Parameter for an Increase Ratio of Factors
in System Failure Probability
3 10 S 30 100 10/3 30/10  100/30
- Early Deaths
w 2.30 6.84 19.8 65.2 2,97 2.89 3.29
- C 1.64 3.87 10.3 32.6 2.36 2.66 3.17

Q,u,v 1.06 1.29 -1.94 4.19 1.22  1.50 2.16

Latent Deaths

W 2.26 6.67  19.3  63.4 2.95  2.89  3.28
¢ 1.68 4.05  10.8  34.5 2.41  2.67  3.19
Q,U,v  1.06 1.28  1.91  4.10 1.21  1.49 2.15
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Q,u,v

Q,U,v

TABLE ITI-47.

Increase in BWR and Total Property Damage

3

2.32

1.61

1.07

2.28

1.66

1.06

for an Increase in System Failure

Probability

Increase in Parameter for an
Increase in System Failure

Probability
10 30 100

Core Melt Probability
6.96 20.2 ' 66,2

3.74 9.84 31.2

1.30 1.95 4.26

Total Property Damage
6.77 19.6 64.4

3.95 10.5 33.4

1.29 1.92 4.15

-113-

Ratio of Factors

10/3
3.00
2.32

1.21

2.97
2.38

1.22

3o/10

2.90

2.63

1.50

2.90

2.66

1.49

100/30

3.28

3.17

2.18

3.29

3.18

2.16
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TABLE I1I-49

Sensitiviev of BWR Core Melt Probability to Reduction in

Failure Probabiliszr of Varjous Generic Failure Tvpes

Gmrih
Failure
Type

Factor Reduction in Core Melt

Probability Due to Reduction in
Failure Probability by s Factor of

Ratio of Factor Reduce
tions to Illuscrate
Diminishing Returns

Human Error
and
Test &

Maintenance

Human Error

All BHardware

Test & Maint-
enance

Valves

Pumps

3

1.693

1.491

1.446

1.101

1.052

1.003

10

2.119

1.749

1.711

1.138

.01

1.008

o

2.271
1.835

1.806

1.14%

1.076

«l15-~

100

2.328

1.866

1.841

1.153

1.078

1.009

10/3

1.252

1.173

1.185

1.034

2.018

1.005

30/10

1.072

1.045

1.056

1.010

1.005

1.001

100/30

1.017

1.012

1.003

1.002

1.00C
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TABLE II1-50

Reduction in BWR Public Risk of Early Deaths
for a Reduction in Generic Component Failure Probabilities

Generic Factor Reduction due to Ratio of Factors
Failure Reduction in Generic Com- to Illustrate Dim-

Type ponent Probabilities inishing Return

3 10 30 100 10/3 30/10 100/30
Human Error
and

Test and Main-

tenance 1,712 2.156 2.316 2.376 1.259 1.074 1.026

Human error 1.491 1.780 1.871 1.9¢4 1.194 1.051 1.018

A1l Hardware 1.434 1.687 1.777 1.810 1.176 1.053 1.019

Test and Main-

tenance 1.099 1.136 1.146 1.150 1.034 1.009 1.003
Valves 1.051 1.069 1.075 1.077 1.017 1.006° 1,002
Pumps 1.006 1.008 1.009 1.009 1.002 1.001 1.001
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TABLE 1II-31

Reduction in BWR Public Risk of Latent Deaths

for a Reduction in Generic Component Failure Probabilities

Generic
Failure

Type

Human Error
and

Test Mainten-
ance

Human Error

All Hardware

Test and
Maintenance

Valves

Pumps

Ratio of Factors to
Illustrate Diminishing

Factor Reduction due to
Reduction in Generic Component

Probabilities Return
3 10 30 100 10/3 30/10 100/30
1.739  2.209 2.380  2.445 1.270 1.077 1.027
1.53 1.825 1.924  1.960 1.190 1.054 1.019
1.416 1.656 1.738  1.769 1.168 1.051 1.018
1.097 1.132 1.143  1.146 1.032 1.010 1.003
1.049 1.067 1.072 1.074 1.017 1.005 1.002
1.006 1.008 1.008  1.009 1.002 1.000 1.001
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TABLE ITI-S52

Reduction in BWR Total Property Damage for
& Reduction in Generic Component Failure Probabilities

Human Error Factor Reduction due to Reduc- Ratio of Factors to I1-

and tion in Generic Component lustrate Diminishing
Probabilities Return
Test and Main- 3 10 30 100  10/3 30/10 100/30
tenance 1.723 2.178 2,343 2.405 1.264 1.076 1.026

 Human Error 1.520 1.799 1.893 1.928 1.184 1.052 1.018

All Hard-
ware 1.426 1.673 1.760 1.792 1.173 1.052 1.018

" Test and

Maintenance  1.098 1.134 1.145  1.148 1.033 1.010 1.003
Valves 1.050 1.068 1.076  1.076 1.017 1.006 1.002

Pumps . 1.006 1.008 1.009 1.009 1.002 1.001 1.000
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TABLE III-53

Increase in BWR Sum of Releases 1, 2, and 3 for
an Increase in Generic Component Failure Probabilities

Generic Factor Increase due to Ratio of Factors to
Failure Increase in Generic Com- Illustrate Increasing
Type ponent Probabilities Return
Human Error 3 10 30 100 10/3 30/10 100/30

and
Test and

Maintenance 2.85 16.7 ~ 119. 1211. 5.86 7.13 10.18
Human Error 2.40 12.2 82.0 814, 5.08 6.72 9.93
All Hardware 1.95 5.66 20.8 179. 2.90 3.67 8.61

Test and
Maintenance 1.34 3.31 15.6 136 2.47 4.71 8.72

Valves 1.15 1.82 4.94 3l1.1 1.57 2.71 8.32

Pumps 1.02 1.11 1.61 7.83  1.09 1.45 4.86

=119~



......

e

.

e

K

i

i

Ly

Table III-54

Variational Analysis
BWR ‘
Increasing All Error Factors

Release Category 1 and 3

Ratio of Probability of Release 3 to Rrghéhj]1:¥ of Release

Ratio of Median/point = 1.43
Coniidence Level ~ 33%

of point value

Point Values 3.318-7
Median 4.760-7
EF (95%) 5.67 Median Ratios of EF

All EF increased by 3
median 8.768-7 1.84

by 10

median 1.853-6 3.89
EF (95%) 111.5 ‘ 19.66

by 30

median 3.541-6 7.4

EF (95%) 484.9 85.52
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Table ITI-55

BWR
Variational Analysis
Increasing All Error Factors (EF)
Release Category 2

Release Category 2 base case ratio of median/point = 1.42
Point Value 3.996-6 confidence

Median 5.670-6 level of point value

' v 39%

EF(95%) 7.769

- New Values

median ratios of error facteor (95%)
Increase all EF by 3
median 9.630-6 1.70

EF(95%) 32.74 $.21

Increase all EF by 10
median 2.115-5 3.73

EF (95%) 220.4 28.37
Increase all EF by 30

median 3.221-5 5.6d

EF(95%) 673.5 86.69
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System

Code

.base case

Factor

10

10

10

TABLE ITI-56

Variational Analvsis =

BWR Svstem Uncertainty

Release Category Characteristics
1

nedian'~hppe: bound median -hpper bound

4.76=7 2.70-6

5.39=7 6.30-6

1.17 2.33
6.71-7 2.02-5
1.41 7.48
1.92-7 6.15-5
1.66 22.8

5.46=7 3.66=6
1.15 1.36

""Event £ Does Not coutribute.

6.16=7 7.37=6

1.29 2.73
6.69-7  1.79-5
1.41 6.63
5.21-7  3.38-6
1.09 1.25
5.73-7  4.98-6
1.20 1.84
5.09-7  3.10-6
1.07 1.15
5.43=7  4.35-6
1.14 1.61
5.09-7  3.02-6
1.07 1.12
5.55-7  3.94~6
1.17 1.46

*
Does not contribute

-122-

5.67-6

6.82-6
1.20
8.51-6
1.50
1.08=5
1.90

*

*

6.39=6
.13
6.92-6
1.22

6.08-6
1.07
6.51-6
1.15

6.12-6
1.08
6.53-6
1.15

4.41=5

1.16=-4
2.63
3.97-4
9.00

* 10 21’3

27.4

*

6.20=3
l1.41
9.04=5
2.05

551-5
1.25
£.07=5
1.83

5.33-5

1.21
7.18-5
1.63



IV. Conclusions and Recommendations

The computer code LWRSEN is developed to provide a calcula-
tional method for determining the sensitivity of the RSS results to changes
in thé input data. With this code the sensitivity of public risk to point
value failure rates may be explored. The computer code PLMODMC, which was
previously developed under NRC contract résearch,is used to calculate sen-
sitivity to failure probability distribution uncertainties and to establish
relatioqs between point value and probabilistic approaches to sensitivity
calculations. These codes provide the sensitivity analysis tools to help in
- decision making in research, quality assurance, inspection, and regulation.

In addition to the development of the methodology for calculating semsitivity,
this study performs a sensitivity analysis of RSS values for system and
individual component failure probabilities. The results of that analysis from
the 5asis for addressing the questions in the introduction.

1. What are the characteristics of sensitivity of public
risk to reductions or increases in input failure rates?

The magnitude of risk reduction for reductions of both system
and generic failure rates are generally less than, or about equg; to, two,
even for iarge reductions of up to factors of one hundred in failure rates.
Ar other general characteristic of the resylts are the diminishing returns
found at high reductions. In general, only reductions on the order of temn
- geem practical, with only a few major contributors deserving reductions as
high as thirty.

These results‘imply that there 1is no easy way to further reduce

the risks associated with the two nuclear power plants analyzed in the RSS.
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They also imply that there are no dominant failure modes in LWR's,* but a
combination of failure modes of roughly the same order of magnitude. There
are, however, four or five systems or functions, and two or three generic
categories, which are dominant contributors. Reducing these to the level
of the other failure modes probably results in an overall systeﬁ design
for which nothing short of a reduction of all failure modes, or some signi-
ficant change in initiators or containment failure modes, could result in a
significant further reduction in public risk.

The magnitudes associated with increasing failure probabilities
are mﬁch higher than found in the reduction analysis. This is to be expected,

because while reducing certain failure rates eventually results in other

failure rates dominating, increasing certain failure rates results in one

mode becoming more and more dominant. Not surprisingly, the dominant system
increases are the same as the systems which dominate the reductions. By
examining the increases, systems which are very sensitive can be identified
so that utilities, vendors and the NRC can be sure values like those in the
RSS are actually achieved. This should be of value to quality assurance man-
agers and inspectors responsible for public safety. .
2. What are the characteristics of the sensitivities to in-

creases in only the uncertaint ' of system failure rate probability distri-

butions?

*The LPIS check valve failure rates have been reduced for most, resulting
in approximately fifty percent less risk.
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In the case of the BWR, increasing the error spread of the
function (removal of residual core heat) by a factor of tem results in an
increase of the median value by about fifty percent, and a ninefold increase
in the upper bound. Therefore, a system of reactors such aé those in the
United States, or some small sqbset such as a multireactor utility, could
have higher.risk Jjust from a lack of efficient quality assurance from
reactor to reactor. This fifty percent increase is equal to or greater
tﬁan most reductions. When one considers the effect of the significantly
higher upper bound on public risk calculations, as well as public confidence,
the importance of monitoring safety system reliability with careful quality
assurance programs is evident. Uncertainty analysis on the system level can
provide information on which systems the quality control must be more strictly -
maintained. An analysis of uncertainties of generic classes is not performed,
but, given the results of the pint value generic analysis and the systems
uncertainty analysis, generic category uncertainties could also be very
important. The uncertainty analysis also giveé an indication of propagation
of system errors.

3. What are the major areas of potential public risk reduction?

For reducing public risk by improving the reliabiiity of present
systems, the generic class of human error events offers the most potential.
Human error‘is more sensitive than any one engineered safety feature and
would also appear to be the least costly to remedy. Work in this area would
also have the added benefit of reducing concern éver human initiated events,
in addition to possibly increasing the ability of human intervention tc miti-

gate accident consequences. The systems which contribute the most to public
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risk, as measured by early and latent deaths and total property damage,
are those_designed to mitigate the consequénces of transient évents.

In the case of the PWR, the only contribution to risk from containment
safety systemé is the cors spray injection system; otherwise,transient
and ECCS systems dominate the sensitivity to risk. In the BWR, anly'
transient events are considered, since they comprise almost one hundred
percent of the risk. |

4. What is the relationship between system and.generic sensi-
tivities and their individual component failure event sensitivities?

The results of the breakdown and comﬁination analysis indicate
that an approximate relationship between individual sensitivities and sen- |
sitivities to combinations of individual failures exists for low sensiti-
vities with ratios near 1.0. It also reaffirms a'strategy of reducing
dominant failure modes to the levels of other contributors as the most
effective means of reducing public risk.

5. What is the synergistic effecé of combining failure rate
reductions?

By reducing more than one important failure rate at a time,
the total sensitivity is larger than appropriate combinations of the sensi-
tivity to single fallure rates. The values of further reducti-ns are also
larger. For failure rates which are not very important (those with sensi-
| tivities only slightly greater than one), the approximate magnitude of a
combiration of failure rates can be estimated by the multiples of the indi-

vidual sensitivities,
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6. How do generic classes of failure affect risk as compared
to system failures?

The differences between systems and generic seasitivity charac-
teristics are best illustrated by the results of the sensitivity to factor
increases in fallure rates. While system effects tend to be additive, since
a system cannot fail twice in a failure event, generic effects can be
multiplicative. One or more human errors can combine, through and-gates
1ﬁ system fault trees, to produce risk increases greater than the initial
factor by which all the failure probabilities of generic type are increased.
For example, increasing human error by a factor of one hundred results in an
increase in latent cancers of almost two thousand over the base case results.
The avalanching effect should be carefully monitored for each generic type.
Different generic types start to "take off" at different factor increases.

- These take off points should provide upper bounds for allowable variation
of failure rates from plant to plant or utility to utility. In the case of
human error, this take off point is between factors of ten and thirty. To
be more conservative, lower points may be chosen to insure that large increases
in public risk do not occur for particular nuclear power plants.. In addition,
sensitivities to smaller factor reductions are larger for generic classes
than_for any systems. The system sensitivities tend to increase slightly
faster at higher factor reductioms, however,
| 7. What parameters are best used to estimate effects on overall
public risk?
| Tﬁis study shows that core melt probability is an effective

measure of public risk for the BWR. In the case of the PWR, however, the
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larger probability of low consequence core melt accidents, such as release
category 7, make core melt a misleading indicator. The.most important
release categories are numbers 1, 2, and 3.

8. What are the limitations of this study?

Any limitations from inaccuracies in the risk models are
addressed with other limitations in the methodology in Section II. In the
summary of Section III, modifications of the results, which are necessary
to account for differences between a'particular reactor and those addressed
in the RSS, are outlined.

| The limitations include the approximation used in WASH-1400
and the limitations of the code developed here. It should also be noted
that this analysis does not include sensitivities to containment failure
modes, and uses only the reduced fault trees of WASH-1400. However, because
this analysis deals only with ratios of changeé, many of these approximations
may cancel.

It should be noted that the above conclusions are based on the
analysis of the specific BWR and PWR analyzed in WASH-1400. Although it is
suspected that these conclusions may apply much more generally, no conclusion
about plants of a different design should be reached without an analysis of
that specific design. However, this study demonstrates that, given the
fault trees and event trees for any plant, the methods presented here can
be directly applied to provide a sensitivity analysis of that plant.

Finally, the results of this study indicate the following
iecommendations.

1. Further research on the relation between point value and

probabilistic techniques should be made, so that these
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results and similar ones can be used to estimate probabil-
istic results without the expensive calculations inherent

to such techniques.

2. The characteristic of the differential saféty gains,
represented by succeeding factor reductionms, indicate
generalities that should be studied further. The values of
differential safety gains seem to be dependent only on the
magnitude of small changes from the base value.

3. Some method of combining these results with other studies
which provide for parametric description of risk probability
distributions, should be attempted, so that an overall model,
"which will minimize the need for time consuming, expensive,
detailed calculations, can be established.

4, Further study should be done to assess the application of
this work to the licensing process. The feasibilit& of devel-
oping a more rational decision-making process, dependent on

a specific methodology, may eventually be develobed.

This study provides a calculation framework for ;nalyzing

" the sensitivity of risk to the input variable of the WASH-1400 analysis.
It can be used to provide a better understanding of how further risk reduc-

tion can se obtained most efficiently. Such methods should be a useful

tool for industry and government.
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Appendix A

Acronzgg

A list of acronyms,and the phrases they stand for, is provided

in order to aid the reader.

those used in the Reactor Safety Study.

ACC
ADS

AFWS

CLCS
CSIs
CSRS
ECRS

ECI

HPCI
HPIS
HPRS
HPSW
LPCI
LPECCS
LPIS
LPRS

PCS

Accumulators

Automatic Depressurization System
Auxilliary Feedw;ter System
Containment Heat Removal System
Consequence Limiting Control System
Containment Spray Injection Systeﬁ
Containment Spray Recirculation System
Emergency Core Cooling Recirculation System
Emergency Core Injection

Error Factor

High Pressure Coolant Injection

High Pressure Injection System

High Pressure Recirculation System
High ?ressﬁre Service Water

Low Pressure Coolant Injection

Low Pressure Emergency Core Cooling System

' Low Pressure Injection System

Low Pressure Recirculation System

Power Conversion System
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Acronyms (Continued)

RCIC
RER
RPS
RSS
SSRV
SICS

T&M

Reactor Core Isolation Cooling
Residual Heat Removal

Reactor Frotection System
Reactor Safety Study

Secondary Steam Relief Valves
Safety Injection Control System

Test and Maintenance
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Appendix B

LWRSEN Computer Code User's Manual

1. Introduction

The LWRSEN computer code was writtem to calculate the values of public

‘risk for light water nuclear reactors using the methodology developed in

the RSS. The code calcualtes the sensitivity to changes in the basic
inputs to the public risk calculation. These sensitivities are then out-

put under certain formats depending on the type of sensitivity calculations

performed. Basically, the three main subroutines, COMP, COMBIN, and ATTR,

calculate respectively: (1) individual sensitivities; (2) system, gemeric,
or combinations of sensitivities; and (3) combinations of sensitivities and
breakdown by individual components.

The code begins with the dominant event trees and uses system failure
rates to calculate release category probabilities. The system failure
rates are éalculated from user-supplied subroutines. This flexibility
allows the user the advantage of ﬁsing the code for his specific reactor.
In addition, the user may choose to develop the complexity of the system
fault trees to his own desired level of completeness. For example, one
could input a system failure equation of one hundred elements for one sys-
tem while, at the same time, giving only a point value without a tree fér
another system.. later in this manual a key is given to program statements
for which changes may be necessary to accommodate more than 250 and 130
components for the PWR and BWR, respectively. Two models for calculating

public risk are also given; one for each reactor. For many of the reactors
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located in the United States, only minor modifications to the model would
be required in order to use it for an analysis similar to that reported.
The model may easily be replaced by other more specific or advanced
models. If the reactors are identical to those chosen in the RSS, then
this program could be used without modificatiomn.

2. Input Preparation and Use

To prepare the code for use the first ste§ would be to compare the
réac:or under consideration with the two reactors analyzed in the RSS.
The sysﬁem fault trees for those reactors are illustrated in Appendix C.
The equations for those systems, as well as comments on the contributions
to risk, may be found in the listing of the system subroutines at the end
of this section. However, the user may choose to develop his own fault
trees. This 1s recommended since it would be just as easy for a user to
familiarize himself with his own reactor's fault trees as to study and
become familiar with the fault trees for the reactors used in the RSS.

The routines COMBIN and ATTR employ the s;broutine FACTOR to vary
system and/or gemeric failure probabilities. The capabilities of FACTOR
should be considered when one develops his own system fault trees. FACTOR
allows for thirty modules to be named for each reactor type. The array
.PCHNG controls the system subroutines by allowing for semsitivity of
modules which may comprise an entire function, a system within a function,
-or some user-chosen subsystem or module of components. The subroutine
FACTOR, upon receiving input in array AA of a number less than thirty,
activates a flag which will cause that module to be reduced by the factor

VERIBY. Additionally, FACTOR allows for structured data in the array of
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individual components: PCMPNT (250) for the PWR, and CﬁPNT (130) for the
BWR. Upon inputting to FACTOR a component number which is a multiple of
teﬁ, the subroutines will vary the nine components between the next multi-
ple of ten. This allows for generic classifications of data. The base
case datﬁ for the RSS was constructed this way. In that analysis compo-
nents in the category of human errors were placed in elements 140 through
179 of the PCMPUT array. Therefore, to change human errors one would
input to FACTOR through AA component numbers 140, 150, 160, and 170. Then

all of the human error components could be varied at once. The structure

- 48 available for as much classification as the user wishes.-

The routine ATTR allows fo? additional classification of data without
predetermined structures. One may input an.attribute for each component
in the array ATTR (10, 250). The number of attfibutes for each array is
given by the variable NATTR (10). There are places for tem such cases to
be run by tﬁe routine ATTR. A component with no attribute is signified by
inputting a zero. The ATTR routine then copies the component numbers of
the same attribute into the array AA for input to FACTOR. Up to fifty
components may be combined in this way for calculatioms. Attri@utes may
include all types of designations. For example, location within the plant
c~ruld be consi&ered an attribute; thus, common mode effects dependernt upon
fire or earthquake can be approximated by varying all components in the
same general environment for an earthquake or fire initiator. While this
aééroach méy not adequately describe common mode effects, it could perhaps

be used to set intuitive bounds.
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Given the available data structure, one should attempt to visualize
unusual modules when constructing system subroutines. Taking advantage of
the ability of FACTOR to change structures of data when designing the sys-
tem fault tree equations can lead to simple characterization of data.
Finally, the use of attributes in the ATTR routine provides an additional
classification and combination ability for unusual categories of components
for which the structural data approach is inapplicable or for which the
classification was unnoticed at the time of the fault tree identification
and construction process.

For the éituation where user-supplied system fault tree ;outines are
used, the number of components for either the PWR (250) or the BWR (130)
may be too small. In this case the arrays may be expanded to allow for
more complex trees. Tables B-l1 and B-2 contain a list of all program
statements which must be changed to facilitate this expansion. This
method was used to avoid excessive waste of memory by the code. Table B-2
contains the location of the risk models so that they can be easily
changed to fit a specific reactor or permit substitution of a different
model.

Once the user decides whether to use the supplied system subroutines,
cc uponent unavailabilities, and risk models, 'and follows the process
described above for replacing supplied routines, the next step is to com-

‘pile the code and store the compiled version for easy access. Table B-3
provides the job control language (JCL) for the IBM 370 virtual machine.
The code was written to run on this machine. A standard FORTRAN IV was

used as the programming language as referenced by Reference 1. Any
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differences among 'standard" FORTRAN IV's should be corrected after iden-
tificaéiqn by the compiler.

The next process is the deécription of the input flow for calcula-
tions, All input cards and théir assoclated variables and formats may be
found in Table B-4. The card numbers correspond to requirements for data.
Cards 1 through 14 are required for all cases. Cards designated by a pre-
fix B or P correspond to input cards for either.reactor type. The choice
of cards here is dependent on which reactor was chosen by the user with

the variable REACTOR. The cards with the prefix C alone are control cards

. and indicate whether calculations are to be performed by each main routine.

Cl through C3 apply to the routines COMP, COMBIN, and ATTR, respectively.

The prefix CA refers to the necessary cards for the COMP routine. The

-prefixes CB and CC correspond to COMBIN and ATTR.

The first set of cards is the basic input to the program. The vari-
able COMJOB is available for tem cards of input comments to provide job
title, etc. The variable REACTOR chooses reactor type; the variables
PRNTCOM and PARAM provide for the risk parameter choice; and the array
VERIBY stores the four factors by which failure probabilities are to be
reduced. (Note that factors less than ome may be input, which ;n effect
Ealls for increases by the factor's inverse.) The reactor-dependent
values are input next. These arrays and.variable lists accept the com-
ponent unavailabilities and containment event tree probabilities for the
reactor type chosen.

If one Qishes to calculate and sort b& magnitude the individual com-

ponent sensitivities, the routine COMP is activated by setting NCASE equal
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to 0 (or inserting a blank card). The variable N determines how many sen-
sitivities are to be ordered and printed out. The arrays DESIG and COM
provide literal values for comments to describe each 1ndiv;dual component.
The output generated by this section of the code will be covered later.

If the user wishes to calculate sensitivities using the structured
data or the modules developed in the system subroutines, then he should
use the subroutine COMBIN. Card C2, which follows Cl if COMP is not used,
of the last card in the CA series if COMP is used, controls activation of
this routine. A number not equal to zero 1is interpreted as the number of
cases to be run. Following that, a comment card and three more cards are
input for each case. The three cards contain inputs to the array MCASE.
These values are, in turn, transferred to the array AA for use by the
FACTOR subroutine.

finally, if the user wishes to calculate sensitivities to a group of
components with the same attributes and then break them down by their indi-
vidual sensitivities in order of increasing maénitude, the card C3, for the
subroutine ATTR, is set equal to the number of cases of group sensitivi-
ties. Then a comment'card for the array HCOM is read in, followed by a

card with the number of attributes for this case (NATTIR), followed by the
| attribute of each component number on seven cards for the array ATTR.
These attributes are later searched to find the components to be varied as
a whole and-then individually to illustrate sensitivity breakdowns. A
samﬁle input listing and program output is given.

3. Output
The output of the code LWRSEN is dependent upon which routines are
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chosen by the user. A title page and a iisting of base Qalues and input
values are printed by the routine DEBUGO for every run. A reduced version
of this output is presented in Table B-5. The contents of the variable
COMJOB which provides the user with job-specific comments is printed. Then
the base values of the release categories are printed. The input values of
component unavailabilities in the fault tree and the containment failure
probabilities are listed next. Finally, a list of initiator probabilities
Qnd a list of system failure probabilities are given. This information is
adequate to debug the inputs including the system fault tree equations..
The routine COMP outputs the values for sensitivities for individual
components. The sensitivities are ecalculated for each factor of VERIBY.
The sensitivities are printed out for the N largest sensitivities for each

factor of VERIBY. Finally, the ratio of successive factors of VERIBY are

printed out in the order of the sengitivity of the initial perturbationms.

The values of the arrays DESIG and COM are printed with their semsitivity
values. These provide space for literal desiénations, such as generic
classifications, as well as comment space for further identification of
the individual failure. The component number and order number from the

sensitivity sorting are also given. An example of the output from COMP is

. given in Tables B-6 and B-7.

If one wishes to calculaté the sensitivity to some combination of
components, modules of components, or generic classes of components, then
cﬁe routine COﬁBIN should be used. The type of sensitivity parameter and
the sensitivity of the combination are printed out. The sensitivity to

core melt probability is given, followed by the new release category
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probabilities. The base values of each release category and the sensi-
tivities of each category are printed below the new values. The COMBIN
routine has the additional advantage of printing out additional sensitiv-
ity information. It can be used for important individual failure proba-
bilities simply by inputting the component number. Following the category
sensitivities, the factor VERIBY is printed along with the component num-
bers input to the FACTOR subroutine. The variable BCOM for that case is
érinted to provide 80 characters of case comment for the user. The above
format is executed for each of the four factors of VERIBY and for each of
NCASE cases. An example of the output of COMBIN is given in Table B-8.

The last major piece of output comes from the other major routine,
ATTR. The ATTR routine's output is very similar to both the COMBIN and
COMP routines. The last comment, sensitivity parameter, and sensitivity
of the attribute considered are printed. Output similar to COMBIN is also
printed giving the rest of the semsitivity information. Finally, the
breakdown of the total semsitivity by the components which contribute is
printed out in an information format similar to that of the COMP routine.
An example of the output of the ATTR routine is given in Table B-9. It is
an output page from the sample case. -

4. Program Structure

The program is structured so that it can be changed so as to meet the
-needs of specific reactors, yet at the same time does not contain an
extraordinary amount of generality which results in time and memory inef-
ficiencies. in order to achieye this result the user must become involved

in the actual construction of the final program. For this reason, an
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attempt was made to write a computer code which would be easily understand-
able. Consequentliy, the program was written so as to be very structured.
That ;s, many subroutines were constructed to perform specific functions.
Levels of programming were also developed to more clearly identify and
separate important functions. In the listing of the program evéry routine
is allotted one page. This helps the user by exposing him to only one
level or function of the program at once. Communication between the sub-
routines is by argument, but system, component, and other important values
are left in common blocks for access by most routines. An example of the
simplicity of construction is the COMBIN routine. In order to calculate

the sensitivity information the methodology of the RSS must be used. 1In .

LWRSEN,sensitivity to public risk is calculated the following way:

CALL FACTOR (PCMPNT, AA, PCHNG, ﬁM)

CALL SYSTEM

CALL RLESE7 (RLEASE)

CALL OUTPUT (RLEASE, BASE, III, VERIBY)

CALL RISK (RLEASE, BASE CM, SNESUM, PARAM, RISC, REACTOR)

These subroutines are all on the same level, as indicated hy Table

B-11, except for the OUTPUT subroutine. These subroutines were all called
d:ring the execution of the routine COMBIN. The subroutine FACTOR varies
a component, a group of components, or a module of components by the factor
VERI. SYSTEM calls all the lower level system subroutines which in turn
caiculate all the new system failure probabilities. RLESE7 operates on
the array RLEASE which contains the release category probabilities. The

subroutine OUTPUT performs output functions, but it initially calls the
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subroutine RISK. The subroutine RISK takes the rélease category probabil-
ities and translates them into public risk and sensitivities. The same
general structure is maintained in the program, with specific levels only
calling lower levels. In this way algebraic equations, confusing GO TO
statements, and DO loops are limited to operating on very few basic con-
cepts at once. The programmer may then deal with the programming details
on a smaller subroutine level. This also allows the user to make easy
modifications. The way the program works is controlled by its subroutines,
so if one wishes to expand the capabilities of the program, as well as

- changing the characteristics of the system subroutines, the user may change
only small modules without fear of destroying the basic methodology of the
program.

In the following three subsections there are brief descriptions of
each subroutine and its important characteristics, flow diagrams for
further aid, and a sample input. Finally, a listing with comments is pro-
vided, together with the input, output, and control processes discussed in
this manual. The examples of each in the tables are adequate and a set of
diagnostic tools has been provided for the user to easily calculate sensi-
tivity to public risk for all different varieties of design changes or
extreme situations.

5. Descriptions of Subroutines

This section defines the scope of each subroutine and the method by
which it completes its purpose.
MAIN The main program has three purposes. It reads the input and

stores it in common access for the subroutines. Secondly, the program
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calculates the base-case values for each release category and risk param=-
eter. It then outputs those values, commgnts, and important input values.
Finally, it controls program flow by calling the main subrodtines, COMP,
COMBINE, and ATTIR, which are subprograms calculating individual sensitivi-
ties, system and generic sensitivities, and breakdown of sensitivities,
respectively. |

COMP This subprogram calculates the sensitivities of each individual
component to the chosen risk parameter: core melt probability, release
category probabilities, early deaths, latent cancers, and total property
damage. The differenti#l values and N-factor sensitivity ratios are also
calculated. The sensitivities are then sorted in order of greatest sensi-
tivity by SORT. Finally, the program outputs these values for the top N-
chosen sensitivities through the output subroutiﬁe OUTTOP.

COMBIN This subprogram calculates sensitivities to systems, generic
categories, and arbittafy combinations. It also calculates sensitivities
for each parameter and values of VERIBY. The program calls the subroutine
OUTPUT to print all the release category probabilities and risk parameters,
and their component sensitivities. The code will input up to fifty cases
of up to fifty systems, generic classes, or individual components for each
case.

_ATTR This subprogram uses the results of the COMP rbutine and must be
run in tandem with it, using any value of N. A calculation of some combi-
naﬁion is made and output through the subroutine OUTATT. Then the sensi-

tivity of every element, sorted by its contribution to the combinacion; is
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output by the routine OUTTIT. The sensitivity parameter chosen bv the user
is used for the sensitivity breakdown.

FACTOR This subroutine takes the elements of the system fault trees
and varies some combination of them as determined by the array AA and the
factor VERI. The array AA contains component identification numbers, sys-
tem identification numbers, or generic identification numbers.

SORT This subroutine sorts the input array in order of highest value. -
A parameter is input to indicate the number of passes and, hence, the top |
number of sorted values. The array INDEX serves as a pointer for the
sorted values such that the input array remains unchanged. The method of
sorting is a bubble sort. This method starts from the bottom of an array
and bubbles up the higher values by comparisons.

SYSTEM This subroutine serves as an intermediate step in the control
process. It calls all the lower-level system subroutines such that all
values for the systems may be accessed for further calculatioums.

RLESE7 This subroutine calculates release category probabilities from
the values calculated by the system subroutines activated by SYSTEM in a
previous call. The release category functions are dependent on reactor
. type, as represented by REACTOR.

RISK This subroutine takes release category probabilities and cal-
culates the values of various risk parameters. It also then calculates
the sensitivities to all of the above, plus core melt probability. It also
sets the value of RISK, the parameter chosen for sensitivity comparisonms, -

depending on the user-chosen value of PARAM.
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DEBUGO This subroutine serves as the output routine for the MAIN
program. This output comprises the title pége of the program output, as
well as an input check. Values inputted to the system fault trees and con-
tainment event trees are reproduced along with base values of the release
category probabilities, system failure probabilities, and risk p&rameters.

OUTTOP This subroutine serves as the output routine for the routine
COMP. The top N sensitivities are output with‘componenc number, generic
caéegoty, and a comment. In its final call from COMP it prints out the
values of differential sensitivity rat;ios.

OUTPUT This subroutine serves as the output routine for the routine
COMBIN. It outputs the comment code of the sensitivity parameter and its
value. It also prints out core melt sensitivity, release category values
and their sensitivities, the case comment, and vﬁlue of the factor VERIBY.

OUTATT This subroutine serves as one of two output routines for the
routine AIT#. It outputs the heading of the breakdown analysis and values
for the sensitivity parameters and release categories for the combination.

OUTTTT This subroutine complements OUTAIT.by printing out the sensi-
tivities of the components making up the combination being examiPed by
ATTR. It also prints out a measure of the contribution of that component
to the total combination's sensitivity. Information about +the component's

routine is also printed.

Failure Subroutines The following subroutines require algebraic equa-

tions or point values for systems necessary for the calculation of release

_category probabilities. The system variable(s) found are listed after each
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routine by their familiar codes from the RSS. For the PWR: LFAILP, L;
MBPFAL, M, Bl; QFAILP, Q; KFAILP, K; CFAILP, C; DFAILP, D; DI, DZ;
HFAILP, H, HS; FFAILP, F; GFAILP, G; BFAILP, B. For the BWR: WFAIL, W;

CFAIL, C; QUVFAL, Q, U, V.
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TABLE B-1

The following table contains the changes necessary to increase the

number of components for the system analysis to more than 250 fér the

PWR.and 130 for the BWR.

the subroutines listed.

SORT
2
4
9

FACTOR

3

The statement numbers correspond to those from

2 uses of 250

1 _ 250
1 250
1 use of 2SQ

WFAIL, QUVFAL, and all other system subroutines

2

1 use of 250 1l use of 130

RLESE7, SYSTEM, OUTPUT

2

.OUTTIT
4
5

1 use of 250 1 use of 130

1 use of 250
2 250
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TABLE B-1 (CONT.)

MAIN

2 luse of 250 - 1 use of 130

4 2 250

6 1 250

9 ‘1 250
10 1 250
25 1 250
26 1 250
28 1 130
29 1 130
44 1 250
49 1 130
67 1 250
coMp

2 1 use of 250

3 1 250

4 1 250

6 1 250

22 1 250

ouTTOP

2 2 uses of 250
4 2 250
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DEBUGO

12

wmw W

12

COMBIN

14
138

TABLE B-1(CONT.)

1 use of 250

1 250

-

1 use of 250
1 250
1 250
1 250
1 250
1 250
1 250
1 250
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TABLE B-2

Job Control Language (JCL) for IBM 370 .

e

When compiling and running

System Headings
~//s1 EXEC .FORG60

// C. SYSIN DD , DCB = BLKSIZE = 2000

System Subroutines -
progran modules
//G. SYSIN DD*

data cards

/*

/*E0J

When running previously compiled modules and system subroutines
//s1 EXEC PGM = LWRSEN
//G. SYSIN DD*
data cards
/%

/* EOJ -
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. Iadle B~3

INPUT VARIABLES IN ORDER OF READ STATEMENTS

-

adsn

g

-

Cazd #

Code Comment
1 through 10 coMJ0B (10, 80) ten cards of 80 character comments
for title page and job characteristics
1 REACTOR identifies reactor type
'3.2 1-0 - m 2.0 = Bn .
12 PRNTM (30) comment describing sensitivity parameter
30Al
13 PARAM identifies risk paramecer for semsitivicy
0 = core melt 1+] = Release category #
8 = early deaths "9 = latent cancers
10 = total property damage
14 VERIBY (&) sensitivity factors range 9999. to .001
4(F8.4)

Variable Format

The next two inputs are reactor depemndent

Pl cthrough P25

for
POMPRT(I)

25(10(E7.1, 1X)

PR REACTR = 1.0

individual cozponent unavailabilities
and initiacors

P26 ALPUA steanm explosion for not relaase
) ALPHAL stean explosion for cold release
BETA isolation failure
GAMMA hydrogen burning

=150~



Table B~3 (cont.)

Card £ Variable Format Comment
Code
DELTA overpressurization
DELTA overpressurization from transient event
EPSILN ) melt through
EPSLNT melt through from traansient
EPSBHF melt through given LOCA and systems
B, B, or F
9(2x, F6.4)
or for BWR REACIR = 2.0
Bl chrough Bl3 CO¥PNT (1) individual component unavailabilizies

and initiator

13(10(E 7.1, 1lx)

Blé ALPHAB stean explosion in the vessel

GAMMAB overpressure release througn reactor
tuilding
GAMAPB overpressure relesse direct to atmosphnere

The next inputs relate to prograz control

cl NCASE = 0 do COMP routine
¢ 0 go to COMBIN

13 .
if NCASE was equal to 0
CAl . N # of sensitivity values to be sorted
13
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- om

Ty

cA2 through

CA (n+1)

vhere n = #
of non zero
conponents

CBl through
CB (a)
vhere as=#
of 4inputs

CB (s+1)

through
CB(4C)

c3

cal
through CCa

TABLE B-3 (CONT.)

Variable Format

Code

DESIG (250, 30)

coM (250, 50)

NCASE

13

BCOM (50, 80)

3(20(13, 1x)1)

NCASE

BCOM (10, 80)
80A1

vhere a = NCASE

CCa +1
through
CC 22

NATTR (10)
13

Commert

designation (generic classification) for
each non zero component

comment for each individual component
that is non zero

¢ 0 do COMBIN routine for NCASE cases
up to- 50 cases

= 0 go to ATIR

4if NCASE was = 0

Comment ifcr each case

up to fifzy imputs for semsitivicy
combination for use by FACTOR

subroutine in array Aa
> < 30 indicates systex sensitivicy

= gultiple of ten, the next 9 componen:s
for generic applications

=« aay other #, that cozponent

s 0 go to STOP

# do ATTR routine for NCASE cases
up to 10 cases

4f NCASE was # 0

comment for each case

# of attzibutes for this case
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TABLE B-3 (CONT.

Card f Variable Format
Code
(C 22+l

through CC 8a)  (6(40121), 10121)
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Parameter for further sub-

grouping reactor components

that are not covered by systenm
or generic groupings.



TABLE B-4
BASE CASE QUTPUT FCR LWRSEN COMPUTER CODE
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TABLE B-5
QUTPUT FOR COMP_ROUTINE
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TABLE B-6
QUTPUT FOR COMP ROUTINE
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TABLE B-7
OUTPUT FOR COMBIN ROUTINE
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TABLE B-8
OUTPUT FOR ATTR ROUTINE
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INPUT AND
PROGRAM FLOW ROUTINES
MAIN
coMpP
COMBIN
ATIR

Table B-9

SYSTEM
- SUBROUTINES  SUBROUTINES

SORT

FACTOR
SYSTEM
RLESE 7

RISK
LFAILP

MBFALP
QFAILP
CFAILP
DFAILP
HFAILP
FFAILP
GFAILP
BFAILP
CFAIL
QUVFAIL

WFAIL
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ROUTINES

DEBUGO
OUTTOP
OUTPUT

OUTTTT
OUTATT
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TABLE 8-10

N PROGRAM

C PARAMETERS NECESSARY 7OR ZVENT TREZE / PAULT TREE CALCULATIONS

21
22
¢ PRO

23
C REA

1010
30
99

1

24
201
13

102

¢ caL

COMMON/LWR/PCMPUT(250),A,3P,C,D,P,5,4,K.L,4,Q,Y,T,ALPYA, BETA,GAMMA
A,DELTA,EPSILN,S51,52,N,PCHNG(30),EPSLNT,EPSSHY ,DELTAT,ALP?HAL
2.3,3,D0!,D2,4S,8ASB(7),VERIBY(4),ESCAP%(6,7) ,REACTR,RICOLD, VER],
XU,QUV,W,ALPRA3 ,GAMMAB,CAMAPR ,CMPNT(130)

COMMON/BBGG/PRUTCM(I0),PARAN

COMMON/OUTP/AA(S50),HCOM(S0,80)

COMMON/OUTT/DESIG(250,30),C0M(250, 50)

COMMON/RSKT/EDETHB,LDETHB,CSTSE, EDETH,LDETH,CSTS

COMMON/SENS/SENST(250,7)

REAL LDETHB,LDETHS,LDETH

INTECER MCASE(SO,$0),AA,PCANG

DIMENSION RLEASE(7),PFACT(250)

DIMENSION COMJOB(10,80),NATTR{10),AATTR(10,250)

REAL K,L,M

READ (S, 21) ((coMJOB(I, J), I=l,10), J=1,80)

FORMAT(10(80A1/))

WRITE (6, 22) ((COMJOB(I, J), I=1,10), J=1,30)

FORMAT (1H!, 19X, "SENSITIVITY STUDY", / , 27X, "3aSE% CASE", / ,
A 10(10%,30A1/))

GRAM HEADING AND JOB SPEZCIPIC COMPONENTS
READ (S, 23) REACTR
FORMAT (P2.2)

D IN REACTOR TYPE 1.0 PWR, 2.0
RABAD(S,1010) (PRNTCM(I),I=1,20°
FOKMAT (30Al)

READ(5,30) PARAM

FORMAT(12)

REZAD(S,99) (VERIZY(I),I=i,4)

PORMAT(4(F8.4))

I? (RBACTR .EQ. 2.0) GOTO 24

READ(S,1) (PCMPNT(I),I=l,250),ALPHA,ALPHAL ,32TA,GAMMA,DELTA,

A DELTAT,EPSILN,EZPSLNT,EPSBHF
FORMAT(2S(10CEY.1,1X)/),9(2X,F6.4))

GotT0 25

READ(S,201) (CMPNT(I),I=1,130), ALPHAB, GAMMAB, GAMAPS

FORMAT(13(10¢E7.3,1%3/), 3(2X,F6.4))

CONTINDE

CALL SYSTIM

CALL 8LESE7(RLZASE)

P0 102 .1 « 1, 7

BASE{I) = RLEASEZ(I)

CONTINUE

EDETHB=(RLZASE(1)=-RICOLD) - }.+RL1COLD*I] . +RLZASZ{2) 7. .«ALEASE(3)*0.4
LDETRB=(RLZASE({!)=R1COLD)#114.+R1COLD*120.+RL2ASE(2) *57.

A +RLEASE(3)*S5S5.+RLEASE(4)*13.+RLZASE(S5)*6.+3L2ASE(S)
CSTSB=(RLEASE(1)=R1COLD)*2270.+R1COLD*2050.+RLEAS2(2)=2440.

A +RLZASE(3)*987.+RLEASE(4)*33S.+RLEASE(S)*20i.+RLZASE(6)~173.

3 +RLEASE(7)*171.

CULATE AND STORE 3A32 CASE

3WR
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TABLE 8-10

CALL DEBUGO
C PRINT BASE RELEASE CATEGORIES AND BASE CASE VARIABLES
READ(S5,2) NCASsE
IF(NCASE.NE.Q) GO TO 10
C MODE OF OPERATION - COMP OR COMBIN ROUTINE
READ (S5, 2) N
I? (REACTR .NE. 2.0) GOTO 7
DO 100 1=},250
TP(PCMPNT(1).EQ.0.) GO TO 100
READ(S5,4) (DESIG(I,J),J=1,30),(COM(1,1),J=1,50)
100 CONTINUE
4 FORMAT (30ALl, SOAl)
G0 TO 101
700 101 1T -1, 130 ’
I¥ (CMPNT(I) .EQ. J) GOTO 101 )
READ (S5, 4) (DESIG(I,J), J=1,30), (COM(I,J), I=1,50)
101 CORTINUE
C READ DATA FOR COMP ROUTINE
CALL COMP
C CALCULATE SENSITIVITIES TO INDIVIDUAL CHANGES
READ (5, 2) NCaSE
TP (NCASE .NE. 0) GOTO 10
GOTO 6 -
C MODE OF OPERATION - COMBIN OR ATTR
‘10 DO 12 I1 = 1, NCASE
12 READ (5, 3) (HCOM(II,J), J={,80), (MCASE(II1,JJ), Jl=l,50)
3 PORMAT (80Al, /, 3(20(13, 1X), /))
C READ IN DATA TO COMSIN ROUTINE
CALL COMAIN(MCASE,HCOM)
C CALCULATE SENSITIVITIES TO COMBINED CHANGES
6 RBAD (S, 2) NCASE
1P (NCASE .NE. Q) GOTO 9
GOTO0 S
C MODE OF OPERATION - ATTR OR STOP ’ -
9 DO 104 II = 1, NCASE
READ (S, 3) (HCOM(I1,J), J=l1,80)
READ (S, 2) NATTIR(II)
READ(5,26) (AATTR(II,I),I=l,250)
104 CONTINUE
C READ IN DATA TO ATTR ROOTINE
CALL ATTR({AATTR, NATTR, HCOM, NCASE)
26 FORMAT (6(4012, /), 1012)
2 PORMAT(13)
$ CONTINUE
sToP
END .

SUBROUTINE COMP
COMMON/LWR/PCMPNT(250) ,A,BP,C,D,?,G,H,K,L,%,Q,V,T,ALPHA, BETA, GAMMA
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11
12

TABLE B-10.

ADELTA,2PSTILN,S51,82,N,PCHNG(30), EPSLNT,EPSBHY ,DELTAT,ALPHAL
Z,5,R,D1,D2,HS,BASE(7),VERIBY(4),ESCAPE(6,7),REACTR,RICOLD, VER],
XU,QUV,W,ALPHAB,GAMMAB,GAMAPS ,CMPNT(1130)
COMMON/SENS/SENSY(250,7) .
DIMENSION ASENSY(250) ,INDEX(250),RLEASE(7),SENSUM(7)
SNSITV=0.0

DO 1 1-30,250

IF(PCMPNT(I).EQ.0.) GO TO 1

DO 2 LL=1,é

VERI=VERIBY(LL)

PCMPNT(I)=PCMPNT(L)/VERL

CALL SYSTEM

CALL RLESE7(RLEASE)

CALL RISK(RLEASE,3ASE,CM,SENSUM,PARAM,RISC,REACTR)
SENSY(I,LL)=RISC

PCMPNT(1)=PCMPNT(I)*VERL

CONTINUE

SENSY(I,S)=SENSY(I,2)/SENSY(I,])
SENSY(I,6)=SENSY(L,3)/SENSY(1,2)
SENSY(1,7)=SENSY(1,4)/SENSY(I,3)

CONTINUE

DO & K=1,4

D0 3 I=1,250

ASENSY(I)=SENSY(I,LL)

CONTINUE

CALL SORT(ASENSY,N,INDEX)

CALL OUTTOP(INDEX,LL,SENSY,N,YERIBY)

CONTINUE .

CALL OUTTOP(INDEX,LL,SENSY,N, VERIBY)

RETURN

END

SUBROUTINE COMBIN(MCASE,HCOM)
COMMON/LUWR/PCMPNT{250),4,3?,C,0,7,6,4,K,L,4,Q,V,T,ALPHA,BETA,GAMMA
A,DELTA,EPSTLN,S51,52,8,PCANG(J0),EPSLNT,EPSBHF,DELTAT,ALRPHAL
Z,8,R,D1,D2,HS,8AS8E(?),VERIBY(4),ESCAPE(6,7),REACTR,RICOLD,VERI,
XU,QUV,W,ALPHAR,GAMMAB ,GAMAPS ,CMPNT(130)

DIMENSTION PFACT(250),MCASE(50,50),HCOM(50,80)

INTEGER AA(350)

DO 3 IIlei,NCASE

DO 11 1I=(,50

AA(T)=MCASE(III,I)

TP(AA(1).2Q.0) GO TO 12

CONTINUE

CONTINUE

DO 9 LL=1.,4

VERI=VERIBY(LL)

IP(REACTR.EQ.2.0) GO TO 6

D0 8 [=1,250
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TABLE 3-1Q

8§ PCMPNT(1)=PFACT(1)
CALL PACTOR(PCMPNT,AA,PCHNG, VER])
Go TO 14

6§ 00 13 1=1,130

13 CMPNT(I)=PPACT(I)

CALL PACTOR(CMPNT,AA,PCHNG,VERI)

14 CALL SYSTEX

CALL RLESE7(RLEASE)

CALL OUTPUT(RLEASE,BASE,III,VERI)
9 CONTINUE

DO 900 I=i,J0

PCHNG(I)=0

900 CONTINUE

3 CONTINUE
" RETORN
END

SUBROUTINE ATTR(AATTR, NATTR, HCOM, NCASE)
COMMON/LWR/PCMPNT(250),A,BP,C,D,P,G,H,K,L.M,Q,V,T,ALPHA,BETA,CAMMA
A,DELTA,ZPSILN,S1,52,N,PCHNG(30) ,EPSLNT,EPSBHY ,DELTAT, ALPHAL
2,8,R,D1,D2,HS,BASE(7),VERIBY(4),2SCAPE(6,7) ,R2ACTR,RICOLD, VERI,
XU,QUV,¥W,ALPHAB ,GAMMAB ,GAMAPE ,CMPHT(130)

COMMON/SENS/SENSY(250,7)

DIMENSION AASEN(S50), INDEX(250)

DIMENSION AATTR(10,250), NATTIR(1Q), HCOM(10,30)

INTEGER AA(S50)

REAL X,L,.NM

DO 1 Il= 1, NCASE

NATeNATTR(II)

DO 2 J=] , NAT

kI = 1

DO 3 IJ = }, 250

I? (AATTR(IT,IJ).NE. 1) GOTO 3
AA(XJ) = 1]

KJ = RJ + |

CONTINUE

PO 4 LL = 1, 4

VER! = VERIBY(LL)

CALL PACTOR(PCMPNT, AA, PCHNG, VI2l)
CALL SYSTEM

CALL RLESE7(RLEASZ)

CALL OUTATT(RLESASE, BASE, VERI, AA, HCOM, II)
DO 5 J1 = |, SO

1Y (AA(JI) .EQ. 0) GOTO &

LJK = AA(JY)

AASEN(J1) = SENSY(LL, LJK)

S CONTINUE
6 CONTINUE
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TABLE 3-10

J1 = JI - 1
CALL SORT({AASEN, JT, INDEX)
CALL OUTTTT(AA, AASEN, INDEX)
4 CONTINUE
2 CONTINUE
1 CONTINUE
RETURN
END

SUBROUTINEZ DEBUGO

COMMON/LWR/PCHPNT(250),4,8P,C,D,F,G,H,K,L,4,0,V,T,ALPHA,BETA,GAMMA
A,DELTA ,EPSTLN,S1,52,N,PCHNG(30),EPSLNT,EPS3RY,DELTAT,ALZHAL

Z,B,,D1,D2,HS,3ASE(7),VERIBY(4),2SCAPE(6,7),REACTR,RICOLD,VERT,
XU,QUV , W, ALPHABR ,GAMMAB,GAMAPS ,CMPNT(130)

COMMON/RSKT/EDETHB .LDETHB,CSTSS, EDETH,LDETH,CSTS
REAL LDETHS,LDETHS,LDETH
REAL K,L,M
WRITE(S,1) (BASE(I),I=1,7)
IP(REACTR.EQ.2.0) GO TO 10
WRITE(6,2) (PCMPNT(1),I=1,250) .
WRITE(6,3) ALPHA,ALPRA},BETA,GAMMA,DELTA,DELTAT,ZPSILN,EPSLNT,
AEPSBHF
WRITE(6,5) A,51,52,R,v,T7,8,39,C,0,0L,D2,F,G,H,HS5,K,L,X,Q
WRITE(6,7) (VERIBY(I),l=1,4)
G0 T0 11
10 WRITE(6,2) (CMENT(I), Ie1,130)
WRITEZ(6,4) ALPHAB,GAMMAB,GAHAPB
WRITE(6,6) T,C,Q,0,V,W
WRITE(6,7) (VERI3Y(I),I=l,s)
11 CONTINUE
! PORMAT(20X,"RELZASE CATEGORY PROBABILITIES"//21X,"1",13X,"2%,13X,
A"3%, 13X, 4", 13X, "5", 13X, 6", 13X, "7"//15X,7(3X,E8.2,3X)//)
2 PORMAT(20X,"COMPONENT UNAVAILABILITIES IN GROUPS OF TEN"/
A 25(20X,10(E8.2,2X)/Y/
3 FORMAT(20X,"CONTAINMENT FAILURE PROBABILITIES"//22X," ALPHA",4X,
! "ALPHAL",4X," BETA ",4K," GAMMA",4X," DELTA",4X,"DELTAT", X,
2 "EPSILN™,4X,"EZPSLNT®,4X,"EPSBHF"/22X,3(75.3,5X))
¢ TORMAT(20X,"CONTAINMENT PAILORE PROBABILITIES"//
A 30X, "ALPHAB",4X,"GAMMAB",4X,"GAMAZS"/30X,3(PS5.3,5%))
5 FORMAT(10X,"INITIATORS A si s2”,
1" R v T/ 24X,6(E8.2,2%X)//
2 13Xx,"SYSTEMS",9X."3",8X,"3P",9X,"C",9X,"D",8X,"D1",8X,“D2",9X," 7"
3 / 24x,7(E8.2,2X)/ 29X,"G",9X,"H",3X,"HS", 9%, X", 9K, "L",9X, "u",
A 9X,"Q"/ 24X,7(28.2,2X)//)
& PORMAT(20X,"INITIATOR Ta",£8.2/ 23X,"STSTEMS
| £8.2,3x,"U=" E8.2,3X, “V-" E8.2,3X,"Wa", ZB 2)

? IORHAI(ZDX,"THB SENSITIVITY FACTORS ARE -~ ",4(F8.4,2X))
RETURN

END

Ce",28.2,3X,"Q="
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SUBROUTINE RLESE7(RLEZASE) TABLE 3-10

COMMON/LWR/PCMPNT(250),4,3?,C,D,F,G,H,%X,L,M,0,7.7,ALPHA,3ETA,GAMMA
A,DELTA,EPSILN,S1,52,N,PCANG(30),EPSLNT,ZPSBHF ,DELTAT,ALPIAL
Z,8,R,D1,D2,HS,BASE(7),VERIBY(4),ESCAPE(6,7),REACTR,21COLD, VER],

XU,0UV,W ALPHAB ,GAMMAB,GAMAPB ,CMPUT(130)

COMMON/RSKT/EDETHB ,LDETHB,CSTS3, EDETH,LDETH,CSTS

REAL LDETHB,LDETHS,LDETH
REAL K,L,M
DIMENSION RLEASE(7)
IF (REACTR.EQ.2.0) GO TO 2
A=PCMPNT(1)
S1=PCMPNT(4)
S2=PCMPNT(S)
T=PCMPNT(3)
V=PCMPNT(2)
B=PCMPNT(39)
R=PCMPNT(6)
DO 7 IJI=1,7
DO 8 I=l,6
ESCAPE(I,J)=0.0
CONTINUE
CONTINUE
RICOLD=ALPHA* ((A+S1+8S2)*(F+G) )+ALPHAL#*S2#C
ESCAPE(l,1) «ALPHAXA *(B+C*D)+ALPHAL#*A = (FP+G)
BSCAPE(2,1) =ALPHA®SI*(B+C*Dl)+ALPHAL* S1*(P+G)
ESCAPE(3,1) =ALPHA*#S2*(B+C*D2)+ALPHAL® 52%(P+G)
BESCAPE(4, 1)=ALPHAL*R®*C
ESCAPZ(6,1)=ALPHA*T*MoL*BP
ESCAPE(]l,2)=A *( (B+H*F)*GAMMA+B*DELTA)
ESCAPE(2,2)=S1*({3+R2F)*GAMMA+3*DELTA)
ESCAPE(3,2)=S52+%( (B+H*F) *GAMMA+34DELTA)
ESCAPE(4,2)=R*((C+P)*DELTA+C*GAMMA)
ESCAPE(5,2)=V
BSCAPE(6,2)=T*MAL*BP*(GAMMA+DELTAT)
ESCAPE(1,3)=A*((D+H)*ALPHAI+{F+G)*DELTA)
ESCAPE{2,3)=S1*((D+HS)*ALPHAL+(F+G)*DELTA)
ESCAPE(3,3)=S2*((D+HS)*ALPHALl+(F+G)*DELTA)
2SCAPE(4,3)=R*ALPYAL
ESCAPE(6,3)=T*ALPHA® (MAL+X2Q+K*H*Q)
ESCAPE(1l,4)mAnC*D*BETA
ESCAPE(2,4)=31*C*D*BETA
ESCAPE(3,4)=52%C*D*8ETA
ESCAPE(1,5)=A#BETA*(D+H)
ESCAPE(2,5)=SL*BETA*(D+HS)
ESCAPE(1,5)=S2*BETA*(D+HS)
ESCAPE(6,5)=T*8ETA* (M*L+K*0Q)
CSCAPE(1,6)=A%(EPSILN*D*FP+EPSBHP* (B+H"F))
ESCAPE(2,6)=S ) *(SPSTLN*D*F+2PSBHF* (B+HS*P))
ESCAPZ(31,6)=S2~(EPSILNADWP+EPSBHF*(B+HS*F))
BSCAPE(6,6)=TAaMNL*8PvEPSLNT
ESCAPE(1,7)=A*EPSTLN4(D+H)
ESCAPE(2,7)=S1*EPSILN* (D+HS)
ESCAPE(3,7)=S2*EPSILN*(D+HS"
ESCAPE(4,7)=R*EPSILN
ESCAPE(6,7)=T*EPSLNT* (M*L+K*Q+K2Q*¥)
DO 4 J=1,7

ESCSUM=Q .0
DO 5 1=l,5
ESCSUM=2SCAPE(1,J)+ESCSUM
CONTINUE
RLEASE(J)=ESCSUM
CONTINUE .
Go 10 1
T=CMPNT(16)
RLEASE(!)=ALPHABATH (W+C+QUV)
RLEASE(2)=GAMAPBAT* (W+QUV)
RLZASE{J)=GAMMABAT* (W+C+QUV)
CONTINUE
RETURN 165

END



. IRBLE 8-10
SUBROUTINE OUTTOP(INDEX,L,S:NSY,N,VERIZY)
COMMON/OUTT/DESTIGC(250,30),50M(250,50)
COMMON/BBGG/PRNTCM(I0),PARANM
DIMENSION SENSY(250,7),INDEX{250)
DIMENSION VERIBY(4)
IF(L.EQ.5) GO TO 80
WRITE(6,1) N
WRITE(6,1010) (PRNTCM(J),J=l, 30)
1010 FORMAT(20X,"THE SENSITIVITY PARAMETER IS ",304l/)
WRITE(6,2)
D0 10 I=l,N
J=INDEX(I) :
10 WRITE(6,3) [,SENSY(J,L),Jt,(DESIG(J,K),K=1,15),(COM(J,X),KR=1,30)
GO TO 70
{ FORMAT(1HL,l9X,"THE TOP ",I2,"MOST SENSITIVE COMPONENTS ARE - "/)
2 FORMAT(10X,"SENSITIVITY",10X,"COMPONENT #",15X,"DESIGNATION",625X,"
1COMMENTS" //)
YORMAT(9X,12,2X,F7.4,15X,13,12X,304A1,8X%,50A1//)
PORMAT(20X,S4(lH*)/ /20X, L= ",12//)
FORMAT(8X,13,1K/,12,3X,P7.4,15%,13,12X,1541,3X,304A1)
PORMAT(8X,I3,14/,12,3X,F7.4)
PORMAT(7X,"“PROBABILITY RATIO"/)
CONTINUE
URITE(6,2)
URITE(6,8)
DO 40 1Isl,N
MM=2
J=INDEX(I)
1G0=1
ID=VERIBY(1)
WRITE(G,9)
WRITE(6,6) ID,IGO,SENSY(J,1),J,(DESIG(I,K),K~1,15),
A (COM(J,K),K=1,30)
20 20 M=5,7
IDM=IGO
1G0=1D
ID=VERIBY (MN)
MMeMM+]
WRITE(4,7) ID,IGO,SENSY(J,M)
20 CONTINOE
40 CONTINUE
70 CONTINUE
9 FORMAT(25X," "y
RETURN
END

O~ W

SUBROUTINE SORT(ASENSY.N,INDEX)
DIMENSTON ASENSY(230),INDEX(250)
THTEGER TOP,BOT
DO 1 I-1,250
1 INDEX(L)~I
D0 20 I-i,N
TOP=INDEX(I)
Lal+l
Do 10 X=L,250
BOT=INDEX(K)
TP(ASENSY(BOT).LE.ASENSY(TOP)) GO TD 10
INDEX(X)~TOP
TOP=B807T
10 CONTINUZ
INDEX(T1)=TOP
20 COMTINUE
RETURN

END 1 66



SUBROUTINE OUTPUT(RLEASE,BASE,III,7VERIBY) [ABLE 3-10
COMMON/OUTP/44(50) ,HCOM(S0,30)

COMMON/BBGG/PRNTCM(30), PARAN . ,
COMMON/RSKT/EDETHB ,LDETHB ,CSTSB, EDETH,LDETH,CSTS
REAL LDETHB,LDETHS,LDETH

DIMENSION RLEASE(7),BASE(7),SENSUM(7)

CALL RISK(RLEASE,BASE,CM,SENSUM,PARAM,RISC,REACTR)
WRITE(6,!)

1010 FORMAT(20X,"THE SENSITIVITY PARAMETER IS ",30Al/

A 20X," THE SENSITIVITY IS ",£8.2)
WRITE(6,1010) (PRNTCM(J),J=l,30), RISC
WRITE(6,6) CM
WRITE(6,S)
WRITE(6,4) (RLEASE(I),I=!,7),(BASE(I),I=l,7),(SENSUM(I),I=1,7)
WRITE(6,2) VERIBY,(AA(I),I=1,50)
WRITE(6,3) (HCOM(III,J),J=1,80) :

1 FORMAT(1H1,19X,63HFAILURE PROBABILITY 3Y RELEASE CATEGORY AND OVER
LALL SENSITIVITY//20X,63(1H*}///)

2 FORMAT(30X,7HVERIBY=,F8.4,5X,13HCOMPONENT #"S/

A 40X,2(25(1X,13)/))

3 FORMAT(1BO,24X,80A1)

4 PORMAT(10X," NEW “,7(2X,29.3,3X)//10X,"™ BASE",7(2X,E9.3,3X)//

A 10X,"RATIO",7(2%,29.3,3X)//)

-5 PORMAT (50X,"RELEASZ CATEGORY PROBABILITIZS",

A 21X,"1",13x,"2",13%,"3", 13X, "4",13X,"5",13X,"6",13X,"7"//}

6 FORMAT(20X,"CORE MELT SENSITIVITY IS ",F9.5)

7 PORMAT(20X/15X,98(1H*))
RETURN
END

SUBROUTINE OUTTTT(AA,AASEN,INDEX)
CHMMON/RSKT/EDETHB ,LDETHB,CSTSB, EDETH,LDETH,CSTS
COMMON/OUTT/DESIG(250,3C),20M(25G,50)
REAL LDETHB,LDETHS,LDETH
DIMENSION AASEN(50), INDEX(250)
INTEGER AA(S5Q)
URITE(4,1)
WRITE(S,2)
DO 10 I=}],J1
J=sINDEX(I)
10 WRITE(6,3) I,AASEN(J),AA(J),(DESIG(J,K),K=l,30),(COM(J.K),R=1,50)
WRITE(6,7)
| PORMAT(20X,"BREAKDOWN B8Y MOST SENSITIVE COMPONENTS")
2 PORMAT(10X,"SENSTTIVITY",10X,"COMPONENT ¢",15X,"DESIGNATION",25X,"
LCOMMENTS"//)
3 PORMAT(9X,I2,2X,P7.4,15%X,I3,12X,30A1,8%,50al1//)
7 PORMAT(20X/15X,98(1H%))
RETURN

END
SUBROUTINE PACTOR(CMPNT,A,CHNG, VERIBY)
INTEGER A(50)

DIMENSION CMPNT(250),CHNG(30)
DO 3 1=1,50

IP(A(1).EQ.0) GO TO &
IP(A(T).LT.30) GO TO !
T7(MOD(A(1),10).NE.O0) GO TO 2
JI=a(1)+1

13J=A(1)+10

DO 10 J=JJ,333

10 CMPNT(J)=CMPNT(J)/VERIBY
Go 70 3

1 CHNG(A(I))=l

Go 10 3

CMPNT(A(T))=CMPNT(A(L))/VERIBY

CONTINUE

CONTINUE 167

RETURN
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SUBROUTINE JUTATT(RLEASE.BASE,VERT,AA,HCOM,I1)
COMMON/RSKT/EDETHB,LDETHB,CSTSB, EDETH,LDETH,CSTS  —pni = n 1
COMMON/BRCG/PRNTCM(10), PARAM Jaott &=ty
RSAL LDETHB,LDETHS,LDETH
DIMENSION AA(50),HCOM(50,30)
DIMENSTON RLZASE(7).SENSUM(7),3ASE(7)
INTEGER AA
CALL RISK(RLEASE,BASE,CM,SENSUM,PARAM,RISC,REACTR)
WRITE(6,1) (HCOM(II,J),J=1,30),(PRNTCM(J),J=1,30).RISC
WRITE(6,6) CM
WRITE(G,S)
WRITE(6,4) (RLEASE(T),I=l,7), (BASE(T),I=l,7),(SENSUM(L),I=1,7)
WRITE(6,2) VERIBY, (AA(T),I=1,50)
WRITE(6,7)
| FORMAT(1H1,19%X,563HFAILURE PROBABILITY BY RELEASE CATEGORY AND OVER
IALL SENSITIVITY//20X.63(1H*)//25X,80A1//
2 20X,"THE SENSITIVITY PARAMETER IS ", 30A1/
A 20X," THE SENSITIVITY IS ",28.2)
2 PORMAT(30X,7HVERIBY=,F8.4,5X, 1 3HCOMPONENT #"s/
A 40X,2(25(1X,13)/))
4 PORMAT(LOX." NEW ",7(2X,£9.3,3%X)//10X," BASE",7(2X,E9.3,3X)//
A 10X,"RATIO",7(2X,E9.3,3X)//)
S FORMAT (50X,"RELEASE CATEGORY PROBABILITIES",
A 21X, "1%, 13X,"2%, 13X, 3%, 13X, “4", 13X, "S", 13X,"6",13X,"7"//)
6 PORMAT(20X,". "RE MELT SENSITIVITY IS ",79.5)
7 FORMAT(20X/15X,98(1H*))
RETURN
END

SUBROUTINE SYSTEM
COMMON/LWR/PCMPNT(250) ,A,8P,C,D,?,G,H,K,L,M¥,Q,7,T,ALPHA, 3ETA, GAMMA
A,DELTA,EPSILN,S1,S2,N,PCHNG(30),EPSLNT, EPSBHF,UELTAT, AL?HAL
2,8,R,Dl,D2,HS,BASE(7),VERIBY(4),ESCAPR(6,7),REACTR,RICOLD, VERI,
XU,QUV ,W ALPHAB ,CAMMAR,GAMAR?S ,CMPNT(130)

REAL K,L,X

IF(REACTR.EQ.2.0) GO TO 10O

CALL LFAILP

CALL MBPFAL

CALL QFAIL?

CALL CFAILP

CALL DFAILP

CALL HFPAILP

CALL FFAILP

CALL GFAIL?

CALL KFAILP

Go 10 11

CALL WFAIL

CALL QUVFAL

CALL CFAIL

CONTINUE

RETURN

END

[~ O8O AN -
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SUBROUTINE QFALILP
COHHON/LUR/PCHPNT{ZSO).A.BP,C,D,P.G.H.K,L,H.Q,V,T,ALPHA,BETA,GAHHA
A,DELTA,EPSILN,SL,S2,N,PCANG(30) ,EPSLNT,EPSBHP,DELTAT, ALPYAL
Z.B,R.DI.DZ,HS,SAS!(7).VERIBY(A).ZSCAPE(6.7),R!ACTR.RlCDLD,V!&!,
XU,QUV,W,ALPHAB,GAMMAB,GAMAPS ,CMPYNT(130)
BASED ON PWR OPERATING EXPERIENCE ESTIMATED

c
€ Q=1.0%2-2 (10)

Q=PCMPNT(63)
IP(PCHNG(3).EQ.1) Q=Q/VERI
RETURY 168

END
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SUBROUTINE RISK{RLEASE,BASE,CM,SENSUM,PARAM,RISC,REACTR)

F Re
COMMON/RSKT/EDETHB,LDETHB,CSTSB,R1COLD,EDETR,LDETH,CSTS I&EE:-:—JSL_

REAL.LDETHB,LDETHS,LDETH

DIMENSION RLEASE(7),BASE(7),SENSUM(7)

DO 10 I=l,?

IP(BASE(T).2Q.0.) GO TO 10

SENSUM(I)=BASE(I)/RLEASZ(I)

CONTINUE

B8SE=0.

RLSE=0Q.

DO 2 1=1,7

RLSE=RLEASE(I)+RLSE

BSE=BASE(I)+BSE

CONTINUE

CM=BSE/RLSE

IP(REACTR.EQ-2.0) GO TO 100
TDETHS=(RLEASE(1)-RICOLD)*8.4+RI1COLD*91.+RLEASE(2)*7.+RLEASE(3)*0.4
LDETHS=(RLEASE(1)-RICOLD)*114.+RI1COLD*[20.+RLEASE(2)*67.
A +RLEASE(J)*55.+RLEASE(4) *|8.+RLEASE(S)*6.+RLEASE(S)
CSTSS=(RLEASE(1)-RICOLD)*2270.+R1COLD*2050.+RLZASE(2)#2440.
A +RLEASE(3)*987.+RLEASE(4)*33S.+RLEASE(5)*201.+RLEASE(6)*17].
B +RLEASE(7)*L71.

ZDETH=EDETHB/ZDETHS
LDETH«LDETHB/LDETHS

CSTS=CSTSB/CSTSS

G0 TO 200

2DETH=0.0

LDETH=0.0

CSTS=0.0

CONTINUE

IP(PARAM.EQ.0) RISC=CM
IF(PARAM.2Q.0) GO TO S
TF(PARAM.GT.7) GO Ta 6
RISC=RLEASZ(PARAM)

GO 10 5  __
1P(PARAM.£Q.8) RISCeBDETH
IF(PARAM.EQ.9) RISC=LDETH
IP(PARAM.EQ.10) RISC=CSTS
CONTINUE

RETURN

END

SUBROUTINE WFAIL
COMMON/LWR/PCMPNT(250),4,3?,C,D,?,G6,K,X,L,4,0Q,V,T,ALPHA,BETA, CAMMA
A,DELTA,EPSILN,S1,S2,N,PCHNG(30),EPSLNT,EPSBHY ,DELTAT,ALPYHAL
2,8,R,D1,D2,8S,3ASE(7),VERIBY(4),BSCAPE(6,7) ,REACTR,RI1COLD, VERT,
XU QUV,W,ALPHABR,GAMMAB, GAMAPY ,CMPNT(130)
RBAL LPCI,HARD,HERR,HRARD,APSW
1HR, PCS
4 REMOVAL OF DECAY HEAT
RESIDUAL HEAT REMOVAL AND POWER CONVERSION SYSTEM
RHR LPCT OR HRPSW
LPCT HARDWARE OR OPZRATOR VILVYE FAILURE OR PLUGGED VALVE
BARD=CMPNT(32)
HERR=CMPNT(S4)
VALV=CMPNT(95)
LPCI«HARD+HERR+VALY
HPSW COMMON MODE, T + M, HARDWARE
CM OPERATOR PAILURE TO START W/IN 25 HRS
CH=CMPNT(56)
TNM=CMPNT(35)
HARDWARE VALVE RUPTURE OR VALVE AND OPERATOR OF 2 LEGS

THWO LEGS OPERATOR FAILURE W/ WALKAROUND OR MAINT. OR VALVE FAILURE

OR HARDWARE FAULTS (SQUARED)
TLEGS=(0.22%CMPNT(55)/3.0+CHPNT(96)+CMPNT(83))*22.0
VALOP=CMPNT(97) *(CMPNT(SS5)+CMPNT(84))

SUM W/ VALVE RUPTURE
HHARD=TLEGS+VALOP+CMPNT(98) 6
RPSWaCM+TNM+HHARD 1 9

-
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PWR SUBROUTINES TABLE B-10
SUBROUTINE LFAILIL? ————— :
COMMON/LWR/PCMPNT(250),A4,.8P2,C,D,F .6, H,K,L,M,0,7,T,ALPHA,3ETA,GANMMA

A,DELTA,EPSILN,S1,52,N,PCHNG(30),EPSLNT,EPSBHP ,DELTAT, ALPHAL

2.8.3.01.D2,ﬂs.3A58(7).V!RInY(5).!SCAPE(6.7).REACTR.&ICOLD.VE!I.

xu.QUV.H.ALPHAB.GAHHAB.GAHA?B,GMPHT(IBO)
REAL L

L SECONDARY STEAM RELIEF AND AUXILLIARY FEEDWATER S5YSTIYM
Led.7%10*2(-3) (3) POR ALL EVENTS NOT INCLUDING LOOS
L=l .5*E-4 {(3) FOR ALL LQOS EVENTS
FEEDWATER 3 LOOPS 2 ELECTRIC PUMP | TURBINE POMP ‘
SMALL PIPE BREAK (0 TO 8 HOURS) OR TRANSIENT WITH LOSS OF MAIN FEEDWATER
BUT NOT LOOS
QSa5.12E-7 RUPTURE MAIN HEADERS PLUGGED VENTS PROM CONDENSATE TANK
QDmé.52E~7 . RUPTURE IN APFSW WITHIN MSVH AND FAILURE OF TURBINE Loo?
. FAILURE CHECK VALVES BOTH HEADERS
QT=8.7%g-7 COMBINATIONS OF INDEPENDENT PAULTS ALL 3 LOOPS
QTNM=3,2%*E-6 FAILURE IN TWO LOOPS WHILE THIRD IN MAINTENANCE OR TEST
QCM=3.0%E-5 DISCHARGE VALVES ALL THREZ PUMPS LEFT CLOSED POLLOWING TESTS
QTNMLS=1.422-4 3 DIESELS FAIL AND TEST OR MAINTENANCE ON TURBINE LOOP

QS=4.*PCMPNT(42)+3.*PCMPNT(43)
QTURS=2.#PCMPNT(141)+PCMPNT{101)+PCMPNT(61)+PCMPNT(62)

QD= (18.*PCMPNT(63)+0. L*PCMPHT (1)) *(QTURB+PCMPNT(67))+(2.*PCUPNT(64
1))*+2.0

QA=PCMPNT(201)+PCMPNT(102)+PCMPNT(103)+2. *PCMPNT(141)+PCMPNT(61)
A+PCMPNT(62)

OT=QA**2.04QTURS

QTNM=PCMPNT (221) *(QA®QA)+PCMPNT(221)#2. *QTURB*QA+(2CMPNT(221)
A+PCMPNT(222))# (18, *PCHPNT(63)+0. L #PCMPNT (1))

QCM=PCMPNT(143) :

€ TAKING LOOS ONTO ACCOUNT
QCMLS=PCMPNT(44) 2 (QTURB+PCMPNT(67))
QTNMLS=PCMPNT(44) % (PCHPNT(221)+PCHPNT(222))
L=QS+QD+QT+QTNM+0.02* (QTNKLS+QONLS)+QCH
IP(PCHNG(1).EQ.l) L=L/VERI
RETURN
£HD - [,
SUBROUTINE PPAILP
COMMON/LWR/PCMPNT(250) ,4,3P,C,D,¥,G,H,K,L,M,0,7,T,ALPHA, BETA,AMNA
A,DBLTA,EPSILN,51,52,Y¥, CHNG(30),2PSLNT,EPSBHF ,DELTAT,ALPHAL
Z,8,R,D1,D2,HS,3ASE(7) ,VERIBY(4),2SCAPE(6,7) ,REACTR,RICOLD, VBRI, -
XU,QUV,W,ALPHAB,GAMMAB ,GAMAPY ,CMPNT(130) S
cr CONTAINMENT SPRAY RECIRCULATION SYSTEM  CSRS RECIRCULATION OF
c CONTAINMENT SUMP WATER THRU HEAT 2ZXCHANGERS OF CONTAINMENT
¢ HEAT REMOVAL SYSTEM 4 TRAINS- 3500 GPM PUMP,HX,
¢ AND SPRAY HEADER 2 PUMPS INSIDE CONTAINMENT
¢ SUCCESS - PUMPING 3Y 2 OF 4 TRAINS FIRST 24 HOURS
c 1 OF 4 AFPTER THAT
C QD = 2.6%E(=6) 2 LEGS PAIL - POWER TRAIN AND | OF OTHER 2 LZGS (MECHANICAL)
C QT = 2.6%E(-6) COMPONENT PAILURES 3 OF 4 LEGS
C QTNM=é.3J4E(~5) REDUCED REDUNDANCY

C QCM= 2.8%E(-5)

QEP=PCHMPNT(135)+PCUMPNT(184)+PCMPNT(219)
QCHePCMPNT(220)+2.#PCHMPNT(90)+PCMPNT(11L)+PCMPNT(L12)
QER=PCHMPNT(111)+PCMPNT(241)

QCX=PCMPNT(162)

QEX=PCMPNT(113)

QCM=PCMPNT(114)

QEM=PCMPNT(166)
QP=QEP*(QCH+QEH+QCX+QEX) +( QEH+QEX) # (QCH*QCH+2 . *QCH*QCX+QCX*QCM) +(Q
ACH+QCX) # (QEH*QEH+2 . *QEHRQEX+QEX*QEM)+ (OCH+OCX)* 2. s (QEH+QEX) A ( PCMPN
BT(229)+PCMPHT(230))+PCMPNT(230)*(QCH*QCH+2.4QCH*QCX+QCX*QCM)+PCMPN
c:§229)*(QEH'Q!H+2.'Q!B*Q!x+qsx*qzu)+2.'QEP*(PC&PNT(Z!9)+?C&PNI(230
]

Fu2.4QP

IP(PCHNG(7).EQ.1) F=P/VERL

RETURN
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SUBROUTINE CPAILP TABLE 3-10
COMMON/LWR/PCMPNT(250), A, BP,C.0, 7.0, 9. K.L.4,Q,Y.T,ALPYA, BETA,GAMMA
A,DELTA,ZPSTLN,S1,52.N,PCHNG(30),2PSLNT, EPSBAF ,DELTAT, ALPHAL
2,8,R,D1,D2,HS,3ASE(7) ,VERIBY(4),ZSCAPE(6,7) ,REACTR,R1COLD, YERE,
XU,QUV,W,ALPHAB ,GAMMAB,GAMAPB ,CMPNT{130)
C C CONTAINMENT SPRAY INJECTION SYSTEM
C Ce2.4E=)
¢ DELIVERS BORATED COLD WATER THRU SPRAY HEADS TO CONTAINMENT ZFROM
c REFUELING WATER STORAGEZ TANK(RWST) FOR 1ST 1/2 HR AFTER LARGE LOCA
¢ REDUCES CONTAINMENT PRESSURE
¢ PAILURE=PAILURE TO DELIVER SPRAY PLUID EQUIVALENT TO FULL DELIVERY FROM
¢ 1 OF 2 PUMPS )
C QD=3.2E-4 INDEPENDANT SPRAY SYSTEM PAILORES
C QTNM=l.5E-4 REDUCED REDUNDANCY DUZ TO T+
C QCM~i.9E-) COUPLED MUMAN ERRORS IN CALIBRATING CONSEQUENCE LIMITING CONTROL
c SYSTEM (CLCS) AND DURINGMONTHLY FLOW TEST OP CSIS SUBSYSTEMS
QS=PCMPNT(145)+PCMPNT(146)+PCHPNT(203)+PCMPNT(204)+PCMPNT(104)
QD=Qs*qQs ’
QTNM=2.%PCMPNT(224)*QS .
QCM=PCHUPNT(147)+PCHMPNT(148)
C=QD+ATNM+0CY
IF(PCHNG(4).EQ.1) C=C/VERI
RETURN
TND )
SUBROUTINE MBrFAL
COMMON/LWR/PCMPNT(250),A,BP,C,D,P,G,H,K.L,¥,Q,V,T.ALPHA, BETA,GAMMA
4,DELTA,EPSILN,S1,S2,N,PCHNG(30),ZPSLNT, EPSBAF ,DELTAT, ALPHAL
2,8,2,01,D2,HS,BASE(7) ,VERIBY(4),ESCAPE(6,7),REACTR,RICOLD, VERI,
XU,QUV,W,ALPHAB , GAMMAB ,GAMAPS ,CHPNT(130)
REAL M
C M SECONDARY STEAM RELIEP AND POWER CONVERSION SYSTEM
¢ PORTIONS OF POWER CONVERSION SYSTEM THAT PROVIDE FOR MAIN FEEDWATER
c DELIVERY TO STEAM GENERATORS ~
C M=lO=#(~1)
C B" FAILURE TO RECOVER EITHER ON OR OPF SITE POWER WITHIN | T0 3 HOURS
¢ FOLLOWING LOOS TRANSIENT :
C B =Sa|0%a(-1)
MaPCMPNT(31)+.02*PCMPNT(181)
BP=PCMPNT(182)
IP(PCHNG(2).EQ.1) MwM/VERI
RETURN
END

SUBROUTINE KPAILP .
COHHON/LURIPCHPNT(ZSO).A.BP.C,D,!.G,H.K,L.S.Q.V.T.ALPRA,SETA.oAHHA
A.D!L?A,!PSILM,SI,SZ.N,?CHHG(30),EPSLNT,EPSBRF.D!LTAT.AL?EA}
Z.l.l.Dl.DZ.HS.!ASE(7),V!RIB!(&).ESCAP!(G.?).R!ACTX,1XCOL3.IERI.
!ﬂ.QUV.H,ALPHAB.GAHHAI.GAHAPB,CHPNT(130)

REAL X -
cx REACTOR PROTECTION SYSTEM 1.6%E-3 (1
C QD=5.48-6 SEVERAL TRIP CIRCUIT BREAKER PAULTS AND WIRE PAULTS ON ZACH BRAN
(N BRANCH OF TRI? 3RAEKER SYSTEM
C QTNM=1.28-3 RESULT PROM DECREASED REDUMDANCY DURING T+4 OF BR!AK!R:
C NROD=t.72-5 POSSIBILITY OF ] OR MORE RODS INDEPENDANTLY FAIL TO ENTEIR CORE
OD=(PCMPNT(202)+PCMPNT(243))**2.0
QROD=PCMPHT(45)
QTNM=2 . #PCMPNT(223) 4PCMENT(202)
K=QD+QROD+QTNYM
TP(PCHNG(9).EQ.1l) XK=K/VERL
RETURN
END
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TABLE 3-10

BWR SUBROUTINES
-SUBROUTINE CPAIL
gO:HON/LHR/PCHPNT(ZSO).A.BP.C,D,F.B.H.K.L.H,Q.V,r,ALPHA.B!TA.GAHHA
A,DELTA,ZPSILN,S]1,52,N,PCANG(30) ,EPSLNT,2PSBAP ,DELTAT, ALPHAL
Z,b,R,D1,D2 ,HS,BASE(7),VERIBY(4),28CAPE(6,7) ,REACTR,RLC0LD, VERE,
XU,QUV,W,ALPHAB ,GAMMAR ,GAMAPS ,CMPNT(:30)
REACTOR SHUTDOWN=C
REACTOR PROTECTION SYSTEM AND MANUAL RESERVE SHUTDOUM
REAL MVC
RPS ROD PAILS TO INSETT, HUMAN SWITCH ERROR
SUITCH=CMPNT(51)
TNM=CMPNT(14)
ROD=CMPNT(61)
ROD2=CMPNT(43) .
RPS=300.0*R0D+2.8*R0D2+TNM+2.0*SWITCH o
MANUAL VALVE CLOSING
MVYC=CMPNT(352)
AND GATE
CsRPS*MVC
IP(PCUNG(1).2Q.1) C=C/VERL
RETURN
END

SUBROUTINE QUVPAL :
COKHON/LHR/PCHPNT(ZSO).A.BP.C,D.!.G.H.!.L.!.Q,V,T.ALPHA,SBTA,GAHaA
&.DELTA.ZPSILH,SX,SZ.H.PCBNG(BO),EPSLHT,E?SBH!.D!L?AT.ALPHAL
2,3.2.01.02.35.3552(7),VERIBY(&),!SCAP!(G,?).REACTR.RICOLD.VE!I,
XU,QUV,W,ALPHAB, GAMMAB GAMAPB ,CMPNT{130)
LOSS OF PEEDWATER q
HPCI OF RCIC FOR MAKEUP WATZR U
LOW PRESSURE ECCS FOR MAKEZ OP WATER
REAL LPECCS,MANADS ,HTEST,HFAIL.3ARD

N 2 DISTINCT VALUES DEPEMDANT ON OFF SITE POWER AVAILABILITY
QuCMPNT(13)+.02%CMPNT(121)

U HPCI QR RCIC = FAIL=-P?AIL, FAIL-TEST, TEST-PAIL
HTEST=CMPNT(131)
HFAIL=3.0*CMPNT(91)+CHPNT(82)+3.0%CMPNT(93)+CHPNT(94)+2 <O*CMPNT(11

Al)+2.0%CMPNT(112)+CMPNT(81)
RTEST=CMPNT(32)
RPAIL=HPAIL-CMPNT(111)~CMPNT(112)
JmRFAIL*HPAIL+RFAILAHTEST+APAILARTEST

¢ LOW PRESSURE ECCS OR OPERATOR PAILURE TO ACTYATS ADS

LPECCS = TEST OR HARDWARE
TNH=CMPNT(3))

RARD=CMPNT(113)+CMPNT(92)
LPECCSaTNM+HARD

OPERATOR FAILURE TO ACTUATZ ADS
MANADS=CMPNT(S53)

Y=LPECCS+MANADS
QUV=Q=Usy
IP(PCHNG(2).EQ.1) QUV=QUV/VERI
RETURN
RND
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Appendix C

Reduced Fault Trees

This appendix documents the fault trees which are used as input to
the LWRSEN computer code. These fault frees are developed from the fault
trees used in the RSS. The exact trees can be found in Appendices II and V
of the RSS. The exact trees are much more complex and involve a much larger
nﬁmber of individual inputs.

In order to make the analysis mcre tractable, the trees are
reduced such that insignifiéant contributions are eliminated. Th; criterion
for determining whether to include a cut set or not 1is that the cut set
should not contribute more than one-tenth of one percent to the top event
failure probability. 1In addition, since one goal of the study is to explore
the sensitivity of different generic classifications, numbers of smaller
components are combined to basically fit these categories where applicable.
The generic categories chosen for the PWR are human error, test and main-
tenance, control, electric power, pumps, valves, and other hardware. The
number of generic categories chosen for the BWR are fewer because the tran-
sient analﬁsis in the RSS is less detailed. For the BWR those categories

.atg human error, test and maintenance, pumps, -valves, and all hardware.

The reductipns are completed for the five most important systems or functions
4n the BWR and the six most important systems or functions in the PWR.

Other systems in the PWR are less detailed and comsequently not documented

by a reduced fault tree. This information is documented in Table C-1.

The systems contained in the study, as well as the subsystems which are
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. the fundamental elements of those systems, are listed and defined, aloung with
their common abbreviations, in Appendix A. The reduced fault trees of the
eleven systems considered in detail and a key are contained in Table C-2

and Figures C-1 through C-11.
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Table C-1

Reduced Fault Trees and Systems Considered in This chgy

BWR
Systems/Functions Considered in Some Detail
%) Remove Residual Core Heat
c Reactor ?rotection System
u HPCI or RCIC '
v Low Pressure ECCS
Systems/Functions Considered in Less Detail

Q Normal Feedwater System

PWR

Systems/Functions Considered in Detail

L Secondary Steam Relief and Auxiliary Feedwater System
K Reactor Protection System

c Containment Spray Injection System

D Emergency Core Cooling Injection System LPIS, HPIS, ACC
H Emergency Core Cooling Recirculation System LPRS HPRS

F Containment Spray Recirculation System

G Containment Heat Removal System

Systems/Functions Considered in Less Detail

M Secondary Steam Relief and Power Conversion System

B Loss of Electric Power

B' Recovery of off site power 1 - 3 hrs. following

Q Reactor Coolant System Relief and Safety Valves Fail to Close
v LPIS Check Valve

R - Reactor Vessel Rupture
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TABLE C-2

FAULT TREE SYMBOLISM

EVENT REPRESENTATIONS

The rectangle identifies an event
that results from the combination
of fault events through the input

logic gate. 1

The circle describes s dbasic fault
svent that requires no further de-
velopment. Frequency and mode
of faiture of items so identified are
derived from empirical data.

The trisngles are used as transfer
gymbols. A line from the apex oi
the trisngie indicates a transtfer in
and s line from the side or bottom
denotes s transfer out.

ANAS

The diamond describes a fault event that is

The house is usad as a switch to
include or sliminate parts of the
fault tree as thoss parts may or
may not 2pply to certin

Y

LOGIC OPERATIONS

AND gate describes the logical
operation whereby the coexistance
of all input events is required to
produce the output svent.

OR gate defines the situstion
whereby the output event will
exist if one or more of the input
ovents exists.

considered basic ;n a*given fauit tree. The
possibie causes of the event sre not deveioped

further because the event is of insufficient I 1
conssquence or the necessary information .

is unavailable.

asine

-

s

i

-

ki

" The circle within a diamond indicates

8 subtree exists, but that subtree was
evaluead separatsly and the quantic
wtive resuits i ed a3 though 8
component.



FIGURE C-1
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G. CONTAINMENT HEAT REMOVAL

FIGURE C-3 CONTAINMENT SYSTEM
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FIGURE C-4
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FIGURE C-9

V. FAILURE OF LOW PRESSURE ECCS TO PROVIDE
CORE MAKEUP WATER
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FIGURE C-10
FAILURE OF NORMAL FEEDWATER SYSTEM TO
PROVIDE CORE MAKEUP WATER
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5 U. FAILURE OF HPCI OR RCIC TO
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Appendix.-D

Risk Parameters

The teactor'safety study generally showed that the highest
consequence core melt accidents tend to have the lowest probability of
occurrence. Core melt probability is the sum of the first seven release
categories, in the PWR, and the first four categofies, in the BWR. Since
public risk is determined by theproduct of consequence and probability of
occurrence, and the consequences are not the same for each category, core
melt pfobability is not a completely adequate measure of fisk. To Eircume
vent this proﬁlem, the RSS used the CRAC code to determine the consequences
for each accident type. In order to reduce time and money spent, an effort
was made to find a simpler method to relate release category probability to
risk. A few studies have been done13 to develop an average set of conse-
quences for each accident, given the complexity of widely varying sites for
nuclear power plants. The original scope of the report was to provide for a

countrywide average; however, the most complete results published concerned

" the consequences for a northeast river valley composite site. The description

for such a site can be found in the RSSIA. A functional relationship (for

both BWR and PWR reactor types) for three consequences from the RSS was
performed by Sandia Labsls. The results may be found in Table D-la &
D=1b. One can seethat:release category one is divided into two separate
accident types. The cold release occurs when the containment fails due to
‘overpressure before a steam explosion occurs. This accident results from

sequences involving a large or small LOCA and failure of any of the following
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systems: the containment spray injection system (C), the containment spray
recirculation system (F), and the containment heat removal system (G).

The hot releases result from transient event sequences, as well as LOCA's
involving failure of ECCS systems, injection or recirculatiom modes.'-In this
case the containment can fail by steam explosion. A more detailed analysis
of containment failure modes can be found in the RSS. A synopsis of that
analysis from the RSS for both reactor types can be found in Tables D-2

and D-3.

The Sandia study considered only early and latent fatalities
and property damage. The RSS‘reported a more complete list of consequences,
namely, early fatalities, early illnesses, thyroid nodules, latent cancer
fatalities, genetic effects, relocaﬁicu and decontamination area, and total
property damage. The complementary cumulative distribution functions
reported in the RSS can be found in Figures D-1 through D-7. By examining
these figures, it can be seen that the early fatalities distribution is
similar to the early illness curve. In the same manner, latent cancer
fatalities are similar to genetic effects and thyroid nodules, and total
property damage is similar to relocation and decontamination area. The
similarities are in the shape of the distribution function, as well as the
relative probabilities and variation in magnitude of consequences. Given
that‘risk is the product of probability and consequence, the total risk
to the pubiic is the integral_under the complementary cumulaﬁive distribution
function. The result of that integration is approximately equal to the pro-
duct of the median probabilities for each release category and the conse-

quences listed in Table D-1. The form of the distribution function is a
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result qf the uncertainty contained in the release category calculation and
the variations in weather and population for a composite site for the entire
U. S. While the information regarding the form of the distribution'function
is lost by not performing consequence calculations with the CRAC code,
suffictent evidence for a sensitivity study can be found from the integrated
values. An exact calculation would be wasteful and unproductive, given

the uncertainties inherent in using only point values in release category
calculations, as well as the uncertainties reported in the RSS itself.

In performing a sensitivity study it would be convenient to

‘have a single parameter to represent public risk, in order to simplify both

the analysis and the presentation of the results. However, combining the
three risk values calculated for the three consequences - early deaths, latent

deaths, and costs - can be accomplished only by épplying a monetary value to

'~ life. In order to avoid prejudicing the results of thié, all three parameters

areteportei;Where it is convenient. At the same time, core melt probability

is reported, since it satisfies the requirement of a single parameter and it

is useful to regulatory agencies. By examining the magnitude of the probabil-

ities for each release category, it can be seen that release cat%gory seven

in the PWR and release category three in the BWR will contribute most to

changes 1# core melt probabilitv. However, the consequences of thése cate-

gorles are small coﬁpared to the others, particularly in the case of the PWR.

For this reason the sensitivities reported using the core-melt parameter

mnét be kept in perspective when one is considering reduction.in public risk.
‘This study reports résults using all of the four parameters

previously discussed. Due to the problems mentioned earlier in comnection
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with combining these parameters to represent risk, a reasomable methodology
for evaluating public safety considerations would be to consider larger
sensitivities from any one of the four parameters. Specific safety anal-
yses must make some assessment of the relative value of each of the para-
'meters, in order to adequately calculate the benefits to the public from
énf redﬁction in accident consequences. It should be noted that in&ivid- _
ual release category probabilities méy also be ;onsidered as sensitivity
parameters, especially since they contain more specific information as to
accident types.

An approximate example of how to use the results can be
shown by the use of the sensitivity tables on early deaths, latent cancer
fatalities, and total property damage; For the core spray injection system
C, reductions of approximately three, sixteen, and seven percent are attained
in early deaths, latent cancers, and total property damage, respectively.
Social scientists and medical personnel could provide some value for an
early death and an early illness. There are roughly one hundred times more
early illnesses than early fatalities and their treatment must be accounted
for in the early death parameter. The latent cancer parameter must be
translated into latent cancer fatality costs, the cost of tréating about
ten times thatmany cases of thyroid nodules, and the cost of roughly omne
tenth as many genetic effects per year. Finally, the toial property damage
parametér must also account for public aversion and the costs of the relo-
cétion and contamination area. Considering only the reduction in property
damage, a credit of sixty thousand dollars could be attained over a forty
year plant life for a factor reduction in CBIS failure probability of three.

This is clearly not in the range of a worthwhile backfit investment;
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however, considering engineer's salaries, it is certainly worth consider-
ing future research, if the system proves promising, for reductions of
any amount near three or more. A significant cost benefit from the other
factors, especially those resulting from the latent cancer parameter,
indicates that there are probably benefit to cost ratios greater than

one for many possible changes for future plants. Given that the total
property damages amount to about ten'thousand dollars per perceat reduc-
tion over a single plant life, many individual components could prove
promising for further research and design work.

In summary, the four sensitivity parameters reported in
this study ére core melt probability, early deaths, latent deaths, and
total property damage. These consequen;e parameters are representative
of the integrals of the complementary cumulative distribution functions
reported in the RSS and found in Figures D-1 through D-7. Their relative
use is dependent on the concerns of the user of this study and are beyond
the scope of this work. Nevertheless, theﬁ can be considered adequate to

provide insights into reactor safety.
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TABLE. D-1A

Expected Consequances per Release
Northeast River Valley Compasite Site

EWR |
‘ - Early Latent Pr;perty Damage
Category Fatalitles Cancer Fatalities (105 3)
1a (cold) 91 120 : 2050
1b (hot) ] 114 2270
2 7 67 2440

3 0.4 55 987
4 0 18 . " 338
5 0 6 201"
6 o 1 173
7 ()} ~0 171
8 0 ~0 _ 1.
9 0 ~0 0

BWR

o1 S . 154 " 2450
‘2 ~1 100 2970
3 0 51 - " 789
4 [ s 29
5 0 ~0 ~0
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TABLE D-2

o R

“his release cateqory can be characterized by a core seltdown followed by a steam
explesion on contact of malten fuel with the residual wataT in the reactor vessel.
The containment spray and Reag removal systams Jscre also sssucad to have failed and,
therefore, the containsent could bDe at a pressuse iAdove ambient at the tise of the
stean explosion. It is assumed that the steam explosion would rupeuze the uppar
portion of the reactor vasse. il Leeddh the ccataiament barsier, vith the Tesuit
thet a subdstancial amount of raloactivizy might be relcoased fzcm she concainrent

in a puff over & period of shout 10 mianutes. Oue to the swveeping action of gases
genezated during containment~vessel Reltinrougn, the release of radiocactsive materials
would contiaue 4t a relatively lcw race thereafter. 7The total relezse vould conta:n

spproximately 70V of the lodizes and 40V of the alkali metals present in the cers
st the time of release.! Because the contairzent would contain hot pressuriszed
ases at the tine of failuse, a relatively high ralease rate of sensible eneryy

Tom the containment could be sssociated with this category. This category alsc
includes cersain potential accident sequences thac would iavolve the eccurrence

of core melting and a steam explosica after containment Tupture dus to overpressure.
In these seguences, the race of enezgy release would be lower, although seill
selatively high.

"R 2

*his category is associated vietn tha failure of coce=cooling systems and core
melting concurrent vith the failure of containment spray and Yeat-cemoval syseons.,
Failure of the zontainment barrier would occur through overpressure, causing a
substantial fraction of the containment aticsphers to be released ia a puff over

& period of about 10 minutes. Due to the sweeping action of gases genarated during
containoent vessel meltihirough, the release of radioac:iive material would continue
4t a relatively low rate thefsafter. The totai release would =zontain aprsoximaszly
760 of the iodines and 50V of the alkali mectals present in the core at thc time of
release. As in PWR release cateqory 1, the high tempersture and pressuce withan
containment at the time of containment failure would result iz a relasiveiy high
zalcase rate cf sensible energy from the containment.

w3

This category involves an overpressure failure of the containment due to failure of
-eertainment heat resovil. Containament failure would occur prtior to the cosvencesent
of core melting. Core melzing then would cause radicactive paterials o be rcicased
through a ruptured containment barrier. Approxizmately 2C1 of the icdines and 20% of ¢!
8lkall metals present in the cors at the tice of relaase would be relaazed to the
atansphere. Most of the release wvould occur ever a pericd of about 1.5 hours. <The
release of radioactive material f:zow contaicsent would be caused by the swesping
action of gases gensratad by the reaction of the molten fuel with conczets. Sincs
these gases would be initially heated by contact vith the melt, the rats of sensidle
enesgy Isleass to the atzosphers would be modezrstely high.

R 4

This category invelves failure of the cors-cooling system and the containment spray
injection system after a loss-af-coolant accident, together with a concurrant
failure of the containment system to properly isclate. 7This would result ia the
ralease of 9% of the jodines and 4\ of the alkali metals present in the cors at the
time of release, Most of the release would occur continucusly over a period of

2 to 1 hours. Because tha contairnment recirculation spray and heateramoval systens

would cperats to remove heat frem the containnment ataocsphere during cors neltang,
8 relacively low raca of releass of sensible enezgy would De associaced wish this

category.
nas

This category {nvolves failure of the core cooling systems and i{s similar to PWR
Fslcase cateagory 4, except that the containsent spray injection syscem wculd operats
to further teduce the guanticty of airborane zadicactive material and to initially
Suppress containment temperatura and pressurs. The containment barriar would have

4 lazge leakage rate due to a concurrant failuce of the containment systen to properly-

isclate, and most of the radicactive matsrial would be released continucusly over
8 peziod of saveral hours. Approximately 31 of the iodines and 0.9% of the alkali
Setals present {n the core wouid be releaszed. Because of the operation of the

. containmant heat-removal systess, the enezgy release rats would be low,
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This category lavelves a core celtdown due to failure in the core cooling systems.
The containment spravs wculd asc cperate, buz the containzent barrier would cetain

" 4es incegrity until the malten coTe proceeded to melt through the sancrets containment

base mat. Thae radlocacsive mater:als would be released into the ground, with some
leakage to the atmosphers ocsursing upward through the ground. Direct leakage o

the atmcsphere vould alse ocsur at a low rate pricr to containment-vesscl peltthrough.
Yost of the rclease would occur continuously over a periocd of about 10 hours.

The rolaass would include approxizacaly 0.08% of the {odines and alkall met5als
present in the core at the tize of rrlease. 32cause leakage {rom containneant to

the atzasphece vould be lov and gasas escaping through the ground would be cooied

by contact with the s0il, the anerjy rolease rata would be very low.

wan 7

This categozy is sinilar %o PR release category . except that containment sprays
wouléd opscats to recduce the conzainment Zemperature and pressure as well as che
smount of airberne radicoecsivity. The release vould involve 0.002% of the iodineas
and 0,001t of the alkali metals present in the core at the time of ralesse. Most
of the relesse would occur over a period of 10 hours. As in PWR relcase category 6,
the energy rslesase rate would dbe very lov.

This cetacory approximates a PWR desicn basis accident (large pipe break), excepe
that the conctainment would faili to isolate properly on demand. The other eagincercd
safeguards are assuaed to function groperly. The core would not melt. The relsase
would invelve approximately 0.0L% of the iodines and 0.05% of the alkali sccals.
Most of tha relcase would occur in the 0.5-hour pericd during which contiinment
pressurc would be above asbient. Bucause containzcnc sprays would cperats and core
selting would not cceur, the ecargy releass rate would also de low.

This catejory approximates a PWR design basis accident (larje pipe break), in which
only the activizy initiaily ceoatained within the qag between tha fuel pcilet and
eladding would o released ints the containment. =he ssce would not mel:. It is
assumed that the minimum required engineered safequards would Zunction satisfactorily
20 reoove heat from the cors and containvent. 7The release would occur over the
0.5-hour pericd during which the cantainment pressure vould bde above ambiant,
Approximately 0.00001% of the lodines and 03.30006% of the alkali setals would be
seleased. As in PMR raleass category §, tha energy Islesase rats vould be very low,

)

This release categosy is representative of a core maltdown folloved by a stean
explosion ia the feactor vessel. The latter vould cause the release of a substantial
quantity of zadicactive material to the atmosphers. The total release would coatain
approxinately 40V of the iodines and alkalli =ecals present in the core at ths Sizms
of containzent failure. Most of the rslease would occur over 8 1/2 hour paried. .
Secause ¢f the energy generated in tha sceam explosion, tiis category would bde
ehazacterized by a rslatively high rate of enerqy release o the atposghers. <This
category also includes cerain sequences that involwva gverpressurs failure of the
containtent prior to the occurrenca of sore melting and a sz=am explosion. In

these scguences, the rate Of energy relesse would be sonewhzt smaller than f3r thase
discussed above, sithough it would still de relatively high.

Shis release categary is Tepresenzative of s care meltiown :-?auxunq from a transient
event ia which decay-heat-remaval svstesms are assumed to fail. Containme .. over-
prescure failure vould result. snd cors nelting would Zollow. Most of the release
vould occur over a period of abouz ) hours. The contalnment failure would Be such
that radicactivisy would be released directly %o the atdosphere without zignificant
getention of fission products. This category involves a relactively high Tace of
enerqgy releasa dus o the sweaping acticn of the jases generated Dy tha aclitern mass.
Approxinately 908 of the iodides and SOV of the alkali matals prasent in the cors

 would be zeleased to the acacsphars.
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This relesse categorvy represants a core reltiown caused by a transient svent accompas
Dy a failure to scras or failurs to remove decay heat. Containment failure would
occur cither before coze mels o 38 3 rasult of gases genecated during the inses-
action of the emolten fusl vith concrete after reactor-vessel meltthrough. Scue
fission-product rezsnticn vould occur either {n the suppression pool or the roacsor
duilding prior to relezase to the atmosphers. Most of the relcase would occur aver
4 peried of sbout 3 hours end would involve 10% of the iodines and 10t of.the alkali
metals, For those secuences in which the containmens would f£3il due 2o overpressuce
after cors melt, the rate of cnergy celeiase to the atnosphere would be relatavely
high., Tor those seguances in which overpressure failure wauld occur before core
::1:. the snergy recleasc rate would be soaevhat smaller, although still madezztely
gh.

R &

This relesse categjory is representative of s cors meltdown with encugh contalaoent
Jezkage to the reactor building to prevent containsent failure Dy overprecsure. <he
quantity of radicactivity released to the at=osphere would be significancly reduced
nornal venecilation paths in the feactor builZing and potential mitigation Dy the
secondary containment filter systems. Condensation in the containnent azd the ac:zio
of the standby gas treatzent systam oa the releises would also lead to a low racs
of energy release. The radicactive material vould be rslcased frox the zsaczor
building or the stack at an elevated lcvel. Mast of the release vould occus cver

& 2-hour pericd and would involve approxizataly 0.08% of the iodines and 0.5% of the
alkali metals. - . ]

s category approximatss a BWR design basis accident (lazge pipe brsak) im which
::iy the :e:{vig; iniczially contained within the gap betweea the fuel pellet and
eladding would ba Teleased into containment. The core would not melt, and containza
lsakage wvould be small. It is assumed that the ninimum zequirad engincezed safe~
guards would functian satisfactorily. The selecase vould be fil%ered and pass throug!
the slevated stack. 3t would occur over a period of abouz S houss while tha -

" containnent is pressurized,above asbient and wvould invelve approxinacely 6 x 10 't
.. of the iodines and ¢ x 10~ t of the alkali metals. Since core meiz would aot ceccuz
. and contiinsent hest-gemaval systems would operats, the Telease to the aincsphezs
would involve a segligibly small amount of thermal enasgy.

-203-

T



i

st

kg

s

e

=Y

awbb

ey

gy

e

TABLE D-3

RELEASE CATEGORY ACCIDENT CHRARACTTRISTICS

. . ’
"
to. . DXOATION WARAIEG ELIVATION ""‘f‘f‘;’“‘
TINE OF or TIME IOR [-. 4 . la)
e m(mmm IVASIATION  BTLIASE .;-llﬂ TRALTION QF CTPZ ITVEWTSRY PLLLASED
CATECOXY ReectaseTr (M¥) ey ux) necars) (30° Bewiz) Za-kr Ory. I I C-td  Teess Btz D 19
a1 gm0’ 2.8 e 1.0 F 520 o9 am0? 0.7 0.4 0.6  0es  o.¢ 3u0”?
a2 a0 a3 e 10 . 7 s o’ 07 03 63 - e 0.07 ewn”?
ra1 o™t s.0 1.3 2.0 0 . o8 @? 0.2 0.2 0.3 62 e.03 ™t
nra  s$a”’ 2.0 0 2.0 0 3 o6 mo™? o3 0.0¢ 0.0 mo”d mio”? imo™
s o™ 2.0 Py 3.0 °. 6.3 0.3 =™} 0.0 wmuo”? swo? a0t et oS
nae  si0t 1o 100 1.0 ° " 03 mo”? me™ wmie™ 10! me? teie”? a0t
rm 1 ama”? 0.0 10.0 1.0 0 “w ex18™? 201070 3010”® 120°% 2110°% 1a10™* 1m10™® 2mio”?
s o™t e.3 o3 " . w 2010™? su16™ 10™* 1a10™ 1m0™® 10~ o °
-4 . -4 -3 -? -? L 11
PRy a0 0.3 0.3 7 ° " =107 3107 10”7 wxio”? axi0™? 1m0 ° 0
sap a0t 3.0 2.0 1.5 = 0 1.0 mw”? o8 0.0 0% 608 0.3 swe”?
pa3  ss™® 2.0 3.0 2.0 o 2 1.0 0™} 6. 0.5 0.3 ° 0.0 0.0 a0}
sa) et 2o 30 0 n . » 1.0 wms™? 020 80 00 0.1 002 o’
e et 3.0 2.9 2.0 s " 0.6 10~ aus™ 121077 o™’ o™ o™ 1wo™t
T T 3.3 5.0 7N 130 »m sus™ 2™ @i o™ mio”}? aa o o
ta) B discussien of the iswtores used in the study is fennd in Ay ais 1.7 & g ‘-mf pe gTOUPS and release
Becharisas is found in Appensis VII.¥

) iaclndes M. D, Te. Cw.
(&) Iacludes K. Y, Co, P27, La, BD, AR, Cu. Pu, ¥p, Br. . .
(1]

R lower eaeryy release rate than this value applies te pary of the-period over vhich the radiseativity is Deing relessed.
- She e2fect of Jower saeryy release Tates ¢s Ghasequances is Lownd (s Agpendix VI.®
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TABLE D~4

CONSEQUENCES FOR VARIOUS PROBABILITIES

CONSEQUENCES OF REACTOR ACCIDENTS FOR VARICOS
PROBABILITIES FOR ONE REACTOR

s
Coasequences
Tocal

Chance per n_rl.y' Sarly Property Oecontamination Area Ralocation Ares

Reactor-Year Pacslities  Illness Dassgo $10° ~ Square Miles Square Miles
one ia 20,000 .0 a.0 .l 01 «.1
One ia 1,000,080 .0 20 0.9 2000 130
e in 10,000,000 3 L] 3000 3 3200 250
One. in 100,000,000 200 14,000 [ ] - %0
One ia 1,000,000,000 3200 43,000 14 -

(a)This is the predictad chance ef core melt per resactor year.

CONSEQUENCES OF REACTOR ACCINDENTS FOR VARIOUS PROBABILITIES

FOR ONE REACTIOR

Cansequences
Latent Cancer(d) . o) ) @
Chance Perx fatalities Thyroid Nodules Genezic Lffscts
Rsactor-Year (per year) (per year) {pes year)
one in 20,000 .0 «1.0 .0
One ia 1,000,000 170 1400 23
One in 10,000,000 460 3300 €0
one in 100,000,000 860 6000 110
oue in 1,000,000,000 1500 8000 170
Normal Incidence 17,000 8000 8000

{a) This is the predicted chance of COre 3elt per TRac:Or year.
() This rate vould occur approximately in the 10 to 40 year period following a

potential accident.

{e) This rate would apply to the firsc generation bdorn afier a potentisl accident.
Subsequent generacions would experie - :e cffects at a lowar racs.
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FIGURE D-1
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Probability per Rsactor Yoar > X

FIGURE D-z
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FIGURE D-3
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Notes:

1. Approximate uncertainties are estimated to be represented

by factors of 1/3 and 3 on consequence magnitudes and by
factors of 1/5 and 5 on probabilities.

2. PWR and BWR are nearly identical.
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FIGURE D-6
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FIGURE D-7
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APPENDIX E
Uncertainty Analysis

Finding release category probability distributions from system
failure probability diétributions cannot usually be done using closed
form mathematical expressions with the characteristics of a_diétribution.
For this reason Monte Carlo methods are employed for calculations of
this type. A Monte Carlo calculation involves random sampling of the
input distributions to gemerate point values, followed by a calculation of
a point value for the top event, in this case a release category prob-
ability. The calculation is repeated many times and the results are
s:ored to construct a histogram which will accurately represent the actual
distribution.

In this anaiysis the code PLMODMC is used for Monte Carlo cal-
culations of release category probabilities and, in one case, latent
cancer fatility probabilities. The PLMODMC code uses a fast PL-1 ran-
dom number generator, as well as routines developed for other Monte Carlo
analysis codes, such as SAMPLE, which was used in the RSS. An example
of the output of the code may be found in Tablé E~1. A listing of the
input is given, followed by a point value for the top.event. Then the
_z~dian,.the 5% and 95X confidence limit error factors, and the histogram
resulting from the calculation are shown. Values characterizing tﬁe
- accuracy of the Monte Carlo analysis, the minimum probability, and the
maximum error are also given for each confidence level in the histogram.

The PIMODMC cose uses only the lognormal probability dis-

tribution. The characteristics of that distribution are as follows:
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The probability demsity function (PDF) is

. 2
£(t) = —2— exp- (A28 _7¢5 0

270 20

2

-C
Mode (the most probable value) = t, = e

Median: €o.5 " e or €o.5 ° 'JX.T}E;

where XU,XL are upper and lower bounds, respectively.

Mean: = 'H'cz '
: [ /2

2 2

Variance: V = e it @ [ed -l:\

By providing the code with median values and the errer factcr (which
is the factor by which the upper and lower bocunds differ from the
median), the code will calculate the necessary parameters to describe
the PDF for that imput's distribution. Together with the Boolean
equatioﬁ for the top event probability, the code will generate an ap-
proximation of the top event PDF, after many calculations are performed.
The value of any Monte Carlo analysis is determined by its ac-
¢ racy. The process of sampling for estimating distributions is well
studied. Methods for approximating the accuracy of a sampling process
can be found in Ref. 20. The results found there indicate that

pr(|X(®)-P <E)merf (5 + R
l erf (=
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where

X(P) = m/N

N 1s the number of trials and m is the aumber of successes
N
=g [—
£ Pq

b is the probability of success from the binomial distribution
q is the probability of failure = 1-p
R is the error associated with the probability measure and

is given by

2
lR‘ < e + O.2+0.25|p:g]+ e~3/2JNpq

~ J2m™igq Npq

erf(t) is the error function.

The symbol pr(‘X(P)-P £€) represents the probability that the confidence
limit of P lies between the confidence interval P+€. This value is
independent of the distribution and only dependent on the confidence

level. Given a large sample size N these reduce to:

1.36 | .

pr('test-texactls- /5 l 0.95

where t is the estimated distribution and t is the exact dis-~
est exact

tribution. In this analysis N is always equal to two thousand. This

~ translates to an accuracy such that one can be 95 percent sure that the

estimated distribution differs from the exact distribution by not more

than a .03 confidence interval.
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- The inzccuracies inherent in a sample size of two thousand indicate

that, in some cases presented in the results, actual changes in mediéns,
upper and lower bounds, and error factors can be related to sampling
error rather than changes in the actual distributions. This may par-
ticularly be the case where the ratios of the median values change by
more than the ratios of the upper bounds or 952 confidence limit error
factors . Considering that the ratio of two factors of about the same

magnitude and error gives a possible error of approximately twice the

| individual féctor errors, this may easily explain some cases. Given

that the most important results involve large changes in medians and
upper bounds, these accuracies pose little prob;em.

The base cases used for the PWR analysis are contained in
Table E-1 through Tagle E-3. They represent release categories 1
through 3. The equations used to calculate the top event probability
for the release categories are represented cryptically in Table Efd.
Table E~5 defines the system thaﬁ each number represents. The base
cases of the BWR are presented in Table E-6 and Table E-7. Table E-6
represents release category 1 and 3, since they are merely multiples
o: each other. Table E-7 represents release category 2. The equations
for each of the three categories are found in Table E-8, and the associ-

ated system definitions in Table E-9.
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TABLE E-1

BASE CASE FOR PWR RELEASE CATEGORY 1

CALCULATION OF THE MEDIAN POINT VALUE
NUM FREE EVENT INPUTS =

NUM REPLICATED EVENT INPUTS =

FREE INPUT
1

W 00 N Oy 0 & W N

b ed  d  ad  ed b
N H W N -~ 0O

2]

N N ot ol md
-~ O v ® N o

22

TOP EVENT MEDIAN PROBABILITY =

MEDIAN VALUE

1.

3.
1.
1.
4.

1

1
3
3
1
2
1
9
4
8.
8
1
8
1
2
2
1.

000000
000000
000000
000000
000000

. 000000
.000000
.700000
.600000
.000000
.400000
.000000
.500000
.700000

600000

. 300000
. 300000
.500000
.000000
.000000
. 000000

500000
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E-04
E-04

E-03

E-07
E-06
E+01
E-02
E-05
E-05
E-02
E-03
E-04
E-04
E-03
E-03
E-03
E-02
E-05
E-05
E-01
E-01
E-04

22

0

SPEAD
10
10
10
10
10
2
10
8
4

hwmwmmwhs

N —
o

2.740954E-06



TOTAL NUM OF TRIALS =

MEAN PROB =

ERROR FACTOR (5%) =

2.297413E-07

CONFIDENCE LEVEL

0.50

1.00

2.50

5.00
10.00
15.00
20.00
30.00
40.00
50.00
60.00
70.00
80.00
85.00
90.00
95.00
97.50
99.00
99.50

2000

4.48197

STANDARD DEVIATION =
ERROR FACTOR (95%) =

PROBABILITY

1.317781
1.501728
1.989360
2.479389
3.367395
4.156787
4.938266
6.658644
8.548526
1.098858
1.377680
1.800181
2.537698
3.081599
4.296943
6.784293
1.171866
1.783976
1.836953

E-C8
E-08
E-08
E-08
E-08
E-08
E-08
E-08
E-C8
E-07
E-07
E-07
E-07
E-07
E-07
E-07
E-06
E-06
E-06

5.234100€E-07

6.12725

MAX ERROR

5.461876
3.091324
2.949033
2.865501
2.474575
2.200509
2.016928
1.799588
1.692864
1.654343
1.692864
1.799588
2.016928
2.200509
2.474574
2.865501
2.949033
3.091334
5.461876

E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02

9.438580
9.444679
8.184315
6.664432
5.191976
4.468271
4.036806
5.564188
3.349944
3.287856
3.349944
3.564188
4.036806
4.4682N
5.191976
6.664432
8.184315
9.444769
9.438580

MIN PROBABILITY

E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-01

E-01

E-01
E-01
E-01
E-01

MEDIAN PROB.= 1.098858E-07
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TABLE E-2

BASE CASE FOR PWR RELEASE CATEGORY 2

CALCULATION OF THE MEDIAN POINT VALUE
NUM FREE EVENT INPUTS = 22
NUM REPLICATED EVENT INPUTS = 0

FREE INPUT MEDIAN VALUE SPEAD
1 1.000000 E-04 10
2 3.000000 E-04 10
3 1.000000 E-03 10
4 1.000000 E-Q7 10
5 4.000000 E-06 10
6 1.000000 E+01 2
7 1.000000 E-02 10
8 3.700000 E-05 8
9 3.600000 E-05 4
10 1.000000 E-02 10
N 2.400000 E-03 4
12 1.000000 E-04 9
13 9.500000 E-04 2
14 4.700000 E-03 2
15 8.60000C E-03 3
16 8.3000J0 E-03 2
17 1.300000 E-02 3
18 8.500000 E-05 4
19 1.000000 E-05 10
20 2.000000 E-01 2
21 2.000000 E-01
22 1.500000 E-04

TOP EVENT MEDIAN PROBABILITY = 6.050860E-08
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TOTAL NUM OF TRIALS =

2.47568E-05
ERROR FACTOR (5%) =

MEAN PROB =

CONFIDENCE LEVEL

0.50

1.00

2.50

5.00
10.00
15.00
20.00
30.00
40.00
50.00
60.00
70.00
80.00
85.00
90.00
95.00
97.50
99.00
99.50

STANDARD DEVIATION =
ERROR FACTOR (95%) =

PROBABILITY

1.486187
1.899938
2.380315
2.919511
3.851987
4.901623
6.013522
7.977299
1.051710
1.304655
1.675435
2.215365
3.041438
3.689158
4.986575
7.991919
1.168213
1.799959

2.652712

E-06
E-06
E-06
E-06
E-06
E-06
E-06
E-06
E-05
E-05
E-05
E-05
E-05
E-05
E-05
E-05
E-04
E-04
E-04

4.688788E-05

6.12571
MAX ERROR

5.461876 E-02
3.091324 E-02
2.949033 E-02
2.865501 E-02
2.474575 E-02
2.200509 E-02
2.016928 E-02
1.799588 E-02
1.692864 E-02
1.654343 E-02
1.692864 E-02
1.799588 E-02
2.016928 E-02
2.200509 E-02
2.474574 E-02
2.865501 E-02
2.949033 E-02
3.091334 E-02
5.461876. E-02

9.438580
9.444679
8.184315
6.664432
5.191976
4.468271
4.036806
5.564188
3. 349944
3.287856
3.349944

3.564188
4.036806

4.468271
5.191976
6.664432
8.184315
9.444769
9.438580

MIN PROBABILITY

E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-0}
E-01
E-0]
E-01

MEDIAN PROB = 1.30465E-05
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TABLE E-3

BASE CASE FOR PWR RELEASE CATEGORY 3

CALCULATION OF THE MEDIAN POINT VALUE
NUM FREE EVENT INPUTS =

NUM REPLICATED EVENT INPUTS =

FREE INPUT
1

O O NN O OV &~ W N

NN ot od ol cd ot od eed b wd ok
- O W O NOYWLLH W N — O

22

TOP EVENT MEDIAN PROBABILITY =

MEDIAN VALUE

1

3
1
1
4
1
1
3
3.
1
2
1
9
4

8
8
1
8.
1
2
2
1

.000000
.000000
.000000
.000000
.000000
.000000
.000000
.700000
600000
.000000
.400000
.000000
.500000
. 700000
. 600000
. 300000
. 300000
500000
. 000000
000000
000000
. 500000
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E-04
E-04
E-03
E-07
E-06
E+01
E-02
E-05
E-05
E-02
E-03
E-04
E-04
E-03
E-03
E-03
E-02
E-05
E-05
E-Q1
E-01
E-04

22

0

SPEAD
10
10
10
10
10
2
10
8
4

-t
o

R T 7S S T FUR N S S Ve S

w NN -
o

3
7.880222E-06



TOTAL NUM OF TRIALS = 2000

MEAN PROB = 9.988090E-06 STANDARD DEVIATION = 3.074563E-05 MEDIAN PROB = 4.0826E-06
ERROR FACTOR (5%) = 6.24986 ERROR FACTOR (95%) = 8.89584
CONFIDENCE LEVEL PROBABILITY MAX ERROR MIN PROBABILITY
0.50 2.821983 E-07 5.461876 E-02 9.438580 E-01
1.00 3.455407 E-07 3.091324 E-02 9.444679 E-01
2.50 4.663371 E-07 2.949033 E-02 8.184315 E-01
5.00 6.542655 E-07 - 2.865501 E-02 6.664432 E-01
10.00 9.478299 E-07 2.474575 E-02 5.191976 E-01
15.00 1.280559 E-06 2.200509 E-02 4.468271 E-0)
20.00 1.545484 E-06 2.016928 E-02 4.036806 E-01
30.00 2.147491 E-06 1.799588 E-02 5.564188 E-01
40.00 2.952665 E-06 1.692864 E-02 3.349944 E-01 mm
50.00 4.082656 E-06 1.654343 E-02 3.287856 E-01
60.00 5.597488 E-06 1.692864 E-02 3.349944 E-O1
70.00 7.520596 E-06 1.799588 E-02 3.564188 E-01
80.00 1.154035 E-06 2.016928 E-02 4.036806 E-01
85.00 1.558878 E-05 2.200509 E-02 4.468271 E-01
90.00 2.172468 E-05 2.474574 E-02 5.191976 E-01
95.00 3.631886 E-05 . 2.865501 E-02 6.664432 E-01
97.50 5.808714 E-05 2.949033 E-02 8.184315 E-01
99.00 8.113575 E-05 _ 3.091334 E-02 9.444769 E-01

99.50 1.163627 E-04 5.461876 E-02 9.438580 E-01



TABLE E-4

Equations for calculation of PWR release category point values

from system failure rates and event trees

The numbers in these equations correspond to those in Table E-5.

PWR release category 1

Cl*(( 1+2+3) % (12+18) +3 %11 + 4 * 11

+ (6 %7 * 8+ 20 % 21 * 22 * CZ))
PWR release category 2

5+4*(11*C4+12*cs)+

(6 %7 %8+ 20+ 21 +22) * C3

PWR release category 3

c6+((1+2+3)*12+18)+3*11)
+c7#(4+1*(13+14)+2*(13+15)+3*15
+1 %16+ (2+3)*17+6* (7+8+9*10+*

(1.0 + 7))
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TABLE E-5

Key to the equations in Table E-4
Also the values of median and error factor for thé system

failure rate probability distributions (base cases)

# from equation . RSS Median Error
in Table E-4 Acronym Value | Factor
1 A 1 x 1074 10
2 s1 3x 107 10
3 s2 9 x 1074 10
4 R 1x 1077 10
5 v 4 x 107 10
6 T 10 2
7 ¥ 1x107% 10
8 L 3.7 x 107 8
9 K 3.6 x 107 4
10 Q 1 x 1072 10
11 c 2.4 x 1073 4 .
12 F 1x107% 9
13 ACC 9.5 x 10~ 2
14 LPIS 4.7 x 1073 2
15 HPIS 8.6 x 107 3
16 LERS 9.0 x 1073 3
17 -2 3

HPRS 1.3 x 10

=224



TABLE E-5 (CONT.)

# from equation RSS Median Error
in Table E-4 Acronym Value Factor

18 G 8.5 x 107> 4

19 B 1x 107 4

20 TLOOS .2 2

21 MLOOS 2 x 1071 3

22 LLOOS 1.5 x 1074 3

C,  ALPHA 1 .005

C,  (ALPHA/ALPHAL)*B" 1.0

C;  (GAMMA + DELTAT)*B' 0.4

C,  GAMMA + DELTA 1.235

C;  DELTA .995

C,  DELTA .995

C,  ALPHA .01

=225~
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TABLE E-6

BASE CASE FOR BWR RELEASE CATEGORY 1 and 3

NUM FREE EVENT INPUTS = 9

NUM REPLICATED EVENT INPUTS =

FREE INPUT
1

W 00 N OO &AW N

REP INPUT

TOP EVENT MEDIAN PROBABILITY =

MEDIAN VALUE
1.000000 E+01
1.600000 E-06
1.300000 E-06
1.000000 E-02
7.800000 E-C3
3.000000 E-03
2.000000 E-01
4.600000 E-06
2.000000 E-01

MEDIAN VALUE

0

SPREAD
2
10
4
10

w &N oW

SPREAD
5.659885E-06

THE MONTE_CARLO SIMULATION STARTS NOW
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TOTAL NUM OF TRIALS =

8.335788E-07
ERROR FACTOR (5%) =

MEAN PROB =

CONFIDENCE LEVEL

0.50
1.00
2.50
5.00

10.00

15.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

85.00

90.00

95.00

97.50

99.00

99.50

STANDARD DEVIATION =
ERROR FACTOR (95%) =

PROBABILITY

5.614859
6.886103
9.429004
1.199185
1.594424
1.948193
2.229978

3.053918
3.844935
4.760165
6.166870
7.730288

1.072692

1.334735
1.755578
2.697770
3.647563
5. 653026
7.932585

E-08
E-08
E-08
E-07
E-07
E-07
E-07
E-07
E-07
E-07
E-07
E-07
E-06
£-06
E-06
E-06
E-06
E-06
E-06

1.302139E-06

5.66739

MAX ERROR

5.461876
3.091324
2.949033
2.865501
2.474575
2.200509
2.016928
1.799588
1.692864
1.654343
1.692864
1.799588

2.016928

2.200509
2.474574
2.865501
2.949033
3.091334
5.461876

E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02

MIN PROBABILITY

9.438580
9.444679
8.184315
6.664432
5.191976
4.468271
4.036806
5.564188
3.349944
3.287856
3.349944
3.564188
4.036806
4.468271
5.191976
6.664432
8.184315
9.444769
9.438580

E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-01
£-01
E-01
E-01
E-0}
E-01
E-01
E-01
E-01
E-01
E-O1

MEDIAN PROB = 4.740165E-07
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TABLE E-7

BASE CASE FOR BWR RELEASE CATEGORY 2

NUM FREE EVENT INPUTS = 9
NUM REPLICATED EVENT INPUTS = 0

FREE INPUT MEDIAN VALUE SPREAD

1 1.000000 E+QO1 2

2 1.600000 E-06 10

3 1.300000 E-06 4

4 1.000000 E-02 10

5 7.800000 E-03 4

6 3.000000 E-03 3

7 2.000000 E-01 -2

8 4.600000 E-06 4

9 2.000000 E-01 3
REP INPUT MEDIAN VALUE SPREAD

TOP EVENT MEDIAN PROBABILITY =  3.317997E-07
THE MONTE_CARLO SIMULATION STARTS NOW

-228-



TGTAL NUM OF TRIALS =
MEAN PROB =
ERROR FACTOR (5%) =

CONFIDENCE LEVEL
0.50
1.00
2.50
5.00

10.00
15.00
20.00
30.00
40.00
50.00
60.00
70.00
80.00
85.00
90.00
95.00
97.50
99.00
99.50

2000

1.2197958E-05

5.81489

. PROBABILITY

STANDARD DEVIATION =
ERROR FACTOR (95%) =

1.7369888
4.934289
7.934289
9.759711
1.179500
1.988588
2.635019
3.077576
4.182261
5.669845
7.448787
1.028484
1.532857
1.945048
2.795192

4.485048 -

1.032510
1.554879

E-07
E-07
E-07
E-07
E-06
E-06
E-06
E-06
E-06
E-06
E-06
E-05
E-05
E-05
E-05
E-05
E-04
E-04

2.488999E-05

7.76926

MAX ERROR

5.461876
3.091324
2.949033
2.865501
2.474575
2.200509
2.016928
1.799588
1.692864
1.654343
1.692864
1.799588
2.016928
2.200509
2.474574
2.865501
2.949033
3.091334
5.461876

E-02
E-02
£-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02
E-02

MIN PROBABILITY

9.438580
9.444679
8.184315
6.664432
5.191976
4.468271
4.036806
5.564188
3.349944
3.267856
3.349944
3.564188
4.036806
4.468271
5.191976
6.664432
8.184315
9.444769
9.438580

E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-0]
E-01
E-01
E-01
E-01
E-01
E-01
E-01
E-0]
E-01
E-01

MEDIAN PROB = 5.65984E-06
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TABLE E-8

Equations for calculation of BWR release category
point values from system failure rates and event trees

The numbers'in the equations correspond to those in Table E-9

BWR release category 1 and category 3

(1*(2-!-3+ls='¢5*6)-%-(7*8"'9))"'C]_.3

BWR release category 2

(1.*<2+4*5*6)+(7*s*9))*c2'

=230~



Key to the equations in Table E-8

TABLE E-9

Also the values of median and error factors

For the system failure rate probability distributions

(base cases)

#'s from Equations RSS
in Table E-4 Acronyms

1 T
2 W
3 c
4 Q
5 i}
6 v
7 TLOOS
8 WLOOS
9 QLOOS
C1 ALPHA
C2 GAMMAP
C3 GAMMA

- =231~

Median

Error

10 2
l.6 10-6 10
1.3 x 1078 4
1x 1072 10
7.8 x 107> 4
3x 1073 3
2 x 1071 2
4.6 x 10°° 4
2 x 1'0-1 3

.01

.198

.972
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